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ABSTRACT

Acute inflammatory syndromes, such as endotoxemia, elicit detrimental multi-organ
responses resulting in cardiac dysfunction often leading to death. Emerging evidence
suggests epoxylipids can exert cardioprotective effects by modulating the NOD-like receptor
family pyrin domain containing 3 (NLRP3) inflammasome pathway. However, these
beneficial epoxylipids may be metabolized by soluble epoxide hydrolase (sEH). This study
investigated whether cardiomyocyte-specific sEH-knockdown can attenuate inflammation
and cardiac dysfunction in a model of acute lipopolysaccharide (LPS) injury via modulation
of the NLRP3 inflammasome pathway.

Cardiomyocyte-targeted sEH-knockdown mice were produced by crossing Ephx2-
floxed and Cre recombinase expressing mice. Male SEH™Y° ) (knockdown) and sEHMy° %)
(Cre control) mice were given tamoxifen (45 mg/kg, 6 i.p injections over 8 days) 5 weeks
prior to LPS injection (10mg/kg, i.p.). Wild type (WT) and global sEH null mice were
subjected to LPS treatment as comparators. Echocardiography was conducted pre-injection
and 6 or 24 hours post-LPS. Plasma cytokine levels were determined with multi-plex assays.
Neonatal rat cardiomyocytes were treated with LPS (1 pg/mL), 19, 20-
epoxydocosapentaenoic acid (EDP, 1 uM) or sEH inhibitor, trans-4-[4-(3-adamantan-1-yl-
ureido)-cyclohexyloxy]-benzoic acid (tAUCB, 10 uM), for 6 hours. NLRP3 and pro-IL-1
expression was assessed using immunoblotting. Extracellular release of MCP-1 and TNF-a
were determined by ELISA. Caspase-1 activity was assessed by a fluorometric peptide
substrate cleavage assay. Macrophage infiltration into the myocardium was assessed by

immunohistochemical staining for CD68.
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All groups experienced a decline in cardiac systolic function at 6 hours post-LPS. At
24 hours after LPS administration, the decline in cardiac function plateaued in mice with
global and cardiomyocyte-specific sEH deletion while sEH expressing mice continued to
deteriorate further. Plasma levels of pro-inflammatory cytokines post-LPS exposure were
attenuated in mice lacking sEH. Cardiomyocytes treated with LPS had increased NLRP3
inflammasome and pro-IL-1B expression, which was not attenuated by co-treatment with
19,20-EDP or tAUCB. However, caspase-1 activity and the release of IL-13, MCP-1 and
TNF-a were reduced in 19,20-EDP and tAUCB treated cardiomyocytes. This was associated
with reduced macrophage infiltration into the myocardium of LPS-treated sEH null and
sEHMY° ) mice.

In summary, cardiomyocyte-specific sEH deletion protects cardiac function and
limits pro-inflammatory responses post-LPS exposure by limiting Jocal cardiac
inflammation and the activation of the systemic immune response. sEH inhibition does not
prevent the expression of NLRP3 inflammasome machinery in cardiomyocytes but
attenuates downstream activation of the pathway leading to release of fewer chemoattractant
factors and recruitment of immune cells to the heart. Thus, limiting the inflammatory

cascade to reduce LPS-induced cardiac and inflammatory injury.
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“Science demands a tolerance for ambiguity. Where we are ignorant, we withhold belief.
Whatever annoyance the uncertainty engenders serves a higher purpose: It drives us to
accumulate better data. This attitude is the difference between science and so much else.
Science offers little in the way of cheap thrills. The standards of evidence are strict. But
when followed they allow us to see far, illuminating even a great darkness.”

Dr. Carl Sagan, Pale Blue Dot



ACKNOWLEDGEMENTS

First and foremost, I want to thank my supervisor, Dr. John Seubert. Your guidance,
patience, and understanding has made my experience truly fulfilling. I want to thank you for
taking a chance on me. As a pharmacy student who wandered into your lab, I quickly
realized that it was the place for me. Little did I know, the trajectory of my career (and life!)
had been dramatically changed; and now I couldn’t be more excited. I will always speak
highly of you to my future peers and colleagues.

I would also like to thank the members of my committee, Dr. Paul Jurasz and Dr.
Zam Kassiri. Your insight and expertise were so valuable to this project. As well, I want to
thank Dr. Kassiri for your mentorship. Your words of advice ‘Don’t choose the easy thing’
truly resonated with me. I will live by that going forward.

I would also like to acknowledge Dr. Artiom Gruzdev and Dr. Darryl Zeldin. I truly
feel so privileged to have been given the opportunity to use the mouse model you developed.
I also want to thank Dr. Matthew Edin, Dr. Bruce Hammock, and Dr. Gavin Oudit for their
collaboration. For science to move forward, collaboration is invaluable, and I am so grateful
to each of you.

I want to extend my gratitude to all the members of the Seubert Lab past and present.
The late Dr. Victor Samokhvalov was a brilliant research associate and scientist who
conducted the studies upon which my project was built upon. I also want to thank Dr.
Lockhart Jamieson for taking me under her wing and her willingness to provide advice and
wisdom over Zoom and a glass of wine. She is like the big sister I never had. Robert, I am
glad I had the chance to work with you. I’m so happy I found someone who shares my sense
of humor. I also could not have made it through without the steady reassurance, level-
headedness, and words of encouragement from Ahmed. I am also grateful for Wessam,
Kamala, Xiuju, Josh, Ala, and Liye for being such awesome lab colleagues. Also, thank you
to Katryna, Emily, Tim, Lachlan, Yasir, Cassy, Dory, Rylee, Raye, and Anissa for your
unwavering friendship. I am also so grateful for my pharmacist colleagues and everyone at

Shoppers #2358 for being some of the coolest people I have ever met.

vi



Of course, I would not be where I am today without my family. I realize how hard
my parents have worked to give me the opportunities that they could have only dreamed of.
I am so incredibly lucky and I hope I can make you proud.

Finally, I want to thank everyone in the Faculty of Pharmacy and Pharmaceutical
Sciences. As well, I am grateful for the National Sciences and Engineering Research Council

of Canada for funding and making this research possible.

vii



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION .ucoviirinrninnisnissicsecsessesssssasssssssssssssssssssssssssssssssssssssssssssns 1
LI SUMMARY ..ottt sttt et et be ettt et s et e e nbenbesneeaens 2
1.2 INFLAMMATION AND THE HEART ...ttt 3

1.2.1 Cardiac dysfunction in sepsis: prevalence, prognosis, and management............. 3
1.2.2 Cellular and molecular mechanisms of septic cardiomyopathy ........................... 4

1.2.3 The importance of understanding acute inflammation and the heart today:

COVID-19 and cardiac inflammation...................c.ccoeveaeeeiiieiieeie e 6
1.2.4 Chronic inflammation and cardiovascular disease....................cccccoeevevevanrannc... 6
1.3 LIPOPOLYSACCHARIDE ......cooiiiiiiiiieseeeeeee et 7
1.3.1 Overview: Structure and fURCHION..............c..ccoueeeeeeiieeiiesiieee e 7
1.3.2 LPS as an experimental model of endotoxemia.................c...ccccoevvveiciinviannannnnnn 9
1.3.3 Cell Signal tranSaducCtion ...............c..ccccoeeeeiiiiieiiieeeeeee et 9
1.3.4 LPS and chronic CVD: A clinical CONteXt..............ccccocirviiciiniiiiniaiiieseene. 10
1.4 THE INNATE IMMUNE SYSTEM ...ttt 11
1.4.1 Overview And fUNCLION. ...............ccccoeiiiiiiaiieee et 11
1.4.2 Cells of the innate immune SYSIEM ................ccceevueeeeaieeeieeiieseeeeesee e 11
1.4.3 Pattern reCOZNRItION FECEPIOFS ...........ccccueeeeueereeeesieeesieeeesiieeeeiieesieeesaeeesaee e 14
1.4.4 Signalling molecules: CYtOKINES ................ccoovieeiiiiiiaiieiiieieeeeee e 15
1.4.5 The NLRP3 inflammaSOme................cc.cccueicueeieeaeiasieaieeeiee e eae e 16
1.4.5.1 The role of mitochondria in NLRP3 inflammasome signalling.................... 20
1.4.5.2 Implications of the NLRP3 inflammasome in CVD.............cccccevvvvcvanennnn.. 20
1.5 LONG CHAIN PUFAS AND THE CARDIOVASCULAR SYSTEM........ccccceunee. 21
1.6 BIOSYNTHESIS OF N-3 AND N-6 PUFA EPOXYLIPIDS.......cccoeoiiiiieieieeiene 24
1.6.1 The cytochrome P450 enzyme SYSEm ............cc.cccueeeueeeieeeiianieeiieee e 24
1.6.2 N-3 and N-6 PUFA-derived epoxylipids .............cccccoovveiviiiiiiiiiaiiiiieiieeene 27
1.7 BIOLOGICAL ACTIONS OF N-3 AND N-6 PUFA-DERIVED EPOXYLIPIDS ON
THE HEART ...ttt sttt et 27
1.7.1 Cardioprotective effects of PUFA-derived epoxylipids..............ccccccccevvvanunnn.. 27

viii



1.8 EPOXIDE HYDROLASE DEPENDENT METABOLISM.....ccccccooiiniiniiiiicniceee. 30

1.8.1 Overview of microsomal epoxide hydrolase .................c.cccccceevieicianiiinvnannane. 30
1.8.2 Soluble epoxide hydrolase: structure, activity, and function.............................. 31
1.8.3 Pharmacological inhibitors Of SEH.............ccccooviiiiiiiiieiieiieeeeeee e 32
1.8.4 In vivo models of SEH gene expression diSFUPLION. ..............cccccceeevesceeeivenennn.. 33
1.9 SEH-DERIVED METABOLITES: VICINAL DIOLS.......ccoooiiiiieieeeeeee e, 35
1.9.1 Physiological and pathophysiological effects of DIHOMEs.............................. 35
1.9.2 BioactiVity Of DHETS.........ccccoooiiiiieiieee et 37
L1.I0 OVERVIEW OF THESIS......coooiiiiieiee et 38
L1101 RALIONAIE ...t 38
L. 10.2 HYPOTRESTS ...ttt et ebeeenee s 39
L.10.3 OBJECIIVES ...ttt 39
CHAPTER 2: EXPANDED MATERIALS AND METHODS 40
2.1 MOUSE COLONIES.......oottiitieieietesieete ettt sttt sttt 41
2.2 KNOCKDOWN OF CARDIOMYOCYTE SEH EXPRESSION..........ccceoveviiiienene. 41
2.3 INDUCTION OF ACUTE LIPOPOLYSACCHARIDE INFLAMMATORY INJURY
.......................................................................................................................................... 42
2.4 PHARMACOLOGIC INHIBITION OF SEH IN VIVO .....cccooovviiivieieeeeeenen, 42
2.5 PHYSIOLOGICAL ASSESSMENT .....oouiiiiieieieieiesiesieetese et 42
2.6 TRANSTHORACIC ECHOCARDIOGRAPHY ....oooviiiiiiiniiieieieeeeeeee 43
2.7 ORGAN AND TISSUE COLLECTION .....cocttiiiiieieienienesiesieeeeee et 43
2.8 HEART TISSUE HOMOGENIZATION AND FRACTIONATION .......ccccceevenenne. 44
2.9 PLASMA CYTOKINE ARRAY ...oooiiiiiiiiiiieieetee et 44
2.10 CELL CULTURE AND TREATMENT .......ccctiiiiiieieenereceeeeeeeie e 44
2.11 PROTEIN IMMUNOBLOTTING USING NEONATAL RAT CARDIOMYOCYTE
CELL LYSATE AND HEART TISSUE FRACTIONATES ......ccvviiiieeeee e, 45
2.12 IMMUNOBLOTTING FOR EXTRACELLULAR PROTEINS IN CELL
CULTURE MEDIA ...ttt sttt 46
2.13 LACTATE DEHYDROGENASE ACTIVITY ..ottt 47
2.14 CASPASE-1 ENZYMATIC ACTIVITY oottt 47
2.15 CARDIOMYOCYTE RELEASE OF MCP-1 AND TNF-A ....cccoovteiiieieieieene 48

1X



2.16 IMMUNOHISTOCHEMISTRY ....ccccooiiiiiiiiiiiiiiiiiiccecieeceecee e 49

2.17 ASSESSMENT OF MITOCHONDRIAL REACTIVE OXYGEN SPECIES.......... 49
28 STATISTICS .ttt ettt ettt e s e besaesae e 50
CHAPTER 3: RESULTS ..coutiiitiiinicsensnnssnsnsssississsesssssssssssssssssssssssssssssssssssssssssssssssnsssenes 52
3.1 VALIDATION OF IN VIVO MODELS.......cccooctiiiiiieieeereseeeeeeeeeeee e 53
3.1.1 sSEH expression levels in murine Rearts ..............c..cccoecvevceeeviineesiiaiieeieeeenens 53
3.2 GENETIC DELETION OF sEH CONFERS PHYSIOLOGICAL TOLERANCE TO
ACUTE LPS ..ottt ettt b ettt be et tebenbesbe et 53
3.2.1 Degree of LPS-induced physiological impairment in young male mice.............. 53
3.2.2 Degree of LPS-induced physiological impairment in tAUCB-treated mice........ 54
3.3 ACUTE LPS INFLAMMATION EVOKES SYSTEMIC INJURY .....cccceviiennnenn 58
3.3.1 Plasma lactate dehydrogenase activity is increased with LPS exposure............ 58
3.4 GENETIC DELETION OF sEH IS CARDIOPROTECTIVE IN ACUTE LPS
INTURY Lttt sttt ettt ettt b e st b e bt se st e et e s e benaeene e 60
3.4.1 An initial decline in cardiac function occurs at 6 hours post-LPS exposure......60

3.4.2 Cardiac functional decline plateaus by 24 hours post-LPS in sEH-deficient mice

...................................................................................................................................... 61
3.4.3 Pharmacologic inhibition of sEH does not provide the same degree of
cardioprotection as SEH genetic deletion ..................c.ccooveeeianiieaiiiniieeiiaieeeeenn, 61
3.5 CARDIOMYOCYTE-SPECIFIC DELETION OF SEH ATTENUATES THE
SYSEMIC INFLAMMATORY RESPONSE .....ccoooiiiiiiiiieniereeeeeeeee e 68
3.5.1 Effects on pro-inflammatory mediQtors...............ccocvueeveeieeeceenieeieiieee e, 68
3.5.2 Effects on anti-inflammatory mediQtors ...............cccccevceeeienieiaiianieaieeieeennn. 72
3.5.3 Effects on stimulating factors and growth factors...............c.cccocoeeevevcvenenennnnne. 73

3.6 GENETIC DELETION OF SEH MODULATES THE NLRP3 INFLAMMASOME 80
3.6.1 NLRP3 inflammasome activation is attenuated with global and cardiomyocyte-
SPECIIC SEH AELOtION ..o 80

3.7 EPOXYLIPID TREATMENT AND PHARMACOLOGICAL INHIBITON OF sEH

IN PRIMARY CARDIOMYOCYTES MODULATES THE NLRP3 INFLAMMASOME

RESPONSE ..ottt st sttt ettt et e be b sae e 84

3.7.1 Epoxylipids and sEH inhibition slow the release of mitochondrial ROS............ 84
X



3.7.2 LPS triggers the NLRP3 inflammasome in cardiomyocytes which is attenuated

by sEH inhibition or epoxylipid treatment ....................cccoeeveeeeeieesieeiiaiieeie e 86
3.8 EFFECTS ON INFLAMMATORY CELL RECRUITMENT TO THE
MY OCARDIUM ..ottt ettt ettt sb ettt ettt e s e besaesae e 89
3.8.1 sEH gene disruption impairs macrophage recruitment to the myocardium ....... 89

3.8.2 Cardiomyocyte sEH inhibition or epoxylipid treatment impairs the release of

CREMOAIIFACEANE JACTOFS..........oeeeeieieee et 92
CHAPTER 4: DISCUSSION...cccucivinierensensenssissnssississessessssssssssssssssssssssssssssssssssssssssssnssseses 94
OVErvIEW Of fINAINGS ..........ccc.ooiiiiiiiiieee e 95
4.1 CARDIAC EFFECTS: CARDIOPROTECTION OF CARDIOMYCOYTE-
SPECIFIC SEH DELETION ......oouiiiiiiiiiierierecieeeteeeee ettt 95
4.1.1 Preserved cardiac fUNCLION ...............ccocouiiiiiiiiiaiieiie et 96
4.1.2 Temporal CRANGES ............c..cccoeeueeiiiiieieiieee et 98
4.1.3 The effects of pharmacologic sEH inhibition on LPS-induced cardiac
AYSTURCIION. ...ttt ettt ettt et et e e e sseeense e 98
4.2 CELLULAR EFFECTS: IMPAIRMENT OF CARDIOMYCOCYTE
INFLAMMATORY SIGNALLING ....ooottiiiiiiiiiriieieieieieieesieee e 100
4.2.1 Deficiency of sEH activity attenuates the NLRP3 inflammasome in the heart . 100
4.2.3 DIHOME:Ss and the NLRP3 inflammasome................c.ccccooeceeeceeeiresieraneeneeannns 103
4.2.4 Mechanisms of inflammasome activation in cardiomyocytes ........................... 103
4.3 SYSTEMIC EFFECTS: ATTENUATED SYSTEMIC INFLAMMATION AND
IMMUNE CELL RECRUITMENT .....oooiiiiiiiiniieieieeeeeeee et 105

4.3.1 Evidence for systemic protection in cell-specific sEH gene deletion in vivo

THOAELS ... et 105
4.3.2 Modulation of the CytOKine StOFm...............ccoocvavieiiiieiieiii e 105
G321 INLOTTOHON - ..ottt 107
4.3.2.2 Interleukin- 1p, interleukin-6, and tumor necrosis factor-a........................ 107
4.3.2.3 Interleukin-13 ...........cccooouiiiiiiiiiiiee e e 108
4.3.2.4 Interleukin-10) .............cccccoeviioiiiiiiiiiee e 108
4.3.2.5 Macrophage colony stimulating factor ................cccocceeveeenciiieesieaieennnnn 109
4.3.2.6 Monocyte chemoattractant protein-1 ................ccccccoevveveeescieiieenieainennnnnn 110

X1



4.3.2.7 Vascular endothelial growth factor.................cccooveevveviiieiianieaiieiieenns 111
4.3.3 Cardiomyocytes as a direct source chemoattractant factors ............................ 112

4.3.4 Attenuated macrophage infiltration limits local immune response and cardiac

AAMUAZE ... ettt ettt et et ene et e enee s 113
4.3.5 Evidence for cardiomyocyte-induced immune cell recruitment is indirect....... 114
4.3.6 Assessment of neutrophil and T cell myocardial infiltration ........................... 115

LIPS oo 116
4.4 CONCLUSION ..ottt s 117
CHAPTER 5: LIMITATIONS . ..uuiiiriniinienninnesnnsnesssesssessesssessssssnsssessssssessasssssssssssssns 119

5.1 The use of LPS as a model for experimental endotoxemia: clinically relevant or

JUSTE CONMVERICHL? ...ttt ettt e et e et e e e taeesnee e e 120
5.2 Optimization of tAUCB pharmacokinetics for an acute inflammation model...... 122
CHAPTER 6: FUTURE DIRECTIONS AND PILOT DATA 124

6.1 THE EFFECTS OF BIOLOGICAL SEX AND AGING ON RESPONSE TO ACUTE
LPS INFLAMMATORY INJURY ....oooiiiiiiiiiiiiiicceceee e 125

6.1.1 Young female mice may experience less cardiac functional decline compared to

6.1.2 Middle-aged female mice may experience less physiological and cardiac
Sfunctional decline compared t0 Males..................ccccceveiiviiiiiaiiiiiieeee e 126
6.1.3 Systemic anti-inflammatory effects of global sEH deletion are reduced with
AGING TN MALE TICE ...ttt 127

6.1.4 The impact of age and biological sex: current knowledge and future directions

.................................................................................................................................... 128

6.2 BASELINE PHENOTYPIC CHARACTERIZATION OF CRE LOX MICE.......... 139
6.2.1 Baseline alterations may occur in Myh6-Cre* sEH™° **) and Myh6-Cre*”

SEHMYO ) JICE........ocvoveveveeeeeeeeeeeeee e 139
6.2.2 Tamoxifen administration, cardiac CreER recombinase activation, and off-

1AVGEL TMPLICATIONS ...ttt et esae s 141

REFERENCES .....uuiiiiniiinininnnsssssississississsssssssssssssssssssisssssssssssssssssssssssssssssnsssssssosses 144



APPENDIX

Xiii



LIST OF TABLES

TABLE 3.4.1. CARDIAC FUNCTIONAL PARAMETERS AT BASELINE AND AFTER 6 HOURS

POST-LPS ADMINISTRATION IN YOUNG MALE MICE. .......uvvtiiiiiiieeeeiiieeeesiieeeeeenveeeeseneeeens

TABLE 3.4.2. CARDIAC FUNCTIONAL PARAMETERS AT BASELINE AND AFTER 24 HOURS

POST-LPS ADMINISTRATION IN YOUNG MALE MICE. .......cvvtieiiiiieeeeiiieeeeeiieeeeevveeeesaneeeens

TABLE 3.4.3. CARDIAC FUNCTIONAL PARAMETERS AT BASELINE AND AFTER 6 HOURS

POST-LPS ADMINISTRATION IN YOUNG MALE TAUCB-TREATED MICE......ccuuueeeeeeeeeeeeannn.

TABLE 3.4.4. CARDIAC FUNCTIONAL PARAMETERS AT BASELINE AND AFTER 24 HOURS

POST-LPS ADMINISTRATION IN YOUNG MALE TAUCB-TREATED MICE......ccuuueeeeeeeeeeeeannn.

TABLE 6.1.1. CARDIAC FUNCTIONAL PARAMETERS AT BASELINE AND AFTER 24 HOURS

POST-LPS ADMINISTRATION IN YOUNG FEMALE AND MALE WT AND SEH NULL MICE ......

TABLE 6.1.2. CARDIAC FUNCTIONAL PARAMETERS AT BASELINE AND AFTER 24 HOURS

POST-LPS ADMINISTRATION IN YOUNG FEMALE AND MALE CRE LOX MICE ............c..........

TABLE 6.1.3. CARDIAC FUNCTIONAL PARAMETERS AT BASELINE AND AFTER 24 HOURS

....64

....65

POST-LPS ADMINISTRATION IN MIDDLE-AGED FEMALE AND MALE WT AND SEH NULL MICE

X1V



LIST OF FIGURES

FIGURE 1.1. THE BIPHASIC PATTERN OF SEPSIS DISEASE PROGRESSION. ...ccuuueeeeieieeeeeeieeeenennnns 5
FIGURE 1.2. STRUCTURAL COMPOSITION OF LIPOPOLYSACCHARIDE. ... eeeeeueeeeeeeeeeeeeeeeeeeennnns 8
FIGURE 1.3. PRIMING AND ACTIVATION OF THE NLRP3 INFLAMMASOME. ...cevvvveeeeeeieaaannn. 19

FIGURE 1.4. SCHEMATIC DEPICTING THE CYP450 METABOLIC PATHWAYS OF N-3 AND N-6
PUE A S it e ettt ee e s e e e ettt e eaeeseseeeta s e raeeseeeeeraraaas 26

FIGURE 2.1. SCORING TABLE USED TO ASSESS PHYSIOLOGICAL FUNCTION OF MICE AT

BASELINE AND AFTER 6 OR 24 HOURS OF LPS EXPOSURE ...cvuueeieieeeeeee e eeeeeeeeenenn 51

FIGURE 3.1.1. WESTERN IMMUNOBLOT OF SEH EXPRESSION IN THE HEARTS OF

EXPERIMENTAL MICE .....ccuiiiiiiiiiiiiiii e e 55

FIGURE 3.2.1. LEVEL OF PHYSIOLOGICAL IMPAIRMENT IN YOUNG MALE MICE AT BASELINE

AND AT 6 OR 24 HOURS AFTER LPS ADMINISTRATION ....evuuueeitieeeeeeeeeeeeeeaeeeeeeesaeeeeennnns 56

FIGURE 3.2.2. LEVEL OF PHYSIOLOGICAL IMPAIRMENT IN YOUNG MALE MICE TREATED WITH

TAUCB AT BASELINE AND AT 6 OR 24 HOURS AFTER LPS ADMINISTRATION. ............... 57

FIGURE 3.3.1. PLASMA LEVELS OF LDH ACTIVITY IN CONTROL MICE AND IN MICE EXPOSED

TO LPS FOR 6 OR 24 HOURS .....ettiiiieeiiieeiiteeiteeeniteeeiteeeiteesiteesateesaneeesnsaeesaseeesaseesnnnes 59

FIGURE 3.4.1. REPRESENTATIVE M-MODE IMAGES TAKEN IN THE SHORT AXIS VIEW OF THE

LEFT VENTRICLE .....cuuiiiiiiiiiiiii et et et e e e 63

FIGURE 3.5.1. PLASMA LEVELS OF PRO-INFLAMMATORY INTERLEUKINS IN CONTROL MICE
AND MICE TREATED WITH LPS FOR 6 OR 24 HOURS. ...uueeteeee et eeeeeeeeeeeeeeeeeeeeeeeeennns 69

XV



FIGURE 3.5.2. PLASMA LEVELS OF OTHER PRO-INFLAMMATORY MEDIATORS IN CONTROL

MICE AND MICE TREATED WITH LPS FOR 6 OR 24 HOURS....evuueeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeenens 70

FIGURE 3.5.3. PLASMA LEVELS OF THE ANTI-INFLAMMATORY INTERLEUKIN, IL-10, IN

CONTROL MICE AND MICE TREATED WITH LPS FOR 6 OR 24 HOURS ...cevueeeeeeeeeeeeaeaeennn 72

FIGURE 3.5.4. PLASMA LEVELS OF CHEMOATTRACTANTS AND GROWTH FACTORS IN CONTROL

MICE AND MICE TREATED WITH LPS FOR 6 OR 24 HOURS...c.uuueeeteeeeeeeeeeeeeeeeeeeeeeeaeaeennns 74

FIGURE 3.5.5.A. PLASMA LEVELS OF OTHER CYTOKINES IN CONTROL MICE AND MICE

TREATED WITH LPS FOR 6 OR 24 HOURS.....ceoettttieeeeeeeeetteeeeeeeeeeeereeaneeeeseeeseressnaneness 75

FIGURE 3.5.5.B. PLASMA LEVELS OF OTHER CYTOKINES IN CONTROL MICE AND MICE

TREATED WITH LPS FOR 6 OR 24 HOURS.....ceetttttitieeeeeeeeetteeeeeeeeeeeereeaneeeeseeeseressnannness 76

FIGURE 3.5.5.C. PLASMA LEVELS OF OTHER CYTOKINES IN CONTROL MICE AND MICE

TREATED WITH LPS FOR 6 OR 24 HOURS......eotttttiuieeeeeeeeetteeeeeeeeeeeereranieeeseeeeeressnnnnness 77

FIGURE 3.5.5.D. PLASMA LEVELS OF OTHER CYTOKINES IN CONTROL MICE AND MICE

TREATED WITH LPS FOR 6 OR 24 HOURS......eotttttiuieeeeeeeeetteeeeeeeeeeeereranieeeseeeeeressnnnnness 78

FIGURE 3.5.5.E. PLASMA LEVELS OF OTHER CYTOKINES IN CONTROL MICE AND MICE

TREATED WITH LPS FOR 6 OR 24 HOURS......eotttttitieeeeeeeeeteeeeeeeeeeeeeteeaaieeeseeeseresananeness 79

FIGURE 3.6.1. WESTERN IMMUNOBLOT OF NLRP3 EXPRESSION IN THE CYTOSOLIC HEART

FRACTIONS OF CONTROL AND 6 AND 24 HOUR LPS-TREATED MICE. .....ueeeeeieeeeeeaeaannn. 81

FIGURE 3.6.2. WESTERN IMMUNOBLOT OF PRO-IL-1B EXPRESSION IN THE CYTOSOLIC HEART

FRACTIONS OF CONTROL AND 6 AND 24 HOUR LPS-TREATED MICE. .....ueeeeeeeeeeeeaeaennn. 82

XVi



FIGURE 3.6.3. SPECIFIC CASPASE-1 PROTEOLYTIC ACTIVITY FROM THE HEARTS OF CONTROL

AND 6 AND 24 HOUR LPS-TREATED MICE ....ccuuuueeeeeeeeiiiiieeeeeeeeeeeeeeeeeeeseseeessnnineeesesesens 83

FIGURE 3.7.1. RELATIVE MITOCHONDRIAL ROS PRODUCTION AFTER 3 HOURS OF LPS

STIMULATION OF NEONATAL RAT CARDIOMYOCYTES ...cciiuiiiiiiiiiiiniiininc e 85

FIGURE 3.7.2. WESTERN IMMUNOBLOT OF NLRP3 AND PRO-IL-1B EXPRESSION IN NEONATAL

RAT CARDIOMYOCYTES.. .ottt e e e 87

FIGURE 3.7.3. SPECIFIC CASPASE-1 ACTIVITY AND WESTERN IMMUNOBLOT OF MATURE IL-

1B PROTEIN RELEASED FROM LPS-TREATED NEONATAL RAT CARDIOMYOCYTES........... 88

FIGURE 3.8.1. QUANTITATION OF CDO8+ CELLS.. .....uvviiiiiiiiieeeeiieee et e e evee e 90

FIGURE 3.8.2. REPRESENTATIVE IMAGES OF CD68 IMMUNOHISTOCHEMISTRY IN CONTROL

HEART SLICES AND HEARTS FROM MICE EXPOSED TO LPS FOR 24 HOURS. ...cccevvvueneeee.. 91

FIGURE 3.8.3. LEVELS OF MCP-1 AND TNF-A SECRETED BY CARDIOMYOCYTES INTO THEIR

SURROUNDING MEDIA AFTER 6 HOURS POST-LPS ..o 93

FIGURE 4.1. GRAPHICAL ABSTRACT ....ceeeutttiiutteeitieesiteesiteesieeesteeessseeenaseessseessseesseessseens 118

FIGURE 6.1.1. LEVEL OF PHYSIOLOGICAL IMPAIRMENT IN YOUNG FEMALE AND MALE CRE

LOX MICE AT BASELINE AND 24 HOURS AFTER LPS ADMINISTRATION ....eevvvueeeeeinnnnns 133

FIGURE 6.1.2. LEVEL OF PHYSIOLOGICAL IMPAIRMENT IN MIDDLE-AGED FEMALE AND MALE

WT AND SEH NULL MICE AT BASELINE AND 24 HOURS AFTER LPS ADMINISTRATION..

FIGURE 6.1.3. PLASMA LEVELS OF LDH ACTIVITY IN MIDDLE-AGED MALE CONTROL MICE

AND IN MICE EXPOSED TO LLPS FOR 24 HOURS.. «.uuueeiteiitiiteeeeeeeeeeeieeieeeeeeeeeerennnennens 135

Xvil



FIGURE 6.1.4. PLASMA LEVELS OF INTERLEUKINS IN MIDDLE-AGED MALE CONTROL MICE

AND MICE TREATED WITH LPS FOR 24 HOURS. ...uuueiiieiiiiiiieeeeeeeeeeeteeieeeeeeeeeeerennneenens 136

FIGURE 6.1.5. PLASMA LEVELS OF INFLAMMATORY MEDIATORS IN MIDDLE-AGED MALE

CONTROL MICE AND MICE TREATED WITH LPS FOR 24 HOURS ...cevuueeeeeeeeeeeeeeeeeeeeaeees 137

FIGURE 6.1.6. PLASMA LEVELS OF GROWTH FACTORS AND STIMULATING FACTORS IN

MIDDLE-AGED MALE CONTROL MICE AND MICE TREATED WITH LPS FOR 24 HOURS....138

FIGURE 6.2.1. PRELIMINARY CHANGES IN BASELINE PARAMETERS OF CRE LOX MICE.. ...... 143

XViii



LIST OF ABBREVIATIONS AND SYMBOLS

AA Arachidonic acid

ACEi Angiotensin converting enzyme inhibitor
ALA Alpha-linolenic acid

AMC Amino-4-methylcoumarin

Angll Angiotensin II

ANOVA Analysis of variance

ARDS Acute respiratory distress syndrome
ASC Apoptosis-associated speck-like protein
ATP Adenosine triphosphate

AUDA 12-(3-adamantan-1-yl-ureido)-dodecanoic acid
BME Beta mercaptoethanol

BSA Bovine serum albumin

Ca® Calcium ion

CARD Caspase recruitment domain

Cav-1 Caveolin-1

CD68, CD14 Cluster of differentiation

cGMP Cyclic guanosine monophosphate

CHF Congestive heart failure

CLP Cecal ligation and puncture

COPD Chronic obstructive pulmonary disease
COVID-19 Coronavirus disease 2019

COX Cyclooxygenase

CVD Cardiovascular disease

CYP450 Cytochrome P450

XiX



DAMP Damage associated molecular patterns

DCM Dilated cardiomyopathy

DHA Docosahexaenoic acid

DHET Dihydroxyeicosatrienoic

DiHOME Dihydroxyoctadecenoic

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

DPA Dihydroxyeicosapentaenoic

Drp-1 Dynamin-related protein-1

DTT Dithiothreitol

ECM Extracellular matrix

EDHF Endothelial-derived hyperpolarizing factor
EDTA Ethylenediaminetetraacetic acid
EEQ Epoxyeicosatetraenoic acid

EET Epoxyeicosatrienoic acid

EF Ejection fraction

ELISA Enzyme linked immunosorbent assay
EPA Eicosapentaenoic acids

EpOME Epoxyoctadecamonoenic acid

ER Endoplasmic reticulum

ER Estrogen receptor

FBS Fetal bovine serum

Fis-1 Fission protein-1

FS Fractional shortening

G-CSF Granulocyte colony stimulating factor

XX



GAPDH
GM-CSF
H
HETE
HIF-1la
HMGB-1
HRP
ICAM-1
IFN-y

IL

iNOS

IP10
iPSC
IR
1Lv.
IVRT
K
KC
LA
LAD
LDH
LIF
LIX

LOX

Glyceraldehyde 3-phosphate dehydrogenase
Granulocyte macrophage colony stimulating factor
Hydrogen ion

Hydroxyeicosatetraenoic acid
Hypoxia-inducible factor-1

High mobility group box 1

Horseradish peroxidase

Intercellular adhesion molecule-1
Interferon gamma

Interleukin

Inducible nitric oxide synthase
Intraperitoneal

Interferon gamma-induced protein 10
Induced pluripotent stem cell
Ischemia-reperfusion

Intravenous

Isovolumetric relaxation time
Potassium ion

Keratinocyte chemoattractant

Linoleic acid

Left anterior descending coronary artery
Lactate dehydrogenase

Leukemia inhibitor factor

LPS induced CXC chemokine

Lipoxygenase

XX1



LPS

LV
LVAD
LVDP
LVEDV
LVESV
M-CSF
MCP-1
mEH
MI

MIG
MIP
MnSOD
mPTP
mtDNA
mtROS
MyD88
Myh6-Cre*-sEHMy° )
Myh6-Cre*-sEHMyo /)
NAD+
NFkB
NLR
NLRP3
NO

OCT

Lipopolysaccharide

Left ventricle

Left ventricular assist device

Left ventricular developed pressure

Left ventricular end diastolic volume

Left ventricular end systolic volume
Macrophage colony stimulating factor
Monocyte chemoattractant protein-1
microsomal epoxide hydrolase

Myocardial infarction

Monokine induced by gamma interferon
Macrophage inflammatory protein
Manganese superoxide dismutase
Mitochondrial permeability transition pore
Mitochondrial DNA

Mitochondrial reactive oxygen species
Myeloid differentiation primary response 88
Cardiomyocyte-specific deletion of SEH
Cre-expressing true control

Nicotinamide adenine dinucleotide

Nuclear factor kappa-light-chain-enhancer of activated B cells
NOD-like receptor

NOD-like receptor family pyrin domain containing 3
Nitric oxide

Optimal cutting temperature

xxil



PAMP
PBS
PLK
PLA,
PPARa
PPARy

PRR

PTUPB
PUFA
PVDF
RAAS
RANTES
ROS
SDS

sEH

SEM

tAUCB
TLR
TNF-a
TPPU
Trx
UA-8
VCAM-1
VEGF

WT

Pathogen associated molecular patterns

Phosphate-buffered saline

Phosphatidylinositol-3-kinase

Phospholipase A2

Peroxisome proliferator-activated receptor alpha

Peroxisome proliferator-activated receptor gamma

Pattern recognition receptor
4-(5-phenyl-3-(3-[3-(4-trifluoromethyl-phenyl)-ureido]-propyl)-
pyrazol-1-yl)-benzenesulfonamide

Polyunsaturated fatty acid

Polyvinylidene difluoride

Renin angiotensin aldosterone system

Regulated on activation normal T cell expressed and secreted
Reactive oxygen species

Sodium dodecyl sulfate

Soluble epoxide hydrolase

Standard error of the mean
trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic
acid

Toll-like receptor

Tumor necrosis factor alpha
N-[1-(1-oxopropyl)-4-piperidinyl]-N'-[4-
(trifluoromethoxy)phenyl)-urea

Thioredoxin

13-(3-propylureido)tridec-8-enoic acid

Vascular cell adhesion protein-1

Vascular endothelial growth factor

Wild type

Xxiii



CHAPTER 1

INTRODUCTION



1.1 SUMMARY

Rubor (redness), calor (heat), tumor (swelling), dolor (pain), and loss of function; these
five ‘pillars’ have traditionally been used to describe inflammation.! However, our
understanding of this biological process has advanced through scientific and medical
innovation. Inflammation is critical for wound healing, tissue repair, and the body’s defense
against foreign pathogens.! However, a dynamic relationship exists between the defensive
and potentially destructive actions of inflammation on the body.! Sepsis is a multifaceted
syndrome which can occur in response to bacterial or viral infections.? Although the body
mounts an immune response for protection, the inflammation generated is often robust,
unregulated, and maladaptive.? Paradoxically, this inflammatory response causes further
harm to the host. Systemic symptoms such as fever and hypotension, are also accompanied
by direct organ damage.> Uncontrolled acute inflammation can directly damage the heart,
which is a critical organ for providing an ongoing supply of oxygen and nutrients to the rest
of the body.* *> Even with antibiotic therapy and other supportive measures to restore
intravascular volume and pressure, the prognosis is poor and mortality rate significantly
higher for patients presenting with sepsis-induced cardiac dysfunction (septic
cardiomyopathy).>>

Eicosanoids encompass a broad range of biologically active metabolites derived from
N-3 and N-6 polyunsaturated fatty acids (PUFAs).® Biological stimuli, such as
inflammation, can trigger the oxidation of PUFAs by cyclooxygenase (COX), lipoxygenase
(LOX), and cytochrome P450 (CYP) enzyme systems to produce eicosanoids that can
function as lipid mediators.”® PUFA-derived lipid mediators can have both beneficial and
detrimental effects on the heart. Of particular interest are the CYP-derived lipid mediators,
epoxylipids, which have been demonstrated to impact inflammation, cardiac function,
reactive oxygens species (ROS) production, and mitochondrial quality; all of which are
essential to the heart.” Some CYP-derived eicosanoids have demonstrated anti-inflammatory

and cardioprotective properties in the context of acute inflammation.!% !

However, a
mechanistic understanding of how these mediators and their subsequent metabolism exert
their biological effects on the heart is still relatively unclear. Thus, it is an ongoing challenge

for researchers to delineate tissue and cell type-specific mechanisms of these lipid mediators



for their use as potential pharmacological targets in different disease settings. This thesis
will focus on providing a deeper understanding of how modulation of the CYP-derived
eicosanoid profile affects the heart, and particularly the cardiomyocyte, during acute

inflammatory injury using an experimental model of endotoxemia.

1.2 INFLAMMATION AND THE HEART

1.2.1 Cardiac dysfunction in sepsis: prevalence, prognosis, and management

Sepsis is an acute systemic inflammatory syndrome, where the body’s immune
response to a pathogen becomes dysregulated, leading to a hyperinflammatory state and
overproduction of inflammatory mediators which are detrimental to the host.!? It is one of
the most common causes for inpatient hospital deaths in North America and is a critical
global health problem.!* * Disease progression follows a biphasic pattern (Figure 1.1).2 An
initial pro-inflammatory state is accompanied by a massive release of cytokines and
activation of innate immune cells. This is later followed by an immunosuppressive state with
mass apoptosis of immune cells, cardiac suppression, hypoperfusion, and potential for
secondary infections to take hold.!> 16

Cardiac dysfunction induced by acute systemic inflammation, such as septic
cardiomyopathy, is a serious complication and is challenging to clinically manage.> The
incidence of acute cardiac dysfunction occurring during sepsis ranges from 10-40%, largely
due to inconsistencies in diagnostic criteria and reporting between clinical studies.!”- '8
However, there is no doubt that prognosis is poor for patients who develop this complication,
with mortality rates as high as 90%.> !7

Septic cardiomyopathy often manifests as depressed systolic function, including
reduced ejection fraction and cardiac output, hypotension, and left ventricular (LV) dilation.>
12.18 This is detrimental to other organ systems in the body which rely on a steady, circulating
supply of oxygen and nutrients. Current therapeutic management of septic cardiomyopathy
includes hemodynamic supports such as vasopressors as well as inotropic agents such as

dobutamine.'> 1  However, current management strategies are often inadequate and

mortality remains high. Other experimental therapeutics including agents targeting specific



pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-a) and interleukin
(IL)-1 were attractive, but have proven unsuccessful in clinical trials.?*?> Hence, the need
to understand mechanisms of sepsis-induced cardiac dysfunction and identify new

pharmacological targets remains critical and ongoing.

1.2.2 Cellular and molecular mechanisms of septic cardiomyopathy

The pathophysiological mechanisms contributing to cardiac dysfunction in sepsis are
numerous. Earlier theories suggested that decreased coronary flow leading to hypoperfusion
of the heart muscle was the culprit for the decline in cardiac function.> However, more
recent research demonstrates that this may be negligible and, instead, may be due to direct

24,25 Release of pro-

actions of cardiodepressant substrates produced during sepsis.
inflammatory cytokines such as TNF-a and IL-1 may contribute to the early decline in
cardiac function, whereas production of nitric oxide (NO) due to upregulation of inducible
nitric oxide synthase (iNOS), may sustain cardiac depression into the later stages of the
disease.?® 27 Mitochondrial dysfunction is also another major player in septic
cardiomyopathy.?® The heart is a highly oxidative organ that relies on mitochondria not only
for ATP production but also regulation of intracellular calcium (Ca*") homeostasis, essential
for cardiac contractility.?> 3 Disruption of cardiomyocyte mitochondrial respiratory chain
function impairs energy production.’! Cardiac mitochondria also endure loss of membrane
potential, opening of the mitochondrial permeability transition pore (mPTP), and reactive
oxygen species generation.’” 32 Furthermore, the heart becomes less sensitive to
catecholamine stimulation and damaged cardiomyocytes can secondarily release damage
associated molecular patterns (DAMPs) such as high mobility group box 1 (HMGB1) which
works in a paracrine manner to further perpetuate inflammatory damage of heart cells.> 34
In addition to a massive release of pro-inflammatory cytokines, metabolism of arachidonic
acid into a plethora of inflammatory lipid mediators, or eicosanoids, including prostaglandins
and leukotrienes can further damage the heart.>> Upregulation of the expression of adhesion
molecules on endothelial cells and cardiomyocytes also promotes the infiltration and
36,37

accumulation of immune cells such as neutrophils and monocytes into the myocardium.

Elements of the adaptive immune response are also engaged contributing to the



hyperinflammatory state.’® Premature lymphocyte apoptosis facilitates sepsis-induced
immunosuppression.®® Overall, it is agreed upon that a variety of cardiodepressant factors
are working in parallel, so targeting a single entity may not be sufficient to circumvent sepsis-

induced cardiomyopathy.
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Neutrophils
Macrophages

Endothelial cells \

Proinflammatory cytokines
Reactive oxygen species

TLR activation Vascular permeability Reduced cardiac ouput
Organ hypoperfusion
Decreased body temperature
Infection Hyperdynamic phase Lower heart rate

Hypodynamic phase

Increased cardiac ouput
Reduced vascular resistance
Increased body temperature
Increased heart rate

Immune cell apoptosis
Anti-inflammatory cytokines

Organ damage

Immunosuppression
Death

Anti-inflammatory state

Time

Figure 1.1. The biphasic pattern of sepsis disease progression. Adapted from the following
sources.> 16



1.2.3 The importance of understanding acute inflammation and the heart today: COVID-19

and cardiac inflammation

In 2019, the world was overtaken by a global pandemic caused by the coronavirus,
SARS-Cov-2.* Over 5 million deaths and 250 million confirmed cases have occurred
worldwide to date.** Fortunately, tireless work from scientists and clinicians led to the
development of vaccines against the virus which began being administered early in 2021.%
However, infections continue and many people remain suffering.

Not only does COVID-19 impact the lungs by causing acute respiratory distress
syndrome (ARDS), severe infection with SARS-CoV-2 liberates an uncontrolled host
inflammatory response which also damages other vital organs including the heart.!
Cardiovascular involvement during severe SARS-CoV-2 infection can manifest as
myocarditis, heart failure, acute coronary syndrome, arrhythmia, and an enhanced
thromboembolic state.*! Furthermore, SARS-CoV-2 infection can deteriorate the status of
patients with underlying cardiovascular disease.*! Despite the leaps and bounds made with
respect to COVID-19 management over the past 2 years, a large amount of uncertainty
remains about the etiology of cardiac involvement in SARS-CoV-2 infection and the long
term impacts this may have on survivors. The disastrous and ongoing impact of COVID-19
further fuels the importance and critical need to research and understand how the heart is

affected by unregulated acute inflammation.

1.2.4 Chronic inflammation and cardiovascular disease

In addition to acute inflammation, chronic, low-grade inflammation can also
adversely impact the heart and has been demonstrated to be a key player in the pathogenesis
of cardiovascular disease (CVD).***> Aging is a non-modifiable risk factor for CVD.*
Older individuals are more likely to experience an acute cardiac event and prognosis and
recovery following an acute event tends to be poorer in elderly individuals.*’ The prevalence
of CVD in older individuals has, in part, been linked to age-dependent cardiac structural and
functional changes as well as systemic inflammation.* ¥ CVD management in elderly

individuals is often complicated by other chronic inflammatory disorders such as metabolic



syndrome, diabetes, and obesity.** Additionally, the innate and adaptive immune systems
undergo remodelling with age, which may influence the development of CVD.>%->2 Thus, it
is important that aging is also considered in the design of experimental models exploring the
pathogenesis of chronic inflammation in CVD. Notably, chronic inflammation is also a
main culprit in the pathobiology of atherosclerosis, acute myocardial infarction, and the
progression to chronic heart failure.>*%® Therefore, inflammation impacts the heart in both
the acute and chronic setting. Understanding mechanisms of persistent, low-grade
inflammation on the heart will provide valuable insight into age-dependent alterations of the

cardiovascular system and chronic CVD.

1.3 LIPOPOLYSACCHARIDE

1.3.1 Overview: structure and function

Lipopolysaccharide (LPS), also known as endotoxin, is a glycolipid localized to the
outer membrane of most gram-negative bacteria.’! LPS serves as a barrier to protect bacteria
from their extracellular environment. However, LPS is the main molecule which stimulates
the host immune system upon infection with Gram-negative bacteria.®?> Structurally, LPS is
composed of 3 main components — the O-antigen, the core oligosaccharide, and the lipid A
moiety (Figure 1.2).%! The O-antigen is a highly variable polysaccharide structure which
induces antibody production in the infected host.%® Its wide variability in composition allows
for bacterial evasion of immune defenses.%> The oligosaccharide core is also branched and
heterogenous in structure.* Its stability allows separation of the lipid A and O-antigen
components on the outer membrane.*  Lastly, lipid A is the antigenic moiety of LPS,
responsible for the activation of the host innate immune system and the robust and

detrimental inflammatory response generated during endotoxemia and sepsis.®?
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Figure 1.2. Structural composition of lipopolysaccharide. Adapted from the following
sources. 616264



1.3.2 LPS as an experimental model of endotoxemia

Studies in humans have demonstrated that LPS is a main driver of cardiac dysfunction
in sepsis.® To elicit acute systemic endotoxemia, purified LPS endotoxin is typically infused
or injected either intravenously (i.v.) or intraperitoneally (i.p.) into experimental animals.®
Since no bacteria are present, no active infection is established, but the host immune response
is still activated.!® The activation of innate immune cells, generation of pro-inflammatory
mediators, and wide-spread organ damage models early-stage clinical sepsis, making LPS a
widely used model.!® Mice require a higher dose of LPS per body weight compared to
humans in order to elicit a similar physiological response.®” This may be due to the enhanced
complexity of sepsis in humans, activation of different transcriptional responses due to LPS
exposure, and variations in cellular composition of tissues between mice and humans.®®
However, when dose is properly titrated, there is striking similarity in the kinetics and
composition of pro-inflammatory cytokines released between human sepsis and LPS-

induced endotoxemia.®’

1.3.3 Cell signal transduction

A class of transmembrane receptors, pattern recognition receptors (PRRs), recognize
specific molecular structures and transduce intracellular signalling pathways to activate the
innate immune system.® PRRs can recognize a class of conserved exogenous molecular
structures termed pathogen associated molecular patterns (PAMPs) specific to foreign
invaders and pathogens.®® One of the most well-studied groups of PRRs are the toll-like
receptors (TLRs). The immunogenic lipid A component of LPS is recognized by TLR4 as
well as TLR2 isoforms.”® TLR4 receptors are located on the surface of cells of the innate
immune system.® Additionally, terminally differentiated cardiomyocytes also express
TLR4 in high abundance, making the heart a susceptible target to the effects of endotoxin.”!

Upon recognition of LPS by the cofactor, CD14, primarily found on monocytes and
macrophages, the complex delivers LPS to cell-surface TLR4 receptors which form a
homodimer structure.”! Recruitment of the adapter protein, MyD88, to the cytosolic domain

of TLR4 initiates the intracellular signalling pathway.”® Activation of the inhibitory kB (IkB)



kinase induces phosphorylation of IkB and dissociation from the cytosolic nuclear factor
kappa-light chain-enhancer of activated B cells (NF-kB) complex.”® The transcription factor,
NF-£B, is then free to translocate to the nucleus and upregulate the transcription of pro-
inflammatory cytokines.”” The production and release of inflammatory mediators and

cytokines such as IL-1, IL-6, and TNF-a initiate the cascade of the innate immune response.’®

1.3.4 LPS and chronic CVD: A clinical context

The contribution of chronic inflammation to heart disease has been a well-established
concept in recent years, however the specific contribution of LPS to the pathobiology is less
clear.” Living organisms are exposed to many types of pathogens, and thus LPS, in their
environment on a daily basis. Humans are one of the organisms most sensitive to
endotoxin.®’” Additionally, humans are also exposed to bacteria through current or chronic
infections as well as microbiota via gut barrier dysfunction.”® It was first proposed that the
chronic immune activation and elevation of pro-inflammatory cytokines seen in congestive
heart failure (CHF) patients may be due to a pathogenic process, known as the endotoxin
hypothesis.”* Despite optimal pharmacotherapy with diuretics and angiotensin converting
enzyme inhibitors (ACEi), CHF patients may still experience edema, congestion, and
hypoperfusion in their mesenteric venous system.”* This can lead to enhanced gut
permeability and the translocation of bacteria and LPS endotoxin into the systemic
circulation.”7® Enhanced interaction of LPS with monocytes and macrophages may explain
significantly elevated levels of secreted CD14 and TNF-a in CHF patients.”* As LPS is a
potent simulator of inflammatory cytokines’” 7, chronic LPS exposure in CVD may explain
the low-grade inflammation and immune dysregulation which enhances disease progression
and further promotes endotoxin translocation from the gut in a feed-forward cycle.” This
hypothesis was built upon in a prospective cohort study from 1999 that directly quantified
circulating endotoxin levels in heart failure patients.’® It demonstrated that patients
experiencing an acute CHF exacerbation had significantly higher levels of systemic
endotoxin and other pro-inflammatory cytokines compared to stable CHF patients and
healthy controls, and which reduced with resolution of the acute CHF exacerbation.?’ Since

then, other studies have shown an association between endotoxin levels, immune activation,
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and a wide range of cardiovascular disease.” 77 7% 8183 For example, chronic exposure to
endotoxin from mild bacterial periodontitis infections can potentiate systemic inflammation

84.85 " Therefore,

which may be a risk factor for atherosclerosis and coronary artery disease.
LPS may not only acutely impact the heart during endotoxemia, but may contribute to CVD

development through long term chronic exposure.

1.4 THE INNATE IMMUNE SYSTEM

1.4.1 Overview and function

The innate immune system serves as the body’s first line of defense against invading
pathogens as well in response to sterile inflammatory stimuli.®¢ It consists of a variety of
elements, including the skin barrier, epithelia and mucosa, as well as immune cells and their
secreted components including cytokines and chemokines.®® This system is also necessary
to initiate the more specific and longer lasting response of the adaptive immune system.®¢

A dynamic relationship exists between the heart and the innate immune system.®’
For example, following acute cardiac injury, such as myocardial infarction (MI), cells of the
innate immune system including monocytes, macrophages, and neutrophils are mobilized to
the site of injury.®® These cells can assist in clearing necrotic debris at the area of infarct but
can also contribute to collagen deposition and detrimental cardiac remodeling.®®
Furthermore, tissue resident cardiac macrophages also help to regulate homeostatic functions
of the heart including immune surveillance and electrical condution.***! Our understanding
of the relationship between the heart and the innate immune system is still unfolding, but is

proving to be critical in our understanding of the heart in both health and disease.

1.4.2 Cells of the innate immune system

Neutrophils are typically the first group of innate immune cells to respond to acute
infection or injury.”> Neutrophils primarily function as phagocytes, engulfing debris and
foreign material, as well as secretion of cytotoxic, oxidant, and lytic molecules.”? However,

these cells can also communicate with macrophages and release signalling molecules to

11



activate T helper cells.”? Following acute MI, pro-inflammatory neutrophils rapidly infiltrate
the myocardium to clear necrotic cells but can also contribute to dysregulation of the local
inflammatory response.”® Neutrophils also accumulate in organs, including the heart, during

acute inflammatory injury such as sepsis.®’

During sepsis, there is a dysregulation of the
neutrophil response. A larger proportion of immature neutrophils are released from the bone
marrow and their apoptosis tends to be delayed.”*®7 Interestingly, blockade of neutrophil
function during sepsis is insufficient to prevent septic cardiomyopathy.*® This suggests that
cardiac damage may occur through a combination of well-orchestrated responses from
various immune cell types.

In addition to their hemostatic functions, platelets have also been attributed to the
immune response.”® In particular, the interaction between neutrophils and platelets enhances
the host’s defence to invading pathogens.”® Platelets can attract neutrophils to infected
tissues and organs through the secretion of chemoattractant factors and conditioning of
endothelial beds to enhance neutrophil rolling, adhesion, and infiltration.”®*° The generation
of neutrophil extracellular traps (NETs), a web of extracellular DNA, histones, and granules,
through NETosis also relies on the interplay between neutrophil and platelet functions.!®
LPS stimulation of TLR4 receptors on platelets promotes their binding to surrounding
adherent neutrophils and neutrophil formation of NETs to trap and kill invading
pathogens.!%% 101 NETs then further promote thrombus formation, platelet activation, and
aggregation.”® Hence, a synergistic loop exists between neutrophil stimulation, NET
formation, and platelet activation in the innate immune response during endotoxemia and
sepsis.

Monocytes are also mobilized from the bone marrow and spleen in response to sterile
injury as well as LPS where they can infiltrate peripheral tissues.!®? Once within the heart,
monocytes can differentiate into macrophages and dendritic cells, which can function as
phagocytes and secretory cells to mediate the innate immune response.!? Macrophages can
take on an array of phenotypes and are loosely referred to as pro-inflammatory and anti-

3

inflammatory or reparative.!®® In vitro macrophages which are activated by interferon

gamma (IFN-y) or LPS are categorized as ‘M1’ or ‘classically activated’ macrophages and

3

tend to take on a more pro-inflammatory phenotype.!> This subset is efficient in the

presentation of antigens to adaptive immune cells and the secretion of pro-inflammatory

12



cytokines and reactive oxygen species as a means of defense.!* 1% Macrophages in culture
which are activated by IL-4 are ‘M2’ or ‘alternatively activated’ and tend to be more
reparative in function and work to dampen the inflammatory response.!%3: 106

However, in vivo, macrophage phenotypes are much more dynamic and tend to exist
on a continuum rather than a polarized dichotomy.!% In vivo, macrophages can adapt their
functions based on circulating local mediators in their microenvironment, cellular stress, and
disease states.!®* This plasticity makes concrete characterization of in vivo macrophages
more challenging. However, researchers do have a comprehensive understanding of
different macrophage functions in CVD. For example, following acute MI, peripheral
monocytes are recruited to the site of cardiac damage.!®” These monocytes differentiate into
macrophages that are more inflammatory in phenotype which partake in efferocytosis,
release cytokines, and engulf necrotic cells and debris.!?” Within a day following the initial
insult, a functionally different subset of macrophages populate the damaged myocardium.
This subset fine-tunes the initial inflammatory response and assists in extracellular matrix
(ECM) and collagen deposition.!?” A fine balance exists between macrophage functions to
avoid rampant cardiac inflammation and maladaptive cardiac remodeling and fibrosis.!*” In
sepsis, organs including the heart are rapidly overtaken by macrophages with more pro-

inflammatory functions which contribute to tissue damage and the decline in cardiac

108 9

function.!® Macrophage polarization is also impaired with aging.!” With increasing age,
macrophage polarization accelerates towards a pro-inflammatory phenotype, which also may
explain age-related cardiac functional decline.!'® Therefore, the temporal balance that exists
in macrophage function could potentially be therapeutically exploited in various cardiac
pathologies.

In addition to monocyte-derived macrophages, the myocardium also harbours
resident macrophages important for homeostatic functions. This subset of macrophages
enter the myocardium during the embryonic development stage where they persist into
adulthood and turnover in situ during steady-state conditions with increasing contribution
from differentiation of circulating monocytes over time.”! 111115 Ag tissue resident cells,
cardiac macrophages are highly influenced by their local tissue microenvironment. Cardiac

resident macrophages adapt a spindle-like morphology speculated to be due to the

longitudinal alignment of surrounding myocardial fibres.”!  Their close association with

13



endothelial cells and cardiomyocytes suggests potential cross talk and signalling between

116, 117

cell types in the heart to maintain proper function and homeostasis. Expression of

genes such as IL-10 and complement component 1q suggest that cardiac macrophages may

have a role in dampening local inflammation.!!”

In addition, enrichment in processes
involving the wuptake, processing, and presentation of antigens suggests an
immunomodulatory and maintenance role in the heart under basal conditions. However,
much of this data requires functional confirmation and perhaps organ-specific ablation of
cardiac resident macrophages will help to delineate the role of these cells in vivo during
homeostasis and injury.

The function of resident macrophage subsets in CVD have also been extended to the
clinical setting. Outcomes in patients with end-stage CHF with left ventricular assist device
(LVAD) implants awaiting cardiac transplant were examined.!'® Patients with persistent
systolic dysfunction 6 months post-LVAD implantation had a significantly higher proportion
of pro-inflammatory CCR2* macrophages in their LV biopsy at the time of LVAD
implantation and removal than those whose systolic function had improved.!!® Although this
is an association, these findings strengthen evidence that the heart contains phenotypically
and functionally distinct macrophage subsets which may have clinical and prognostic
implications in CVD. This also suggests that therapeutic strategies targeting a specific subset

of cardiac resident macrophages, such as CCR2", may be a potential strategy to combat

maladaptive immune response and cardiac dysfunction.

1.4.3 Pattern recognition receptors

A key feature of the innate immune system is its ability to distinguish self from non-
self.®¢ The innate immune system can sense certain molecules, broadly termed alarmins.!!”
Alarmins can be components of foreign invaders including LPS from gram-negative bacteria,
lipoteichoic acid from gram-positive bacteria, or viral genetic material.'?® These foreign
molecules can also be called pathogen-associated molecular patterns (PAMPs).!2
Additionally, the innate immune system can sense damage-associated molecular patterns
(DAMPs). These are molecules that are released from endogenous host cells in response to

stressful stimuli or injury, such as cytokines, nuclear or mitochondrial DNA, and reactive

14



oxygen species.!'?!

PAMPs and DAMPs are recognized by their corresponding pattern
recognitions receptors on innate immune cells.!*?> An established class of PRRs include the
toll-like receptors.!?> Notably, TLR4, and to a lesser extent, TLR2 recognize LPS as a PAMP
and initiates the transduction of intracellular signalling pathways and production of pro-
inflammatory cytokines in response to this molecule, 2% 123. 124

TLR4 is ubiquitously expressed on innate immune cells including neutrophils,
monocytes, macrophages, and also endothelial cells and platelets.!?> 126 TImportantly,
cardiomyocytes have also been demonstrated to express TLR4, which suggests a role for the
cardiomyocyte in the detection and response to LPS. Stimulation of TLR4 receptors on
cardiomyocytes activates NF-AB signalling and promotes the secretion of inflammatory IL-
6, and neutrophil chemoattractants such as keratinocyte-derived chemokine (KC) and
macrophage inflammatory protein (MIP).!?”  Activation of cardiomyocyte TLR4 can
augment acute cardiac injury, damage cardiomyocyte mitochondria, and promote

128, 129

apoptosis. Hence, the cardiomyocyte may also participate in the innate immune

response to a larger degree than what has previously been anticipated.

1.4.4 Signalling molecules: cytokines

The innate immune system relies heavily on the sending and receiving of signals as
a means of communication between cell types and tissues in response to infection or
injury.’*® One such way these signals can be sent are through small molecules, called
cytokines. These molecules are diverse in structure and function. Cytokines can travel
throughout the systemic circulation or work locally in a receptor-mediated autocrine or
paracrine manner.'*° During sepsis, there is a massive release of cytokines from immune
cells, sometimes referred to as the ‘cytokine storm’.!3! Release of these mediators can further
activate and attract immune cells, integrate the adaptive immune response, and promote host
cell damage contributing to a positive feedback loop of inflammation.> At the same time,
the cytokine response is often necessary for host defense and clearance of infection.!'*?
Therefore, a delicate balance in cytokine regulation is imperative, which is often not the case

in sepsis.
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The release of cytokines and chemokines mirrors the biphasic disease progression of
sepsis (Figure 1.1).% 13 1In the early stages of sepsis, pro-inflammatory cytokines including
IL-1, IL-6, IL-12, IL-17, IFN-y, and TNF-a predominate.!3? Clinical studies have shown
that non-survivors of sepsis have a persistent increase in these cytokines during the first 4
days compared to patients who recovered.!** In patients who survive the hyperinflammatory
state of sepsis, an immunosuppressive state follows. Apoptosis and dysfunction of T cells
can stimulate phagocytes to release anti-inflammatory cytokines such as IL-10.> % The
relative amount of IL-10 may be proportional to the destruction induced by the initial
hyperinflammatory state, suggesting a close-knit relationship between the two phases of
sepsis. 3> 133

Low molecular weight cytokines, termed chemokines, can promote the
differentiation, mobilization, and attraction of immune cells to infected or damaged tissue.*
Notably, monocyte chemoattractant protein-1 (MCP-1) has been demonstrated to be elevated
in sepsis and is important for the infiltration of circulating monocytes into tissues and
organs.!3* 136 Furthermore, the chemokines MIP and KC activate and attract neutrophils.'3’
Similarly, regulated on activation normal T cell expressed and secreted (RANTES) attracts
T helper cells and monocytes, integrating both innate and adaptive immunity.!3% 13 As
previously mentioned, neutralization of individual groups of pro-inflammatory cytokines in

2l Hence, an intricate communication

clinical trials have not improved patient mortality.
network exists between multiple cytokines and the innate and adaptive immune systems in

sepsis.

1.4.5 The NLRP3 inflammasome

The NOD-like receptor (NLR) family pyrin domain containing 3 (NLRP3)
inflammasome is a large cytosolic multi-protein complex implicated in the innate immune
response.'*% 141 It consists of the multi-domain NLRP3 sensor molecule and apoptosis-
associated speck-like protein (ASC), which is an adaptor protein that contains a caspase-
recruitment domain (CARD), which allows the recruitment of the effector pro-caspase-1 to

the multi-protein complex.!4?
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Engagement of the NLRP3 inflammasome response is a multi-step process consisting
of first priming, followed by activation (Figure 1.3).!'*? Priming is initiated by the binding
of danger signal molecules such as PAMPs and DAMPs to PRRs on the cell surface, such as
TLR4.!% Danger signals can constitute remnants from invading organisms, such as LPS or
endogenous molecules released from damaged or dying cells.!**- 1% TLR4 stimulation causes
activation of downstream intracellular MyD88 signalling and nuclear localization of the
transcription factor NF-kB.!4  This upregulates the transcription and expression of
inflammasome protein component, NLRP3, as well as inactive pro-IL-1p and pro-IL-18.'4°
Following NLRP3 inflammasome priming the vital machinery comprising the NLRP3
inflammasome are assembled in the cytosol, awaiting further signal.!*

A second signal is required for the activation of the dormant NLRP3 complex.!®
Signals are diverse and include potassium (K*) efflux, release of intracellular ATP,
mitochondrial DNA (mtDNA) and increased ROS from damaged mitochondria — all
indications of cellular stress.!#!- 145146 Nigericin, a K*/H" ionophore is commonly used as

6

an NLRP3 activator in the in vitro setting.!*® Signaling pathways upstream of NLRP3

activation are less clear. However, pro-caspase-1 is proteolytically activated inducing the

0

maturation of pro-IL-1B and pro-IL-18 to their active forms.'*® Additionally, cytosolic

gasdermin D is cleaved by caspase-1 allowing the cytotoxic N-terminal domain to translocate

to the plasma membrane and assemble into pore-forming structures.'4’- 148

These pores serve
for the release of IL-1f and IL-18 from the cell where they can go on to induce further local
and systemic inflammatory activation.!#’- 1% Additionally, gasdermin D pores can induce
cell lysis and pyroptosis, a form of inflammatory cell death.!>% 13!

Pyroptosis can be classified as a gasdermin D-dependent form of programmed
inflammatory cell death.!>® This form of cell death is characterized by membrane blebbing
and eventual cell lysis leading to the release of cellular content, danger signals, and

148

inflammatory proteins.** The N-terminal portion of gasdermin D is able to interact with the

152 N-terminal monomers assemble into

inner portion of cell membrane phospholipids.
oligomers until a pore-like structure transverses the cell membrane causing disruption of the
cellular osmotic gradient and cell swelling and lysis.!>?

In addition to LPS binding to cell surface TLR4 receptors, cytosolic LPS can also be

sensed intracellularly leading to human caspase-4/5 and mouse caspase-11 activation.!'¥’
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This signalling refers to the ‘non-canonical’ inflammasome pathway.!>* Activation of
caspase-4/5 or 11 occurs leading to cleavage and liberation of the gasdermin D N-
terminal.!4’- 153 Pyroptotic pore formation permits the efflux of intracellular potassium and
assembly of the NLRP3 inflammasome, followed by caspase-1 activation, and initiation of

the canonical inflammasome signalling pathway.!>% 134
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1.4.5.1 The role of mitochondria in NLRP3 inflammasome signalling

Mitochondrial damage and dysfunction is implicated in the activation of the NLRP3
inflammasome.!#? The liberation of mtDNA into the cytosol from damaged mitochondria
can directly bind with the NLRP3 complex to cause secretion of IL-1f.!% Cardiolipin is a
mitochondrial phospholipid exclusively located on the inner membrane that is translocated
to the outer membrane to act as a signalling molecule in response to mitochondrial stress.!>®
The NLRP3 inflammasome can take advantage of this stress signal. The NLRP3
inflammasome can directly interact with exposed cardiolipin to activate caspase-1 and

promote IL-1pB secretion. !>’

With aging, the NLRP3 inflammasome is also over-activated
due to enhanced mitochondrial stress and impaired quality control mechanisms.!>®
Aberrations in mitochondrial dynamics including fission and fusion can also trigger
inflammasome activation.!>® 190 Thus it is clear, mitochondrial health and NLRP3 signalling
are closely intertwined.

1

Sepsis notoriously promotes the damage of cardiac mitochondria.'®! LPS causes

pathological fragmentation of cardiomyocyte mitochondria via dynamin-related protein-1

(Drpl) and its interaction with the adaptor, fission-1 (Fisl) on the mitochondria.!6? 163

164

Cardiac mitochondrial function is also impaired with LPS exposure.'** Enzymatic activities

of respiratory chain complexes are reduced, which compromises the ability for the heart to

161,164 Fyrthermore,

generate a sufficient amount of ATP and sustain proper function.
mitochondria produce higher amounts of ROS which can further perpetuate mitochondrial
dysfunction.?® 16> Hence, there is strong evidence to suggest that LPS-induced mitochondrial
damage may provide a connection to NLRP3 inflammasome activation in the pathogenesis

of septic cardiomyopathy.
1.4.5.2 Implications of the NLRP3 inflammasome in CVD

The NLRP3 inflammasome pathway is dysregulated in a variety of inflammatory
diseases.!® 1t has also been implicated it acute and chronic cardiac inflammation.'s” It

provides a critical link between the heart, mitochondrial dysfunction, and the innate immune

system. Following acute MI, release of DAMPs induces cardiac NLRP3 priming and
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activation which promotes pathologic hypertrophy leading to heart failure.'®

Pathogenesis
of diabetic cardiomyopathy and atrial fibrillation have also been linked to cardiac NLRP3
inflammasome signalling.!®® 17 A small molecule inhibitor of the NLRP3 inflammasome,
MCC950, has been synthesized.!”! MCC950 selectively works to interfere with ASC
oligomerization without affecting the priming step or expression of inactive pro-IL-1f and
pro-caspase-1 in cells.!”! 172 The use of MCC950 has been successful in attenuating cardiac
dysfunction in models of MI, atherosclerosis, doxorubicin-induced cardiotoxicity, and
sepsis-induced myocardial dysfunction, further attributing the involvement of this signalling
mechanism to a range of cardiac pathologies.!’>17¢ Although commonly studied in immune
cells such as monocytes and macrophages as well as whole tissue lysate, NLRP3
inflammasome signalling has recently been demonstrated in cardiomyocytes and cardiac

fibroblasts.!¢”- 179 However, the role and regulation of this pathway in non-immune cells

such as cardiomyocytes is still poorly defined.

1.5 LONG CHAIN PUFAS AND THE CARDIOVASCULAR SYSTEM

Long chain N-3 and N-6 PUFAs are essential fatty acids which must be obtained
from the human diet. Alpha-linolenic acid (ALA), eicosapentaenoic acids (EPA), and
docosahexaenoic acid (DHA) found in fish, flax, nuts, and canola and soybean oil are the
main sources of the essential N-3 PUFAs.® N-6 PUFAs, including arachidonic acid (AA)
derived from linoleic acid (LA), are found in vegetable oils, corn oil, and sunflower 0il.® It
is recognized that fatty acids can have pleiotropic effects on the cardiovascular system. The
Canadian Cardiovascular Society recommends that PUFAs should be incorporated into the
diet to replace trans and saturated fatty acids to reduce the risk for CVD.!”” However, the
relationship between long chain PUFAs and cardiovascular health are complex.

Early observational studies showed that the Inuit population of Greenland consumed
a diet rich in N-3 PUFAs from fish.!”®1% Those living in Greenland had lower plasma
triglyceride levels, a risk factor for CVD, as well as incidence of ischemic heart disease and
diabetes compared to people in Denmark who consumed a more traditional Western diet.!”®-
181 These observational studies prompted health scientists to further investigate the role of

PUFAs in CVD. EPA was shown to exert an inhibitory effect on platelet aggregation and
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lowered plasma triglycerides which may possibly explain the lower rate of thrombotic events
observed in the Greenland observational studies.!® 183 The GISSI-Prevenzione study was a
randomized controlled trial that investigated the role of N-3 PUFA supplementation as
secondary prevention for patients who had recently experienced acute ML!%* Results
demonstrated that N-3 supplementation significantly reduced the risk of morality, non-fatal
MI and stroke, suggesting that N-3 PUFAs may provide some benefit in the setting of
secondary prevention.!®*  Furthermore, the Diet and Reinfarction Trial (DART)
demonstrated that increasing N-3 PUFA intake through dietary interventions also
significantly reduced all-cause mortality in men who had suffered a previous ML!%5 High-

dose N-3 PUFA supplementation can also work acutely.'8¢

Administration to patients
presenting in hospital with acute MI prevented left ventricular remodeling, fibrosis, and
systemic inflammation throughout the following months of recovery.!8¢

In contrast, the SU.FOL.OM3 trial was a randomized and placebo-controlled study
that assessed the effects of supplementation of folate and N-3 PUFAs in patients who
experienced an acute MI or ischemic stroke in the previous year.'®” Despite supplementation,
there was no significant reduction in CVD related deaths or non-fatal MI or stroke events. !
The role of PUFASs in primary prevention of CVD is also conflicting.!% The ORIGIN trial
found no significant reduction in the primary prevention of CVD events or mortality in
patients with diabetes or dysglycemia following EPA and DHA supplementation despite a
reduction in circulating triglyceride levels.!”® The American Heart Association has proposed
some potential reasons which may explain the discrepancies between the outcomes of
clinical trials. In recent years, there has been increased emphasis to the public about the
health benefits of N-3 PUFA consumption.!”! An increasing number of individuals have
made the effort to incorporate N-3 PUFA-rich sources such as fish into their diet.!!
Therefore, the additional supplementation of EPA and DHA provided in clinical trials may
deliver little additional cardiovascular benefit if an individual’s N-3 PUFA consumption is
already at the recommended intake levels.!”! Advancements have also been made regarding
the overwhelming benefit of other drug therapies in CVD, including statins, ACEi, and beta
blockers.!! Clinical practice has improved over the years and many patients who meet the
¢ 191

criteria to be on these drugs have been prescribed them by their physician or pharmacis

So, patients’ risks for primary or secondary cardiovascular events are substantially reduced.
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The additional supplementation of N-3 PUFAs may provide little additional clinical benefit
for high risk patients in clinical trials who are already using optimal drug therapy.!!
Therefore, it still remains inconclusive and under debate whether PUFAs provide any clinical
cardiovascular benefit besides altering surrogate markers such as plasma triglycerides.
Other studies suggest that N-3 PUFAs may play a role in the modulation of
inflammation.!®% !> The Western diet is rich in N-6 PUFAs, LA and AA, compared to N-3
PUFAs at a ratio of nearly 15:1.1* AA is a precursor for a variety of pro-inflammatory,
platelet activating, and pro-thrombotic lipid mediators including prostaglandins, such as
thromboxane Az, and leukotrienes produced by COX and LOX metabolic pathways which
may increase the risk for the development of CVD.!*+19¢ Interestingly, a diet enriched with
EPA and DHA promotes the incorporation of these N-3 PUFAs into the phospholipid
membrane of cells including macrophages, neutrophils, and lymphocytes, reducing the N-
6/N-3 membrane composition ratio.!”’2°! Upon cellular stimulation or stress, PUFAs are
released from the phospholipid membrane by phospholipase A, (PLA7).2°% 203 EPA and
DHA can compete with AA as substrates for COX and LOX enzyme systems.!®” When a
larger proportion of N-3 PUFAs are present in the membrane due to supplementation, fewer
N-6-derived COX and LOX pro-inflammatory mediators are produced, thus helping to
control excessive inflammation.!”- 24 Furthermore, this can also reduce the expression of
the pro-inflammatory COX-2 enzyme isoform.?> Therefore, higher N-3 intake may reduce
the production of pro-inflammatory AA-derived COX and LOX mediators. In the clinical
setting, healthy volunteers who supplemented their diet with N-3 PUFAs for 6 weeks had
reduced production of IL-1a and TNF-a upon stimulus with endotoxin.'*? Incorporation of
N-3 PUFA supplementation into the diet of patients with rheumatoid arthritis, psoriasis, and
ulcerative colitis demonstrated clinical improvement in symptoms however did not affect
serum levels of acute phase reactants and cytokines.!”> As inflammation is often a common
denominator in the pathobiology of CVD, beneficial effects of N-3 PUFAs on the heart may

be exerted through their anti-inflammatory properties.2%6: 207
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1.6 BIOSYNTHESIS OF N-3 and N-6 PUFA EPOXYLIPIDS

1.6.1 The cytochrome P450 enzyme system

The CYP450 enzyme system encompasses a broad family of monooxygenases that

208 The insertion of an oxygen

catalyse epoxidation and hydroxylation chemical reactions.
molecule through olefin epoxidation of the unsaturated double bond moiety of N-3 and N-6
PUFAs generates epoxylipids (Figure 1.4).2°® Hydroxylation and allylic oxidation of AA
results in the formation of terminal HETEs and mid-chain HETEs, respectively.?®® These
enzymes are primarily located at the endoplasmic reticulum in mammalian cells and can
metabolize a broad range of xenobiotics including pharmaceuticals, as well as endogenous
molecules such as lipids.?”  Additionally, a subset of CYP450s are found at the

°  Primarily

mitochondrial membrane in some tissues including the lungs and kidneys.?°
expressed in the liver, CYP450s are also abundant in the heart, brain, kidneys, and the
vasculature. In human cardiac tissue, CYP2CS8, CYP2C9, and CYP2J2 are the predominant
isoforms involved in the maintenance of tissue homeostasis and CVD pathophysiology.?!°
These CYP450 isoforms also exhibit some substrate selectively as preferential epoxygenases
for AA, EPA, and DHA where the last double bond is the preferred epoxidation site.?%8
Furthermore, AA, EPA, and DHA can compete as metabolic substrates for CYP2J and
CYP2C enzymes, thus influencing the profile of metabolites produced.!**

The human CYP2C8 and CYP2C9 genes exhibit conserved homology to the murine

211

genes.”' However, the single human CYP2J2 gene is represented as a cluster of at least 8

different Cyp2j genes in mice, hence a directly homologous gene does not exist.!% 212, 213
However, a transgenic murine model has been developed to over-express the human CYP2J2
isoform in the cardiomyocyte to enhance the production of beneficial epoxylipids.?!* These
mice have enhanced left ventricular recovery following IR injury and a lower incidence of
diabetic cardiomyopathy, heart failure, and susceptibility to arrhythmia.?!42!® In humans,
CYP2J2 is most abundant in ventricular cardiomyocytes and may be implicated in cardiac
disease pathogenesis.?!” Gene expression of CYP2J2 is upregulated in the cardiomyocyte by
the presence of ROS which enhances cell viability, indicating a potential compensatory and

218

protective mechanism.>'® In patients with non-ischemic cardiomyopathy, protein levels of
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CYP2J2 are significantly reduced.?!” Knockdown of CYP2J2 gene expression alters other
transcriptional programs in the adult cardiomyocyte including genes involved in cardiac ion

217 Hence, CYP2J2 may play a role in

channel signalling and extracellular matrix functions.
cardiac homeostasis and perturbations in its expression and activity may be involved in
cardiac diseases involving arrhythmogenesis, fibrosis, and remodeling.

Drugs targeting other PUFA metabolizing pathways include COX enzyme inhibitors
to prevent the formation of prostaglandins and thromboxanes.?!*-22° These drugs are widely
used on the market to reduce inflammation.?!® Unfortunately chronic use of some of these
agents can increase the risk of cardiac events in high risk patients, acute kidney dysfunction
and serum electrolyte disturbances in patients on ACEi and thiazide diuretics for
hypertension, and risk of bleeding in patients taking anticoagulants or antiplatelet drugs.?*
However, no pharmacologic agents on the market therapeutically modulate the CYP450

enzyme system for CVD indications, making the CYP450 enzymes an underutilized but

perhaps promising pharmacological target.
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1.6.2 N-3 and N-6 PUFA-derived epoxylipids

As previously discussed, N-3 PUFAs EPA and DHA obtained from the human diet
can undergo an endogenous epoxidation reaction by CYP enzymes to form their
corresponding epoxy metabolites. EPA can be metabolized into five regioisomers, 5,6-, 8,9-
, 11,12, 14,15-, and 17,18-epoxyeicosatetraenoic acid (EEQ) (Figure 1.4).%1°* Furthermore,
DHA can either be obtained from the diet or be produced from EPA as its precursor through
elongase and desaturase reactions.??> CYP epoxygenase can then metabolize DHA into the
six regioisomers 4,5-, 7,8-, 10,11-, 13,14-, 16,17-, and 19,20- epoxydocosapentaenoic acid
(EDP) (Figure 1.4). The metabolism of the N-6 PUFA, AA, by CYP epoxygenases produces
the four regioisomers 5,6-, 8,9-, 11,12-, and 14,15-epoxyeicosatrienoic acid (EET) (Figure
1.4).5 These epoxylipid metabolites have a range of biological functions. In particular,
17,18-EEQ, 19,20-EDP, 11,12-EET, and 14,15-EET have been the most well-characterized

in the literature and pre-clinical studies and will be discussed in further detail.???

1.7 BIOLOGICAL ACTIONS OF N-3 AND N-6 PUFA-DERIVED EPOXYLIPIDS ON
THE HEART

Despite the inconclusive clinical evidence surrounding the effects of N-3 and N-6
PUFAs on the cardiovascular system and the risk for CVD, it is believed that the beneficial
effects of PUFAs may largely be mediated, instead, by their epoxylipid metabolites.???
Biological effects and potencies of N-3 and N-6 derived epoxylipids are regio- and

stereoselective, thus enhancing the complexity of their actions.

1.7.1 Cardioprotective effects of PUFA-derived epoxylipids

Epoxylipids have potent effects on the cardiovascular system. These effects include
modulation of vascular bed tone. 19,20-EDP functions as a vasodilator of coronary artery
smooth muscle by activating Ca**-activated K* channels.??> The metabolic precursor, DHA
is also able to mediate vasodilatory effects. However, it is unable to do so when the activity

of CYP450 epoxygenase is inhibited, confirming that 19,20-EDP is responsible for the
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biological activity of DHA on the vasculature.?”® 17,18-EEQ, the epoxylipid metabolite
derived from EPA, also stimulates Ca®"-activated and ATP-sensitive K* channels in vascular
smooth muscle cells to promote hyperpolarization.??*22® Vasodilatory effects of 17,18-EEQ
have also been demonstrated in coronary, cerebral, pulmonary, and mesenteric vascular
beds.?2>22  The other four EEQ regioisomers do not possesses the same vasodilatory
potency, highlighting the importance of regioselectivity in the elicitation of epoxylipid
biological effects.??* All 4 EET regioisomers are also potent regulators of vascular tone and
may function as endothelial derived hyperpolarizing factors (EDHF).??° Physiological
plasma concentrations of EETs are typically within the nanomolar range (0.75-300 nM).23*
231 Relaxation of coronary arteries and resistance arterioles can be achieved at even
picomolar concentrations of 11,12-EET indicating a physiological role for these

231

compounds. Mechanistically, this occurs through the activation of Ca**-activated K*

channels on vascular smooth muscle cells independent of the endothelium.?*!

Currently,
epoxylipid-mimetic compounds are being advanced to clinical trials as they are proving to
be a promising pharmacologic strategy for the treatment of hypertension.?*?

Epoxylipids also have demonstrated benefit in cardiac injury models of ischemia-
reperfusion (IR) and myocardial infarction. In IR injury, perfusion of hearts with 19,20-EDP
and DHA exerted profound improvement in post-ischemic functional recovery.??
Importantly, the cardioprotective effect of DHA was abolished in IR injury when co-perfused
with a CYP450 epoxygenase inhibitor, indicating these effects are also primarily mediated
by the epoxylipid metabolite, 19,20-EDP.2** The 11,12- and 14,15-EET regioisomers
effectively reduced infarct size in an in vivo model of coronary ligation followed by
reperfusion.?** 235 This cardioprotective effect is thought to be primarily mediated through
the action of 11,12- and 14,15-EET on ATP-activated K* channels.?*

However, these cardioprotective effects of epoxylipids have also been associated
with their anti-inflammatory actions and their ability to preserve cardiac mitochondrial
quality. In IR injury, 19,20-EDP mediated cardioprotection may be attributed to the
preservation of mitochondrial function, sustained efficiency of ATP generation, and
reduction of mitochondrial ROS (mtROS) generation. 233 23%  In an ex vivo model of IR
injury, perfusion of hearts with 17,18-EEQ was more effective at preserving cardiac and

mitochondrial function compared to its EPA precursor.?*> Mitochondria may also be direct
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targets of the actions of EETs. Pathological fragmentation of cardiac mitochondria was
reduced in 14,15-EET perfused hearts which underwent IR injury. 14,15-EETs also
prevented the loss of cardiomyocyte mitochondrial membrane potential and mPTP opening
under acute stressful conditions which could attenuate cardiomyocyte apoptosis and preserve

cell viability.?

By maintaining a healthy pool of cardiomyocyte mitochondria via
engagement of the autophagic response and mitobiogenesis, 14,15-EETs can preserve the
efficiency of cardiomyocyte ATP production during nutrient starvation.?3® 23° The heart
relies heavily on the oxidation of fatty acids and glucose for a constant supply of energy.?*
Mitochondria produce more that 90% of cardiomyocyte ATP and occupy more than 30% of
the volume of the cell.>** Hence, it is likely that the effects of epoxylipids on cardiac
mitochondrial quality are contributing to their cardioprotective actions.

As previously discussed, acute and chronic inflammation can have a detrimental
impact on the heart.*> Inflammation is also a common factor in many CVD pathologies.**
4.3 Epoxylipids have also shown to possess anti-inflammatory and immune resolving
properties which may contribute to their cardioprotective effects.!® 222 The cardioprotective
mechanism of 19,20-EDP in cardiac IR injury may involve the attenuation of pathological
inflammation, particularly the NLRP3 inflammasome.?** 11,12-EET potently inhibits NF-
kB signalling reducing endothelial cell expression of adhesion molecules in response to LPS

and TNF-o preventing the attraction of leukocytes.?*!

Following the acute exposure of
cardiomyocytes to LPS, 14,15-EET treatment prevented NF-kB inflammatory signalling,
TNF-a production, and loss of mitochondrial function via PPARy DNA binding and
singalling.!! ~ Furthermore, pro-inflammatory macrophage polarization and macrophage
NLRP3 signalling can also be reduced with 11,12- and 14,15-EET treatment which may
contribute to the preservation of cardiac and lung function in acute LPS endotoxemia.!%% 242
Thus, the complex mechanisms underlying the cardioprotective properties of epoxylipids
highlight the tight relationship between the preservation of mitochondrial quality and

attenuation of inflammation on heart function.
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1.8 EPOXIDE HYDROLASE DEPENDENT METABOLISM

Despite their cardioprotective effects, epoxylipids are metabolically and structurally

labile, thus the biological actions of epoxylipids are relatively short-lived.?#3244

Epoxylipids
can be further metabolized by epoxide hydrolase enzymes.?* The epoxide ring is converted
to two hydroxyl moieties by the addition of a water molecule to form the corresponding diol
metabolite.?*> The characterization and biological effects of two isoforms, soluble epoxide
hydrolase (sEH) and microsomal epoxide hydrolase (mEH) have been most extensively
studied in the literature and play important roles in biological function due to their broad

substrate selectivtiy.?*’

1.8.1 Overview of microsomal epoxide hydrolase

The mEH isoform is encoded by the EPHXI gene in humans and Ephx/ gene in mice
and rats which is relatively well-conserved between species.?** 247 Originally identified in
the endoplasmic reticulum fractions from liver tissue, mEH is also constitutively expressed
in most tissues including epithelial tissue, immune cells, the brain, and heart and skeletal

2% mEH is primarily a xenobiotic-metabolizing enzyme responsible for the

muscle.
conversion of a wide range of reactive epoxide substrates to more water soluble and less
toxic diols, which may have implications not only in detoxification but also in drug
metabolism.?** 250 Furthermore, mEH may also have a role in the metabolism of some
endogenous substances including steroid hormones and limited PUFA-derived epoxides.?*>
251,252 Upon the recent recognition that mEH can hydrolyze 5,6-, 8,9-, 11,12-, and 14,15-
EET, there is speculation that mEH may also play a role in cardiovascular biology and
disease.?>3 3% Preliminary research suggests that mEH-induced epoxylipid metabolism may
influence the regulation of vascular tone, however the understanding of the role of mEH in
CVD is still limited.??

Aside from its role in detoxification, mEH may also be implicated in some diseases.
Polymorphisms have been identified in the human EPHXI gene which may contribute to

lung and ovarian cancer, lymphoid malignancies, as well as chronic obstructive pulmonary

disease (COPD) and hepatitis.>>® Interestingly, a prospective cohort study concluded that
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individuals with polymorphisms constituting a slower mEH metabolic rate had a larger
decline in lung function due to occupational endotoxin exposure over a 20 year period.?>’
Thus, mEH metabolic actions may actually provide some protection from the toxic effects

of endotoxin.

1.8.2 Soluble epoxide hydrolase: structure, activity, and function

sEH is another predominant epoxide hydrolase enzyme which efficiently metabolizes
CYP450-derived N-3 and N-6 epoxylipids.?>® It is encoded by the EPHX2 gene in humans

and Ephx2 gene in rodents.?>* 2%

sEH is expressed ubiquitously throughout the body in most
tissues including the kidney, liver, heart, digestive tract and brain.?®® The functional sEH
protein resides in the cytosolic compartment of cells and possesses two catalytic domains —
an N-terminal phosphatase and, importantly, a C-terminal epoxide hydrolase which function
independently of each other.>* 261 262 Notably, sEH hydrolyzes EETs to
dihydroxyeicosatrienoic acids (DHETs), EpOMEs to dihydroxyoctadecenoic acids
(DiHOMESs), and EDP to dihydroxyeicosapentaenoic acids (DPAs). The diol metabolites of
EET and EDP are considered less potent.?®> On the other hand, DIHOMEs derived from
EpOME precursors may be more biologically active and will be discussed in further detail
below.% 264

Since sEH is implicated in the metabolism and inactivation of cardioprotective
epoxylipids, polymorphisms in the SEH gene contribute to the risk and development of a
range of cardiovascular pathologies, some of which include coronary artery calcification,

coronary heart disease, hypertension and ischemic stroke.?63-26?

Changes in sEH gene
expression are also correlated with some cardiac disease models. For example, sEH
expression is upregulated in the heart and vasculature in models of angiotensin II (AnglI),
isoproterenol, and doxorubicin-induced cardiac hypertrophy indicating a possible role in

cardiac remodeling.?70-274

sEH may also be involved in regulation of blood pressure and
pathogenesis of hypertension through the renin-angiotensin aldosterone system (RAAS) due
to its metabolism of vasoactive 8,9-, 11,12-, and 14,15-EETs.?”> 276 Furthermore, sEH is
also involved in inflammatory processes. sEH activity positively correlates with the

infiltration of inflammatory macrophages into the kidney in acute nephropathy.?’’
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Interestingly, sEH may also be an endogenous regulator in obesity-induced gut barrier
dysfunction which causes systemic inflammation due to the translocation of gut bacteria and

endotoxin into the circulation.?’®

Importantly, sEH activity is also implicated in the
inflammatory response to acute LPS challenge. Changes in the expression of sEH in
response to LPS appear to be tissue-dependent.!6% 27%- 280 However, there is overwhelming
evidence that inhibition of sEH activity attenuates the inflammatory complications of acute
LPS administration, including cardiac dysfunction, hypotension, pain, and acute respiratory
distress.?®1283 Thus, the wide involvement of sEH in CVD and inflammation makes sEH an
attractive pharmacological target and experimental therapeutic for the treatment of

cardiovascular and inflammatory disorders.

1.8.3 Pharmacological inhibitors of sSEH

A variety of small molecule inhibitors have been synthesized to target sEH activity
with the hope to translate into therapeutic treatments.?®* 285 The pharmacologic inhibition of
sEH activity preserves the pool of beneficial epoxylipids and prevents their metabolism to
their less active, and sometimes detrimental, diol metabolites.?®* Pharmacologic sEH
inhibitors consist of a wide range of molecular structures, however those with substituted
urea moieties have shown to be more potent and possess favourable pharmacokinetic
properties.?8%286.287 Early sEH inhibitors such as 12-(3-adamantan-1-yl-ureido)-dodecanoic
acid (AUDA), have demonstrated beneficial effects in models of acute inflammation and
CVD including hypertension.?®-2°  Another small molecule, N-[1-(1-oxopropyl)-4-
piperidinyl]-N'-[4-(trifluoromethoxy)phenyl)-urea (TPPU), improved survival and also
attenuated the systemic inflammatory response in a model of cecal ligation and puncture
(CLP)-induced polymicrobial sepsis and acute lung injury.?$32°!

More recent molecules have been designed to possess dual action.?*?> For example,
4-(5-phenyl-3-(3-[3-(4-trifluoromethyl-phenyl)-ureido]-propyl)-pyrazol-1-yl)-
benzenesulfonamide (PTUPB) is an inhibitor of sEH activity and simultaneously attenuates
the formation of arachidonic acid-derived pro-inflammatory lipid mediators via inhibition
of COX-2 metabolic activity.’”> PTUPB has shown efficacy in ameliorating systemic

inflammation in models of CLP-induced sepsis and LPS-mediated acute lung injury, by
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293,294 Another recently developed sEH

attenuating the NLRP3 inflammasome pathway.
inhibitor that possesses dual properties is 13-(3-propylureido)tridec-8-enoic acid (UA-8).
UA-8 functions not only as an sEH inhibitor but also as an EET-mimetic compound to reduce
inflammation and provide cardiac protection through a variety of mechanisms.?** Research
shows that UA-8 induces autophagic, mitochondrial protective, and cell survival responses
in stressed cardiomyocytes enduring nutrient starvation.’* Moreover, this compound
attenuates LPS-stimulated inflammatory response and mitochondrial function decline in
cardiomyocytes through peroxisome proliferator-activated receptor gamma (PPARy)
nuclear receptor signalling.!! UA-8 has also demonstrated efficacy in ex vivo models. Left
ventricular recovery was improved following IR injury in Langendorff perfused hearts
treated with UA-8 which may be mediated through the phosphatidylinositol-3-kinase (PI3K)
signalling pathway.?®> Hence, small molecules possessing SEH inhibitory activities have
shown applicability in a variety of in vitro and ex vivo CVD and inflammatory disease
models.

Lastly, trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid
(tAUCB), is another sEH inhibitor molecule which has demonstrated superior potency and
pharmacokinetic and oral bioavailability properties in vivo.?*%2°7 Cardioprotective effects
of tAUCB have been validated in models of acute MI and IR injury.?*®3% Mechanistically,
this compound may attenuate NLRP3 priming and activation as well as prevent pathological
mitochondrial fission and oxidative stress in IR injury.?®® tAUCB has also demonstrated in
vivo efficacy in acute LPS-induced inflammation.?*®2°7 Given the remarkable properties of
tAUCB, this small molecule inhibitor is proving to be an excellent experimental drug
candidate in a variety of disease models including endotoxemia.?®> But, despite the
protective effects demonstrated with sEH inhibitor analogues and dual-acting compounds,
none are currently approved for use in the clinical setting and still require further validation

and assessment through ongoing and future clinical trials.

1.8.4 In vivo models of sEH gene expression disruption

Use of pharmacologic sEH inhibitor molecules have demonstrated in vivo efficacy.

Furthermore, genetic disruption of sEH gene expression has also been incorporated into in
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vivo animal models for mechanistic studies of sEH activity in different disease models.?"!

Briefly, the first genetic model was developed at the start of the new millennium and was
done via the disruption of exon 1 of the murine Ephx2 gene using the insertion of a Neo
cassette.’”! Chimeric males were crossed with C57/BL6 females to produce heterozygotes,

which were further crossed to produce homozygous knockout offspring.*°!

Homozygous
global sEH null offspring exhibited no differences compared to their wild type counterparts.
So, despite the physiological and homeostatic roles of sEH, the gene likely does not play a

major role in embryonic and fetal development or reproduction.®°!

Plasma epoxylipid to
diol metabolite ratios were strikingly elevated in sEH null mice, indicating successful
interference with sSEH metabolic activity.>*! Interestingly, young adult (10-14 weeks) male
sEH null mice had drastically reduced systolic blood pressure suggesting a homeostatic
function of sEH in the regulation of vascular tone which may be sexually dimorphic.3"!
Marked systolic hypotension is not sustainable with life, which could have influenced
selection pressure for survival to eventually reduce the frequency of this phenotype. Later
generations of Ephx2 knockout mice were backcrossed with C57/BL6 mice to re-derive the
colony. Following re-derivation of the colony, anomalies in the basal systolic blood pressure
were resolved.’?? These generations of sEH null mice are now widely used in laboratories
around the globe conducting sEH and epoxylipid research.

The use of Ephx2 gene knockout animal models in research has allowed further insight
into the physiological and pathophysiological mechanisms regulated by sEH activity. Global
genetic deletion of sEH has demonstrated cardioprotective and anti-inflammatory effects in
a variety of models including acute LPS injury, MI, IR injury, Angll-induced heart failure,
lipotoxic cardiomyopathy, and cardiac hypertrophy.?*%-393-30¢ These cardioprotective effects
are mediated through diverse mechanisms including attenuation of inflammation, mitigation
of oxidative stress, and preservation of mitochondrial quality and function. Interestingly,
lack of global sEH activity also exerts cardioprotective effects throughout the normal
biological aging process, further attesting to its homeostatic functions. Middle-aged global
sEH null female mice have preserved cardiac function compared to their female wild type

and male sEH null middle-aged counterparts.’’’

Hence, sEH null genetic models have
proven to be a useful tool for gaining a mechanistic understanding of the role of sEH in both

health and disease.
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1.9 sEH-DERIVED METABOLITES: VICINAL DIOLS

1.9.1 Physiological and pathophysiological effects of DiHOMEs

Epoxyoctadecamonoenic acid (EpOME), formed by the epoxidation of linoleic acid
(LA), is hydrolyzed to 9,10- or 12,13-dihydroxyoctadecenoic acid (DIHOME)®. It has been
proposed that the detrimental actions of EpOMEs on the heart can, in fact, be attributed to
the biologic activity of DIHOMEs.?%* 3% Endothelial-targeted over-expression of CYP2C8
led to significantly poorer recovery following ischemia-reperfusion injury in murine
hearts.?? The impaired recovery was also associated with increased cardiac tissue 9,10- and
12,13-DiHOME levels and ROS production. DiIHOMESs have been shown to contribute to

310, 311

oxidative stress in the cardiovascular system. Additionally, these compounds can

impair mitochondrial function via inhibition of the electron transport chain and activation of
mitochondrial apoptotic signalling pathways.3!2 313

In contrast, one study demonstrated that acute exposure to 30 uM of 12,13-DiHOME
improved contractile function and coronary flow in perfused hearts without causing any

disturbances in heart rhythm or rate.3'*

However, in transgenic aged mice with
overexpression of cardiomyocyte CYP2J2, post-ischemic functional recovery was
impaired.’!! This is thought to be due to the accumulation of diol metabolites with age, as
young CYP2J2 over-expressing mice had lower levels of 12,13-DiHOME, ROS production,
and experienced cardioprotection in contrast to their aged counterparts.’!! Therefore, the
duration of exposure and subsequent accumulation of DiHOMEs may be critical in mediating
their differential biological effects on the heart.

Importantly, inhibition of sEH activity attenuates the formation of 9,10- and 12,13-
DiHOME and circumvents their detrimental actions.?!!-3!> Perfusion of aged hearts with
tAUCB attenuated the decline in cardiac functional recovery in hearts from aged CYP2J2

over-expressing mice following IR injury.’!!

Co-perfusion of murine hearts with the
precursor 12,13-EpOME and sEH inhibitor, AUDA, demonstrated nearly full recovery of
left ventricular developed pressure (LVDP) following IR injury compared to aerobic
controls.*"> However, AUDA was unable to avert the detrimental effects on hearts directly

treated with 12,13-DiHOME.?!> These data strengthen the notion that the metabolism of
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EPOME:s to DIHOMESs is detrimental and that sEH inhibition is an effective way to protect
the heart from these effects.

Recent and emerging research is focussing on the role of DIHOME metabolites in
cardiac function as well as other physiological and pathophysiological processes. 12,13-
DiHOME has been identified as a metabolic stimulating molecule, which induces lipid
uptake into brown adipose tissue to promote lipid tolerance.?!'%3!7 This in turn can negate
the effects of high-fat diet on the heart and directly stimulate cardiomyocyte respiration and

contractility.’!8

Furthermore, bone marrow cell colony formation, proliferation, and
mobilization is enhanced by 12,13-DIHOME which may promote tissue repair.’!"”
Importantly, these data highlight the versatile role of DIHOMESs and that their effects may
be tissue and disease-specific.

DiHOMEs also have a critical role in the immune response and inflammation.
Intestinal bacteria can produce 12,13-DiHOME which acts on dendritic cells to reduce anti-
inflammatory cytokine section and levels of T regulatory cells.*?® 3! Mediation of
inflammatory pain signals in neurons may also be attributed to 12,13-DiHOME.**
Additionally, 9,10- and 12,13-DiHOME can modulate neutrophils and reduce the oxidative
respiratory burst.>?3 Of current clinical relevance, patients with severe COVID-19 infection
have dramatically elevated levels of plasma 9,10- and 12,13-DiHOMESs, which may
contribute to acute lung injury and vascular permeability.>**

Early research suggested that DIHOMEs may be a contributor to the cardiac injury
observed with acute systemic inflammatory syndromes due to its prolongation of the cardiac
action potential and disruption of ion channel currents and electrical activity.’?> Likewise,
our previous work demonstrated that acute LPS inflammatory injury resulted in cardiac
accumulation of 9,10- and 12,13-DiHOME metabolites.!®* The accumulation of plasma
9,10- and 12,13-DiHOME in hospitalized septic patients also corroborates our findings.*?%
327 LPS-induced cardiac functional decline and DiIHOME accumulation were mitigated in
sEH-deficient mice.!**  Importantly, 9,10- and 12,13-DiIHOMEs directly induce
mitochondrial damage, and an inflammatory and cytotoxic response in cardiomyocytes.
Therefore, DIHOMESs may be partially responsible for mediating the detrimental effects of

acute LPS inflammation on the heart and may represent another protective mechanism of

sEH disruption in this model.
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1.9.2 Bioactivity of DHETS

Hydrolysis of EETs by sEH produces their respective group of diol metabolites,
dihydroxyeicosatrienoic acids (DHETs).® Four regioisomers can be produced; 5,6-, 8,9-,
11,12-, and 14,15-DHET. It is widely accepted that DHETS are less potent and biologically
less active than their respective EET precursors.® Research focussing on the biological
effects of DHETs are limited but existing evidence suggests they may also possess
bioactivity in certain systems. 8,9-, 11,12-, and 14,15-DHETs are potent vasodilators through
the modulation of ion channel kinetics.?*!-328-330 Some studies suggest that these agents could
be used to regulate diastolic function and coronary flow.?! 3% 14 15-DHET can also
stimulate transcription factor activity including hypoxia inducible factor (HIF)-1o and may
be an endogenous ligand of PPARa.**! 332 However, the direct physiological implications
of DHET as a selective transcription factor activator remain to be explored. Furthermore,
14,15-DHET can depress neutrophil-mediated ROS production and migration, indicating a
possible role in the innate immune response.’’>  Whether these effects result in
immunosuppression and impaired ability for the host to defend itself from invading
pathogens, or protects against detrimental immune activation is unknown and may be highly

specific on the disease model used.
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1.10 OVERVIEW OF THESIS

1.10.1 Rationale

Acute inflammation has detrimental effects on the heart.> Unregulated production of
pro-inflammatory mediators causes local tissue and organ damage which impacts cardiac
function.!® Proper heart function is critical for a constant supply of oxygen and nutrients to
other organs and the removal of metabolic by-products from the body. Cardiomyocytes
make up 30% of the cell population in the human atria and 50% in the ventricular regions.**
These cells are the main contractile components of the heart and can also facilitate electrical
conduction; imperative for proper cardiac function.’*> Adult cardiomyocytes are terminally
differentiated and have low proliferative capacity, making any damage to the myocardium
detrimental.’*> In models of cardiac injury and damage, inhibition of the cytosolic enzyme,
sEH, has demonstrated cardioprotective, anti-inflammatory, and mitochondrial protective
actions.® Global genetic deletion of sEH preserves cardiac function and attenuates the
production of systemic pro-inflammatory mediators in mice following acute LPS-induced
inflammatory injury.'®* Despite the important role of the cardiomyocyte in the heart, the
cardiomyocyte-specific effect of sEH in vivo has not been investigated. Furthermore,
mechanisms by which impairment of sEH enzymatic activity exerts its protective effects at
the level of the cardiomyocyte are still elusive. The NLRP3 inflammasome signalling
pathway is upregulated in damaged myocardial tissue.?**> NLRP3 inflammasome activation
can be triggered by mitochondrial dysfunction and its activation can propagate systemic
inflammation.!* Importantly, LPS injury damages cardiomyocyte mitochondria.!* Our
group has demonstrated that disruption of SEH activity ameliorates NRLP3 inflammasome
activity in IR hearts, which is associated with preservation of cardiac mitochondrial
quality.** 2% The overall aim of this thesis is to determine how sEH activity in the
cardiomyocyte contributes to LPS-induced inflammatory cardiac dysfunction, with a focus
on the contribution of the NLRP3 inflammasome pathway and systemic inflammatory cell

signalling.
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1.10.2 Hypothesis

Global hypothesis: Cardiomyocyte-specific SEH deletion attenuates the inflammatory

response, which preserves cardiac function due to acute LPS-induced inflammatory injury.

1.10.3 Objectives

1. To compare the effects of cardiomyocyte-specific and global sEH deletion on cardiac

function and systemic inflammatory response

2. To determine whether sEH inhibition can attenuate NLRP3 inflammasome signalling

in the cardiomyocyte

3. To investigate if cardiomyocyte-specific SEH inhibition can ameliorate immune cell

recruitment to the myocardium
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CHAPTER 2

EXPANDED MATERIALS AND METHODS
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2.1 MOUSE COLONIES

Mouse colonies were maintained at the University of Alberta, Health Sciences
Laboratory Animal Services facility. Experimental protocols were approved by the
University of Alberta Health Sciences Welfare Committee and carried out in accordance with
the Canadian Council on Animal Care’s Guide to the Care and Use of Experimental
Animals.**5 Mice were maintained on a C57BI/6 background. Global sEH knockout (sEH
null) mice with targeted deletion of the Ephx2 gene were compared to littermate C57Bl/6
wild type (WT) controls.!6% 301302 A murine model of cardiomyocyte-specific SEH gene
deletion was developed by colleagues at the National Institute of Environmental Health
Sciences (NIEHS, NC, USA) employing the use of tamoxifen-dependent CreER
recombinase.®*” The Cre recombinase gene is driven by the myosin heavy chain 6 (Myh6)
promoter. LoxP sites flank exons 11 and 12 on the Ephx2 locus, responsible for the hydrolase
activity of sSEH. Mice with cardiomyocyte-specific sSEH gene deletion (Myh6-Cre*-sEHMy°
) were compared to their Cre-expressing true controls (Myh6-Cre**sEHMY° ") which lack
LoxP sites on the Ephx2 locus. Both male and female sexes were used experimentally, and
sex was analyzed as a co-variant. Mice were stratified into the following age cohorts; young
adults (2-5 months) and middle-aged adults (15-19 months). Results pertaining to female
mice as well as middle-aged mice are presented in Chapter 6: Future Directions and Pilot

Data.

2.2 KNOCKDOWN OF CARDIOMYOCYTE sEH EXPRESSION

Activation of Cre recombinase was done through a series of tamoxifen injections.?
Briefly, tamoxifen (Sigma-Aldrich, Cat# T5648-1G) was dissolved in warm corn oil to make
an 8 mg/mL homogenous solution. Each cohort of Cre lox mice were weighed and had their
surface body temperature measured using an infrared thermometer. Mice 2-3 months in age
were given an intraperitoneal (i.p.) injection of tamoxifen solution at a dose of 45 mg/kg/day
for a total of 6 injections over a span of 8 days. Mice were given a 5 week wash-out period
to recover from the systemic effects of tamoxifen and cardiac activation of Cre recombinase.

Baseline transthoracic echocardiography and a physiological assessment (described in
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further detail below) were performed to ensure no underlying cardiac dysfunction was

present before the mice were utilized experimentally.

2.3 INDUCTION OF ACUTE LIPOPOLYSACCHARIDE INFLAMMATORY
INJURY

Lyophilized lipopolysaccharide (LPS) was purchased from Sigma-Aldrich (Cat#
L4391-1MG). Each batch was freshly reconstituted on the day of use to a final concentration
of 1 mg/mL with normal saline. To induce a robust systemic inflammatory response, mice

were given a single i.p. injection of LPS at a dose of 10 mg/kg or normal saline as control.!®

164, 339, 340

2.4 PHARMACOLOGIC INHIBITION OF sEH IN VIVO

The pharmacologic sEH inhibitor, trans-4-[4-(3-adamantan-1-yl-ureido)-
cyclohexyloxy]-benzoic acid (tAUCB), was kindly gifted from Dr. Bruce Hammock
(University California, Davis, United States). Mice were given a 4-day pre-treatment of
tAUCB (10 mg/L) in their drinking water ad libitum or 0.1% DMSO as control 2?7 298, 300
Water intake was measured at the end of the 4-day pre-treatment. Immediately following
the LPS i.p. injection, mice received an oral gavage bolus dose of tAUCB (1 mg/kg)
dissolved in glycerin trioleate vehicle (Acros Organics, 368120050) as previously

established.?%¢

2.5 PHYSIOLOGICAL ASSESSMENT

Mice underwent a physiological assessment both at baseline and at 6 or 24 hours after
LPS administration. Physiological impairment was quantified using an adapted validated
scale and was used to assess overall function as well as changes in body weight and body
surface temperature with each experimental intervention (Figure 2.5.1).3* Each parameter
was visually assessed and scored using a 3-point scale (0 = absent, 0.5 = mild, 1 = severe).

An impairment score was determined by the sum of the scores for each parameter . The mean
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and standard deviation for body weight and body surface temperature was determined for
each experimental group. Individual mice with a body weight and/or surface temperature >
1 standard deviation from the mean had an addition 0.25 points added to their impairment
score. If body weight or surface temperature were > 2 standard deviations from the mean, an
additional 0.5 points was added. Total impairment points were then divided by a factor of

31, to account for each parameter assessed, to give a total score between 0 and 1.

2.6 TRANSTHORACIC ECHOCARDIOGRAPHY

2D transthoracic echocardiography was conducted at baseline and at 6 or 24 hours
post-LPS injection to assess cardiac structure and function.**?> Mice were anesthetized by
inhalation of 1% isoflurane. Cardiac measurements were taken using the Vevo 3100 high-
resolution imaging system and a 40 MHz transducer (MX550S; Visual Sonics). Acquired
images were analyzed using the Visual Sonics VevoLab software system. Ejection fraction
(EF%), fractional shortening (FS%), left ventricular end diastolic volume (LVEDV) and end
systolic volume (LVESV) measurements were taken from m-mode images of the left
ventricle. A 4-chamber view of the heart was used to acquire measurements of diastolic
function in pulse-wave doppler mode including E and A wave velocity, E/A ratio, and
isovolumetric relaxation time (IVRT). At the mitral annulus, tissue doppler mode was used
to obtain E’ and A’ wave velocities. Diastolic function was also calculated by E/E’ ratios.
Mice were given a minimum 4-day washout period from isoflurane anesthetic after baseline

echocardiography before their use experimentally.

2.7 ORGAN AND TISSUE COLLECTION

Following 6 or 24 hours post-LPS injection, mice were given a lethal dose of sodium
pentobarbital (100 mg/kg i.p.). Hearts were excised and flash frozen in liquid nitrogen.
Whole blood was collected into EDTA-coated tubes and centrifuged at 2000 rpm for 10
minutes. Plasma was collected and flash frozen in liquid nitrogen. Samples were stored at

-80°C for future processing.
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2.8 HEART TISSUE HOMOGENIZATION AND FRACTIONATION

Frozen hearts were ground to a fine, homogenous powder using a ceramic mortar and
pestle on dry ice. Tissue powder was homogenized using conical glass manual homogenizers
with tissue homogenization buffer (sucrose 250 mM, tris-HCI 10 mM, EDTA 1 mM, sodium
orthovanadate 1 mM, sodium fluoride 1 mM, aprotinin 10 pg/L, leupeptin 2 pg/L, pepstatin
100 pg/L). Subcellular fractionation was performed by differential centrifugation. Briefly,
whole heart tissue homogenate was centrifuged at 700 x g for 10 minutes to separate tissue
debris. Supernatant was collected and spun at 10,000 x g for 20 minutes to isolate the crude
mitochondrial fraction in the pellet. Supernatant was further centrifuged at 100,000 x g for
1 hour to separate the microsomal fraction in the pellet and remaining cytosolic proteins in
the supernatant. Mitochondrial and microsomal pellets were re-suspended in tissue
homogenization buffer. Cytosolic, microsomal, and mitochondrial tissue fractions were

frozen at -80°C until further use.

2.9 PLASMA CYTOKINE ARRAY

Frozen plasma samples were thawed on ice and aliquots were diluted 2-fold with
phosphate buffered saline (PBS, pH 7.4). The Mouse Cytokine Array/Chemokine Array 31-
Plex (MD31) was performed by Eve Technologies (Calgary, Alberta, Canada) using a
multiplex colour-coded bead assay. Chemokine and cytokine concentrations were reported

in pg/mL for each sample relative to an external standard.

2.10 CELL CULTURE AND TREATMENT

Cardiomyocytes were isolated from 2-4-day old neonatal rat pups in accordance with
an established protocol.**® To improve cell adherence prior to plating, plastic cell culture
plates were coated with laminin which was removed after 24 hours. Excised hearts were
manually minced in PBS and digested with 2% w/v collagenase, 0.5% w/v Dnase, and 2%
w/v trypsin. Neonatal rat cardiomyocytes were plated at a density of 1.0 x10° cells/mL in

standard DMEM/F12 plating media (Gibco Cell Culture, Cat# 11320-033) supplemented
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with 10% FBS, 10% horse serum, and 1% penicillin-streptomycin. Cells were incubated at
37°C with 5% CO: and allowed to adhere to plates for 24 hours before their experimental
use. On the day of treatment 80% cell confluency, cardiomyocyte beating, and adherence
were confirmed using a phase contrast light microscope. Cells were washed with PBS and
the standard plating media was replaced. Cells were treated with 1 pg/mL LPS (Sigma-
Aldrich Cat# L4391-1MG) or 0.1% DMSO control for 6 hours.!!-3** In addition, a cohort of
cells were treated with 1 uM 19,20-epoxydocosapentaenoic acid, EDP (Cayman Chemicals,
#10175), 1 uM 11,12-epoxyeicosatrienoic acid, EET (Cayman Chemicals, #50511), or 10
uM tAUCB at the same time or 1 hour before the addition of LPS.! 6% After 6 hours
incubation at 37°C and 5% CO., cells were harvested and lysed using cell lysis buffer (20
mM tris-HCl, 50 mM sodium chloride, 50 mM sodium fluoride, 5SmM sodium
pyrophosphate, 0.25 M sucrose, 1 M DTT, 1% Triton X-100, pH 7.4). Lysate was
centrifuged at 6000 x g for 10 minutes to separate debris. Supernatant containing whole cell
lysate was flash frozen in liquid nitrogen. Aliquots of cell media were also collected in

Eppendorf tubes. All samples were stored at -80°C for later use.

2.11 PROTEIN IMMUNOBLOTTING USING NEONATAL RAT
CARDIOMYOCYTE CELL LYSATE AND HEART TISSUE FRACTIONATES

Aliquots from whole cardiomyocyte cell lysate and cytosolic heart tissue fractions
were diluted 10-fold using distilled water or tissue homogenization buffer. A 3 pl volume
of diluted sample was loaded onto a 96-well plate and 200 pl of Bradford Protein Assay Dye
Reagent Concentrate (Bio-Rad #500-0006) diluted 1 in 5 using distilled water was added to
each sample well. A standard curve was constructed with a protein concentration ranging
from 1 pg/ul to 5 pg/ul.  Absorbance of the colorimetric substrate was read at 595 nm
wavelength using a spectrophotometer. Protein concentration in each sample was calculated
using the standard curve.

Then, 35 pg of protein from each sample was prepared in distilled water and SDS
sample buffer containing 1 in 10 B-mercaptoethanol (BME). Samples were heat denatured
at 95°C for 5 minutes. Samples were resolved onto Mini-PROTEAN TGX precast gradient
gels (4-15%, Bio-Rad #4561084) at 90 V for 1 hour in tris-glycine-SDS running buffer.
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Protein was transferred onto 0.2 pm polyvinylidene difluoride (PVDF) membranes (Bio-Rad
#162-0177) at 100 V for 1 hour in ice cold tris-glycine transfer buffer with 20% methanol.
Membranes were blocked with 5% bovine serum albumin (BSA) dissolved in tris-
buffered saline with 0.1% Tween-20 (TBS-T) for 1 hour. Membranes were incubated with
primary antibodies to sEH (1:500, polyclonal rabbit antibody, Elabscience, EAB60489),
NLRP3 (1:500, rabbit monoclonal antibody, Cell Signalling Tech., cs15101), pro-IL-1
(1:500, rabbit polyclonal antibody, Abcam, ab9722), GAPDH (1:1000, rabbit monoclonal
antibody, Cell Signalling Tech., ¢s5174), or a-tubulin (1:1000, rabbit polyclonal antibody,
Abcam, ab4074) overnight at 4°C. Following 24h incubation, primary antibodies were
removed and the membranes were washed 3 times with TBS-T for 5 minutes. Next, the
membranes were incubated with horse radish peroxidase (HRP)-conjugated goat anti-rabbit
IgG polyclonal antibody (1:2000, Cell Signalling Tech., cs7074) for 1 hour at room
temperature. Following washing 3 times for 5 minutes with TBS-T, Amersham ECL Prime
Western Blotting Detection Reagent (RPN2232) and the Bio-Rad ChemiDoc Imaging
System were used to visualize proteins of interest. Protein densitometry was quantified with

Image] software (NIH, United States) and normalized to loading controls.

2.12 IMMUNOBLOTTING FOR EXTRACELLULAR PROTEINS IN CELL
CULTURE MEDIA

Cytokines can be secreted by stressed cells which can act in a paracrine or autocrine

> So, we assessed the levels

manner to further perpetuate cell damage and inflammation.>*
of mature IL-1p released into the extracellular media from LPS-stimulated neonatal rat
cardiomyocytes. Frozen media aliquots were thawed on ice and centrifuged at 6000 x g for
5 minutes to remove debris. Precipitation of media proteins released from treated neonatal
rat cardiomyocytes was performed using a published methanol-chloroform precipitation
protocol.’¢  Briefly, precipitated proteins were reconstituted in 70 ul of 1x SDS sample
buffer with 1 in 10 BME. Heat denatured samples were loaded onto Mini-PROTEAN TGX
precast gradient gels (4-20%, Bio-Rad #4561094). Gels were run at 100 V for 1 hour in tris-

glycine-SDS running buffer. Proteins were transferred from the gel onto a 0.2 pm

nitrocellulose membrane (Bio-Rad #1704158) using the Bio-Rad Trans-Blot Turbo dry
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transfer system at 25 V and 2.5 A for 5 minutes. Nitrocellulose membranes were blocked
using a solution of 5% BSA in TBS-T for 1 hour. Membranes were incubated overnight with
the anti-IL-1 rabbit polyclonal primary antibody (Abcam, ab9722) at a concentration of
1:500. Membranes were washed 3 times with TBS-T for 5 minutes and then incubated with
HRP-conjugated goat anti-rabbit IgG polyclonal antibody (Cell Signalling Tech., cs7074) at
a concentration of 1:2000 for 1 hour. Secondary antibody solution were removed,
membranes were washed 3 times with TBS-T for 5 minutes and then exposed to the
Amersham ECL Prime Western Blotting Detection Reagent (RPN2232). Chemiluminescent
signal was detected using the Bio-Rad ChemiDoc Imaging System. Accuracy of protein
loading and total secreted protein content was determined using a Ponceau stain (0.1%
Ponceau red in 5% acetic acid). Protein densitometry of IL-1p was quantified using ImageJ
software (NIH, United States). Protein band intensity was expressed as a fold change relative

to the control group and normalized to total membrane protein levels.

2.13 LACTATE DEHYDROGENASE ACTIVITY

Assessment of lactate dehydrogenase (LDH) activity in EDTA-plasma samples was done
using the LDH colorimetric assay kit (Abcam, abl102526) as per the manufacturer’s
instructions.  Briefly, aliquots of plasma samples were diluted 30-fold using the
manufacturer’s assay buffer. Samples and LDH substrate were loaded onto a 96-well plate.
LDH activity was proportional to the reduction of nicotinamide adenine dinucleotide (NAD™
to NADH which then interacts with a colorimetric probe. The absorbance was read at 450
nm using a spectrophotometer. LDH enzymatic activity was quantified using an NADH

standard curve and normalized to the volume of original sample added to each well.

2.14 CASPASE-1 ENZYMATIC ACTIVITY

Neonatal rat cardiomyocytes were lysed using ice-cold cell lysis buffer without
protease-phosphatase inhibitor. Heart powder was manually homogenized as described
above using homogenization buffer without protease-phosphatase inhibitor. Cardiomyocyte

cell lysate and whole heart tissue homogenate were centrifuged at 700 x g for 10 minutes to
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remove debris, whole cells, nuclei, and cytoskeletal proteins. Supernatant containing
intracellular organelles and protein was collected for assay use. Protein concentration of
each sample was determined using a Bradford protein assay, described above. A 5x stock of
reaction buffer (50 mM HEPES, 100 mM NaCl, 0.5% CHAPS, 1 mM EDTA, 10% glycerol,
10 mM DTT, pH 7.4) was prepared. A working solution containing 200 pM of 7-amino-4-
methylcoumarin (AMC)-tagged caspase-1 peptide substrate, Ac-YVAD-AMC (Enzo Life
Sciences Inc. ALX-260-024-M005) was prepared in 2x reaction buffer. Working solution
and aliquots containing the same volume of sample were loaded into a 96-well plate in the
dark. The plate was read at 340 nm excitation/440 nm emission with 70% gain every 5
minutes for a total of 90 minutes using a microplate reader. Caspase-1 activity was
proportional to the generation of a fluorescence signal following cleavage and release of
AMC from the peptide substrate. At 80 minutes into the reaction, the AMC generated by
caspase-1 activity in each sample was quantified using an AMC standard curve. Caspase-1
activity was then normalized to protein concentration to determine specific caspase-1 activity

in nmol/mg protein/minute.

2.15 CARDIOMYOCYTE RELEASE OF MCP-1 AND TNF-a

The release of MCP-1 and TNF-o by neonatal rat cardiomyocytes into the
surrounding extracellular media was assessed using sandwich ELISA assay kits (Millipore-
Sigma, RAB0057; R&D Systems, RTAO00) as per the manufacturer’s instructions. Briefly,
media aliquots from treated cardiomyocytes were first thawed on ice. Next, samples were
diluted 1000-fold for MCP-1 and 3-fold for TNF-a in manufacturer’s diluent before loading
into wells coated with capture antibody. Wells were washed and incubated with detector
antibody followed by substrate solution. Plates were read at an absorbance of 450 nm in a
spectrophotometer, following the generation of a colorimetric signal. Quantification of
MCP-1 and TNF-a concentrations in the media was done with the use of a standard curve

and normalized to sample volume.
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2.16 IMMUNOHISTOCHEMISTRY

Upon euthanization of experimental mice, hearts were excised, rinsed in PBS, and
sliced along the sagittal plane. Heart slices were embedded in optimal cutting temperature
compound (OCT) in cryo-base molds, flash frozen in liquid nitrogen and stored at -80°C for
later use. Cryostat sectioning and staining of tissue was done by Histology Lab Services, Li
Ka Shing Institute of Virology, at the University of Alberta. Following slicing, heart sections
were fixed in acetone and blocked with a solution containing 2% normal goat serum, 1%
BSA, 0.1% Tween20 in PBS for 1 hour. Slices were then incubated with primary rabbit anti-
CD68 polyclonal antibody (Abcam, ab125212) at 1:750 concentration overnight. Isotype
controls were incubated with rabbit IgG 1 mg/mL (Sigma, I5006). Following washing, slices
were stained with HRP-conjugated goat anti-rabbit polyclonal secondary antibody solution
for 1 hour (Agilent Dako, K400311-2). To visualize positive staining, heart slices were
incubated for 5 minutes in 3,3’-diaminobenzidine (Agilent Liquid DAB+ chromogen system,
K346811-2). Nuclei in the hearts sections were counterstained with fresh hematoxylin
(Fisher Chemical, SH30-4D). Slides were washed and a glass coverslip was set with
Permount Mounting Medium (Fisher Chemical, SP15-100). CD68 positive staining was
visualized at 40x magnification using the Zeiss AxioScope Al light microscope and captured
using the Zeiss AxioCam and ZEN 2 Imaging Software. The entire area of the heart slice
was imaged in a total of 6-8 images to obtain a full representation of CD68 expression
throughout the heart. The number of CD68 positive cells in each image from individual
hearts were counted. The sum of all CD68 positive cells for each individual heart was divided
by the total number of images taken of the heart slice. Quantification of CD68 positive cells

in each image was conducted by an independent and blinded investigator.

2.17 ASSESSMENT OF MITOCHONDRIAL REACTIVE OXYGEN SPECIES

Generation of mitochondrial superoxide in live neonatal rat cardiomyocytes was
performed using MitoSOX red dye - hydroethidine conjugated to triphenylphosphonium
cation .>*7 Oxidation of MitoSOX by mitochondrial superoxide and other ROS traps the

positively charged compound in the negatively charged mitochondrial interior.’*” The
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interaction of MitoSOX with mitochondrial DNA generates a fluorescent signal which can
be measured and is proportional to mitochondrial-specific ROS production.?#’

Neonatal rat cardiomyocytes were plated at a density of 2.0 x 10* cells/well in 96-
well plates using media without phenol red dye. Cells were allowed to adhere for 24 hours.
On the day of experiment, cells were pre-treated with 1uM 19,20-EDP, 1 uM 11,12-EET, or
10 uM tAUCB for 1 hour before the addition of 1 pg/mL LPS. A solution containing
MitoSOX red dye (Invitrogen, M36008) was prepared in phenol-red free media and added
to each well for a final concentration of 2.95 uM. The fluorescent probe, MitoTracker green,
(Invitrogen, M7514), which covalently binds to thiol groups on mitochondrial inner
membrane proteins, was used to determine total mitochondrial content in each well.3#®
MitoTracker green dye was used at a final concentration of 50 nM. Plates were read every
hour for 6 hours using a fluorescent microplate reader. For MitoSOX, readings were taken
at 510 nm excitation/580 nm emission. MitoTracker readings were taken at 490 nm
excitation/516 nm emission. The amount of mitochondrial superoxide generation (MitoSOX

signal) per well was normalized to total mitochondrial content (MitoTracker signal) from

each well, respectively.

2.18 STATISTICS

In vivo data was analyzed with two-way ANOV A with Tukey’s multiple comparisons
test. In vitro data analysis was based on ordinary one-way ANOVA with multiple
comparisons test. Data is presented as mean = SEM. A p-value of < 0.05 was considered
statistically significant. GraphPad Prism 9 software was used for computation of all

statistics.
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A CLINICAL FRAILTY INDEX IN MICE 625

Table 2. Mouse Frailty Assessment Form®

Date:

Mouse #: Date of Birth: Sex: F M
Body weight (g): Body surface temperature (°C):

Rating: O=absent 0.5=mild [|=severe

» Integument: NOTES:
<+ Alopecia 0 05 1
“* Loss of fur colour 0 05 1
<+ Dermatitis 0 05 1
%+ Loss of whiskers 0 05 1
<+ Coat condition 0 05 1
» Physical/Musculoskeletal:
<+ Tumours 0 0.5 1
<+ Distended abdomen 0 0.5 1
<+ Kyphosis 0 05 1
%+ Tail stiffening 0 05 1
#* Gait disorders 0 0.5 1
“* Tremor 0 05 1
<+ Forelimb grip strength 0 05 1
#+ Body condition score 0 05 1
» Vestibulocochlear/Auditory:
#+ Vestibular disturbance 0 0.5
#+ Hearing loss 0 05 1
» Ocular/Nasal:
<+ Cataracts 0 0.5 1
<+ Corneal opacity 0 05 1
<+ Eye discharge /swelling 0 0.5 1
%+ Microphthalmia 0 05 1
%+ Vision loss 0 05 1
“* Menace reflex 1] 05 1
#* Nasal discharge 0 05 1
» Digestive/Urogenital:
#+ Malocclusions 0 0.5 1
“* Rectal prolapse 0 05 1
#+ Vaginal/uterine/penile prolapse 0 0.5 1
<+ Diarrhoea 0 0.5 1
» Respiratory system:
<+ Breathing rate/depth 0 05 1
» Discomfort:
#* Mouse Grimace Scale 1] 05 1
<+ Piloerection 0 05 1
<+ Temperature score:
<+ Body weight score:

Total Score/ Max Score:

© Susan E. Howlett, 2013

Figure 2.1. Scoring table used to assess physiological function of mice at baseline and after

6 or 24 hours of LPS exposure. From the following source.’*!
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CHAPTER 3

RESULTS
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3.1 VALIDATION OF IN VIVO MODELS

3.1.1 sEH expression levels in murine hearts

Western immunoblotting was performed in order to confirm that sEH expression was
indeed absent or significantly reduced in sEH null and sEH™Y° ) hearts. sEH expression
was quantified in the cytosolic fractions from heart homogenate. Expression was absent in
sEH null mice and significantly reduced in the hearts of SEH™Y %) mice (Figure 3.1.1),

indicating that our models are valid and could be used confidently for future experiments.

3.2 GENETIC DELETION OF sEH CONFERS PHYSIOLOGICAL TOLERANCE
TO ACUTE LPS

Physiological effects of acute LPS exposure in mice include reductions in body
weight, blood glucose, and locomotor activity, as well as deviations from normal body
temperature. 1434 Using a validated assessment scale adapted from Whitehead et. al.>*! the
overall physiological function of mice was quantitated at baseline and 6 or 24 hours

following acute LPS exposure.

3.2.1 Degree of LPS-induced physiological impairment in young male mice

Mice from all groups had similar baseline physiological function. Following 6 hours
of LPS exposure, all groups of mice experienced increased physiological impairment
compared to their baseline (Figure 3.2.1). LPS-treated mice had a slower and more unsteady
gait compared to saline treated controls. Mice also began to experience piloerection of their
coat, a slightly hunched posture, and a weaker forelimb grip strength on their wire cage top
by 6 hours LPS. WT and sSEH™Y° ™" groups continued to physiologically deteriorate between
6 and 24 hours post-LPS administration. Nearly all WT and sEH™Y° ") mice presented with
a tremor, reduced surface body temperature, irregular abdominal breathing rate, eye
discharge and swelling, as well as very slow gait. Furthermore, these mice were minimally

responsive to physical or auditory stimuli by 24 hours LPS. The decline in physiological
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function between 6 and 24 hours LPS exposure was significantly less in sEH null and sEH
Myo ) mice compared to their true LPS-treated controls. sEH null and sEH ™¥° ) groups
still exhibited some impairment at the 24 hour time point similar to their status at 6 hours.
Most of these mice remained alert and responsive throughout the course of the experiment.
Therefore, all groups of mice still experienced physiological dysfunction due to acute LPS
injury. However, the degree and progression of dysfunction is significantly attenuated in

mice lacking sEH expression.

3.2.2 Degree of LPS-induced physiological impairment in tAUCB-treated mice

At 6 hours post-LPS administration, mice treated with the sEH pharmacological
inhibitor, tAUCB, experienced physiological dysfunction (Figure 3.2.2). Both WT and
tAUCB-treated mice continued to physically deteriorate between 6 and 24 hours post-LPS.
Although the physiological impairment of tfAUCB-treated mice was trending lower than their
WT counterpart, there were no significant differences between WT or sEH null, and tAUCB
treated mice at 6 or 24 hours. tAUCB treatment has shown benefit in other models of

cardiovascular injury and inflammation.3’

This lack of physiological tolerance to LPS in
tAUCB-treated mice suggests that administration and dosing of /AUCB may need to be
optimized for our acute LPS-induced injury model and sample size expanded to increase

power of this study.
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Figure 3.1.1. Western immunoblot of sEH expression in the hearts of experimental mice.

Data are means + SEM, N = 6, p < 0.05; * vs sEH expressing true control.
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Figure 3.2.1. Level of physiological impairment in young male mice at baseline and at A.)

6 or B.) 24 hours after LPS administration. Data are means + SEM, N =4-11, p <0.05; * vs

baseline; # vs true control post-LPS.
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Figure 3.2.2. Level of physiological impairment in young male mice treated with fAUCB at
baseline and at A.) 6 or B.) 24 hours after LPS administration. Data are means = SEM, N =
4-11, p <0.05; * vs baseline; # vs WT post-LPS.
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3.3 ACUTE LPS INFLAMMATION EVOKES SYSTEMIC INJURY

Since LPS was injected intraperitoneally, and all groups of mice experienced a degree
of physiological decline, we investigated if each group also experienced systemic cellular
injury. Lactate dehydrogenase (LDH) is a cytosolic enzyme responsible for the
interconversion between lactate and pyruvate.>>® Upon cellular injury, LDH is released from

damaged and dying cells and can be detected in the systemic circulation.>°

3.3.1 Plasma lactate dehydrogenase activity is increased with LPS exposure

Following 6 hours of acute LPS exposure, all groups of mice experienced an increase
in LDH activity in their plasma, suggesting acute cell and tissue damage in response to LPS
(Figure 3.3.1). Between 6 and 24 hours post-LPS exposure, LDH activity continued to
increase in WT and SEH™Y° %) groups and was significantly higher compared to their saline-
treated controls. However, LDH activity in sSEH null and sSEH™¥°*) mice plateaued and did
not increase much beyond the activity levels measured at 6 hours post-LPS (Figure 3.3.1).
This LDH activity pattern mirrors the decline in physiological function described in section
3.2.1. Furthermore, this suggests that all groups of mice are broadly and systemically affected
by acute LPS injury. However, sEH expressing mice progressively deteriorate over time

with increased length of exposure to LPS.
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Figure 3.3.1. Plasma levels of LDH activity in control mice and in mice exposed to LPS for

A.) 6 or B.) 24 hours. Data are means + SEM, N = 3-6, p < 0.05; * vs respective control.
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3.4 GENETIC DELETION OF sEH IS CARDIOPROTECTIVE IN ACUTE LPS
INJURY

It has been previously established that global genetic deletion of sEH is
cardioprotective in young male mice following 24 hours of acute LPS injury.'®* However,
whether cardioprotection can be maintained with cardiomyocyte-specific deletion of SEH is
unknown.  Additionally, the effects of different lengths of LPS exposure and
pharmacological inhibition of SEH on cardioprotection in acute LPS injury has not been

explored.

3.4.1 An initial decline in cardiac function occurs at 6 hours post-LPS exposure

Heart rate and baseline cardiac function were similar between all groups mentioned
below. Following 6 hours of LPS exposure, sEH null and sEH ™¥° - mice experienced a
decline in systolic function including ejection fraction and fractional shortening parameters,
which was also seen in WT and sEH™Y° **) mice (Table 3.4.1) and (Figure 3.4.1). LPS-
treated mice also had a decline in their cardiac output and stroke volume. Geometric
measurements of the heart during systole and diastole were also altered. With LPS, the width
of the posterior wall of the left ventricle during systole was reduced in all groups except sEH
null mice. Additionally WT and sSEH™Y°**) groups experienced an enlargement of their left
ventricular internal diameter during systole. There were no significant differences in mitral
E/A wave ratios or the E/E’ wave ratios at 6 hours. This suggests that systolic dysfunction
may precede alterations in diastolic parameters. All groups had a significant increase in their
Tei index compared to their baseline. This suggests that all groups still experienced a degree
of cardiac functional decline by the 6 hour timepoint. Despite that sSEH null mice experienced
a systolic cardiac dysfunction with 6 hours LPS, sEH null heart function was still
significantly preserved compared to WT counterparts. However, no significant differences
in heart function were determined between sEH ™Y 9 and sSEH™Y° **) groups, indicating
that cardiac function in both these groups declined at a similar rate between the time of LPS

injection and the 6 hour time point.
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3.4.2 Cardiac functional decline plateaus by 24 hours post-LPS in sEH-deficient mice

At 24 hours post-LPS, the rate of decline in cardiac function in sEH null and sSEH Mv°
) slowed, while WT and sEH M¥°*%) groups continued to deteriorate further and at a faster
rate beyond the 6 hour time point. Ejection fraction and fractional shortening were
significantly preserved in mice with global and cardiomyocyte-specific SEH gene deletion
mice compared to their sEH expressing counterparts (Table 3.4.2) and (Figure 3.4.1).
Cardiac output and stroke volume were also significantly reduced in all groups except sEH
null mice. By the 24 hour time point, changes in ventricular volumes also arose, which were
not present at 6 hours. All groups except sEH null mice had an increase in the volume of
blood remaining in the left ventricle at the end of systole, which may explain the decline in
cardiac output and stroke volume. The left ventricular internal diameter remained enlarged
during systole. However, this did not occur in sEH null mice, and the degree of the

Myo ) group compared to their SEHMY® ¥ counterparts.

enlargement was less in the sEH
Furthermore, changes in diastolic parameters became apparent at the 24 hour time point.
sEH expressing mice experienced a significant increase in their isovolumetric relaxation time
(IVRT), whereas the change was not nearly as robust in sEH null and sSEH™Y° ) mice. WT
mice also had an enlarged E/E’ wave ratio further indicative of diastolic dysfunction. These
data provide important information about the temporal progression of cardiac dysfunction in
LPS treated mice. Changes in systolic parameters may occur earlier than diastolic
alterations. Importantly, sEH disruption localized to the cardiomyocyte still has the capacity

to exert a significant degree of cardioprotection and slow the rate of cardiac functional

decline.

3.4.3 Pharmacologic inhibition of sEH does not provide the same degree of cardioprotection

as sEH genetic deletion

Systolic function was significantly reduced in tAUCB-treated mice at both 6 and 24
hours (Table 3.4.3), (Table 3.4.4) and (Figure 3.4.1). This was indicated in the significant
decline in ejection fraction, fractional shortening, cardiac output, and stroke volume.

Interestingly, ejection fraction and fractional shortening measurements in tAUCB-treated

61



mice were trending higher compared to their WT counterparts. But, these measurements
were still significantly less than sEH null mice. Additionally, the left ventricular end systolic
volume and systolic internal diameter was also increased with LPS treatment in the tAUCB
group. However, the decline in these parameters was more robust at 6 hours post-LPS
whereas partial resolution of the abnormalities was present at the 24 hour time point.
Moreover, tAUCB-treated mice also had an increased IVRT and reduced mitral E/A wave
ratio indicating a degree of diastolic dysfunction similar to WT mice. These data further
attest that sEH inhibition may work in a time-dependent manner to slow the rate of cardiac
functional decline over time. However, pharmacologic inhibition of SEH was less effective
at preserving cardiac function compared to genetic deletion in sEH null and sEHM° -

groups.
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Figure 3.4.1. Representative M-mode images taken in the short axis view of the left ventricle

acquired using 2D transthoracic echocardiography.
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WT SEH Null sEHM° 0 sEHM°

Baseline LPS-6h Baseline LPS-6h Baseline LPS-6h Baseline LPS-6h
Heart rate (beats/min) 448 + 14 460 = 12 453+ 10 475+ 11 443 £ 21 490 + 6.29 444 £ 23 477+ 14
Wall Measurements ;
Corrected LV mass, mg 76.71 £ 8.71 108.47 + 4.43* 80.09+6.85 91.17+433 105.06 £ 8.57 98.12 6.34 89.36+549 85.33+8.68
IVS-diastole, mm 0.75+0.09 0.90 =+ 0.05 0.89+£0.03  0.96=+0.04 0.86+0.07 0.91=+0.04 0.82+0.05 0.89=+0.04
IVS-systole, mm 1.13 £ 0.09 1.09 £ 0.05 1.37£0.07 1.25+0.06 1.35+£0.07 1.18 £ 0.06 1.19 £ 0.06 1.22 £ 0.06
LVPW-diastole, mm 0.75+0.06 0.76 = 0.06 0.73+0.05 1.00+0.07* 0.81£0.06 0.74+0.04 0.79+0.07 0.87+0.05
LVPW-systole, mm 1.24+0.08 0.90+ 0.05* 1274006 1.26+0.08* 1.25+£0.06  0.95+0.06 1.22+£0.09 1.12+0.08
LVID-diastole, mm 3.67+0.13 424+0.13 3.57+0.14 3.28+0.17" 411£0.17  3.99+0.16 3.79+0.14  3.69+0.14
LVID-systole, mm 243+0.11 3.82+0.12% 2274006 2.54+0.20" 2.73+0.11  3.28+0.08 2.61+0.12 2.84+0.16
Cardiac Function P
Ejection Fraction (%) 63.99+2.33 2534+ 151* 68.59+ 1.79 50.46 + 4.28#*5 64.00 £2.23 39.86 + 1.29*% 60.79 +3.97 48.58+£3.01*
Fractional Shortening (%) | 34.36+ 1.80 11.59 + 0.74* 37.75+ 1.41 2493+ 2.93#"‘i 34.64 £ 1.68 19.15+ 0.78* 32.41£270 2422+ 1.77*
LVEDV, pl 58.18£4.42 79.25+4.55 56.56+5.66 46.02 = 4.60" 73.55+6.63 69.23 + 6.28 64.45+6.14 5796+ 6.10
LVESV, ul 21.16 £2.30 59.34 £ 4.12* 1742+ 1.47 24.54+3.81% 29.37+4.22 41.39+2.90 25.09+3.11 27.38+2.44
CO, ml/min 16.56 £ 1.13  8.67 £ 0.33* 16.44+1.42 1023 +0.97* 19.93+£1.49 12.75+191 17.55+£2.19 12.15+1.34
SV, ul 37.02+2.59 1991+ 1.12% 39.14 £ 4.36 21A48i2A06*§ 44.18+£4.31 27.84+3.41 3936 +4.83 27.38+244
Doppler Imaging |
IVRT, ms 11.67+0.86 2538 + 1.56* 13.08+ 1.06 17.89 + 1.59" 1296 £0.75 15.64 + 0.85 13.47+1.51 1925+ 1.77*
IVCT, ms 12.08+£1.21 13.19+3.60 12.84+231 11.25+1.15 12.64£0.79 14.89 +2.06 12,18+ 1.64  8.90 + 0.50"
ET, ms 40.94+2.46 30.03+3.22 4327+ 1.86 29.18 £2.37* 36.85+3.55 32.25+3.72 44.80+3.76 33.12+ 1.32*
Mitral E/A ratio 1.40 £ 0.07 1.17 £ 0.15 1.35+0.06 1.46 £ 0.10 1.59£0.11 1.43+0.23 1.57 £ 0.08 1.29 £ 0.09
E/E' ratio 3020+ 2.10 2598 +4.55 31.32+3.00 32.96+3.56 30.73+£4.05 42.66+5.59 3262+ 197 3497+5.74
Tei index 0.60+0.08 1.28+0.08* 0.60+0.06 1.07+0.13* 0.68+0.06 0.98+0.07* 0.58+0.04 0.85+0.04*
Body Weight (g) 3120+ 0.73  29.36 + 0.64 26.96 + 0.83  25.97 + 0.66" 125474101 24.25+0.94 23.53+0.89 24.81+1.36
N value 7 5 7 9 6 5 7 10

Table 3.4.1. Cardiac functional parameters at baseline and after 6 hours post-LPS

administration in young male mice measured by 2D transthoracic echocardiography. Data

are means + SEM, N = 5-10, p < 0.05; * vs baseline; # vs WT LPS-6h or sSEH™Y° */*) PS-

6h.
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WT sEH Null sEHM° ) sEHM° )

Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h
Heart rate (beats/min) 437+ 17 399+ 8 451+ 11 422+ 13 463+ 19 390+ 12 475+22 420+ 13
Wall Measurements H
Corrected LV mass, mg 84.65+8.06 79.24+2091 93.06+£4.01 80.59+7.08 i 8.55+5.10 88.41+5.53 80.00+4.35 81.34+2.74
IVS-diastole, mm 0.77+0.04 0.90+0.03 091+£0.05 0.90+0.04 : 0.78+£0.03  0.88+0.04 0.82+0.03 0.85+0.04
IVS-systole, mm 1.19+£0.06  1.03+0.03 1.39£0.06 1.25+0.05 1.18+£0.07  1.05+0.05 1.26 £ 0.04 1.13£0.05
LVPW-diastole, mm 0.78£0.06  0.79+0.05 0.82+£0.04 0.84+0.09 0.79+0.04 0.73+0.06 0.73 £0.03 0.72 £ 0.03
LVPW-systole, mm 1.23+£0.07 0.95+0.05* 1.28£0.06 1.21+0.09 H 1.28+£0.06 0.86+ 0.05* 1.15£0.03 097+ 0.04*
LVID-diastole, mm 380+0.13 345+0.15 3.73+£0.08 338+025 | 390+0.10 3.83+0.15 3.73+£0.09 3.74+0.13
LVID-systole, mm 247+0.11 3.03+0.15* 247+0.09 242+022" 2.58+0.11 3.43+0.12* 249+0.11 3.04+0.14*
Cardiac Function
Ejection Fraction (%) 65.65+ 1.63 28.75+ 1.49* 64.76 + 1.80 54.64+6.11% 26.89 +2.53% 63.13+£2.53 42.03 + 3.40%*
Fractional Shortening (%) | 35.65+1.28 13.07 +0.72* 3495+ 128 28.81+4.017 12.38 +1.35% 3417+ 195 20.86+ 1.98*"
LVEDV, ul 63.06+6.18 49.82+4.91 59.73+3.52 48.83+7.70 64.76 £ 5.52 61.45+£3.13 63.11+4.86
LVESV, ul 22.14+2.84 3573 +£3.80* 21.32+£2.00 21.83+5.00 i 46.33 +£2.97* 2330+227 37.60+4.21*%
CO, ml/min 1712+ 1.74 5.54+0.55*% 1559+ 1.79  10.66+2.07 | 5.20 £ 0.85* 13.65+1.17 8.44+0.86*
SV, ul 40.92+3.60 14.09 +1.30* 38.41+£222 27.01+5.75 18.44 + 3.28* 38.16 £ 1.73  25.51 +2.00*
Doppler Imaging 1
IVRT, ms 15.06 + 1.08 31.24 +2.69* 13.93+£0.87 21.74+ 2,84#*5 26.21 + 3.83* 1499+ 1.03 22.17+2.39
IVCT, ms 12.05+1.42 1573 +2.04 923+£0.71 18.54+5.78 E 15.63 £2.28 1134+ 1.74 1320+ 1.77
ET, ms 44.85+2.38 34.08 +2.22% 39.12+1.74 3549+2.82 36.39 + 1.88* 4477+ 1.48 38.86+1.38
Mitral E/A ratio 147+0.08 1.06+0.21 1.47£0.09 1.29+0.12 E 144+0.08 1.05+0.08 1.60 £ 0.11 1.26 £ 0.05
E/E' ratio 28.93+1.94 5846+ 11.85*% 30.78 327 25.12+3.71% 1.75+3.51 25.69 +3.96 32.19+£2.75 38.50+2.87
Tei index 0.62+0.05 1.38+0.08* 0.60+0.02 1.24+0.22* 0.52+0.06 1.19+0.14* 0.60 = 0.05 0.88+0.10
Body Weight (g) 26.50+ 0.80 24.71 +0.97 20.01+0.89 2640=1.00 i | 31.07+0.55 27.11:+0.62* 27.88+£0.69 24.32 + 0.59*
N value 14 10 13 10 12 10 16 17

Table 3.4.2. Cardiac functional parameters at baseline and after 24 hours post-LPS

administration in young male mice measured by 2D transthoracic echocardiography. Data

are means + SEM, N = 10-17, p < 0.05; * vs baseline; # vs WT LPS-24h or sSEH™y° /") LPS-

24h.
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WT sEH Null tAUCB

Baseline LPS-6h Baseline LPS-6h Baseline LPS-6h
Heart rate (beats/min) 448 + 14 460 + 12 453+ 10 475+ 11 437+ 13 480+ 17
Wall Measurements
Corrected LV mass, mg 76.71 £8.71 108.47 +4.43 80.09+6.85 91.17+4.33 69.06 £ 632 82.16+7.09
IVS-diastole, mm 0.75+0.09  0.90=+0.05 0.89+0.03 0.96+0.04 0.98 £ 0.04 0.83 £ 0.05
IVS-systole, mm 1.13£0.09  1.09 + 0.05 1.37+£0.07 1.25+0.06 1.38+ 0.03 1.01 £ 0.07
LVPW-diastole, mm 0.75+0.06 0.76 = 0.06 0.73+0.05 1.00+0.07* 0.73+ 0.03  0.74+0.02
LVPW-systole, mm 1.24+£0.08 0.90 £ 0.05* 127+0.06 1.26+0.08" 1.22 £0.02 0.97 £0.02
LVID-diastole, mm 3.67+£0.13 424+0.13 3.57+0.14 3.28+0.17" 3.11+0.19 3.71+0.11
LVID-systole, mm 243 +0.11 3.82+0.12% 227+0.06 2.54+0.20" 198+ 0.17 3.14+0.12*
Cardiac Function
Ejection Fraction (%) 63.99+£2.33 2534+ 1.51% 68.59+ 1.79 50.46 = 4.28*" 68.45+£2.28 3243 £3.13%}
Fractional Shortening (%) | 34.36+1.80 11.59 + 0.74* 37.75+ 1.41 24.93 +2.93* 3721+£1.59 1510+ 1.65%
LVEDV, ul 58.18+4.42 79.25+4.55 56.56+5.66 46.02 + 4.60" 40.94+ 5.68 61.67+ 3.96
LVESV, ul 21.16 £2.30 59.34 +4.12%* 1742+ 1.47 24.54+381" 1324290 41.87+3.86%"
CO, ml/min 16.56+ 1.13  8.67+0.33* 1644+ 1.42 10.23+£0.97* 11.16 £1.21  9.56+1.10
SV, ul 37.02+£2.59 1991+ 1.12%* 39.14+ 436 21.48+2.06* 27.70 £2.81 19.80+ 1.86
Doppler Imaging
IVRT, ms 11.67+0.86 25.38+ 1.56* 13.08+1.06 17.89 + 1.59* 17.61 £1.94 25.14+2.43%
IVCT, ms 12.08+ 1.21 13.19+3.60 12.84+£2.31 1125+ 1.15 14.89+ 1.90 17.25+3.26
ET, ms 40.94+2.46 30.03 +3.22 4327+ 1.86 29.18+£2.37* 4528+ 490 33.98+2.69
Mitral E/A ratio 1.40+£0.07 1.17+0.15 1.35+£0.06 1.46+0.10 1.33+ 0.05 1.13+0.19
E/E' ratio 30.20+£2.10 2598 +4.55 31.32+£3.00 32.96+3.56 39.35+£5.67 29.05+2.89
Tei index 0.60+0.08 1.28+0.08* 0.60+0.06 1.07+0.13* 075+ 0.10 1.16+0.16
Body Weight (g) 31.20+£0.73  29.36+ 0.64 26.96 +0.83" 25.97+0.66 26.85+1.66 25.58+1.72
N value 7 5 7 9 4 4

Table 3.4.3. Cardiac functional parameters at baseline and after 6 hours post-LPS

administration in young male tAUCB-treated mice measured by 2D transthoracic

echocardiography. Data are means + SEM, N =4-9, p <0.05; * vs baseline; # vs WT LPS-
6h; T vs sEH Null LPS-6h.
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WT sEH Null tAUCB

Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h
Heart rate (beats/min) 437+ 17 399+ 8 451+ 11 422+ 13 459+ 15 415+ 8
Wall Measurements
Corrected LV mass, mg 84.65+8.06 79.24+2091 93.06+4.01 80.59+7.08 83.01£5.23 73.52+2.8l
IVS-diastole, mm 0.77+0.04  0.90+ 0.03 091+£0.05 0.90+0.04 0.80+0.03  0.94+0.05
IVS-systole, mm 1.19£0.06 1.03+0.03 1.39£0.06 1.25+0.05 1.27+0.05 1.18+0.07
LVPW-diastole, mm 0.78+0.06  0.79+0.05 0.82+0.04 0.84+0.09 0.79+0.07  0.87+0.05
LVPW-systole, mm 1.23+£0.07 0.95+0.05 1.28+0.06 1.21+0.09 1.26+£0.07 1.07 + 0.06
LVID-diastole, mm 380+ 0.13 3.45+0.15 3.73+£0.08 3.38+0.25 3.72+£0.12  3.09+0.12*
LVID-systole, mm 247+0.11 3.03+0.15 247+0.09 242+0.22 235+0.13 2.53+0.12
Cardiac Function
Ejection Fraction (%) 65.65+1.63 28.75+ 1.49% 64.76 + 1.80 54.64+6.11" 68.62 +2.62 39.69 + 4.24%F
Fractional Shortening (%) | 35.65+1.28 13.07 + 0.72* 34.95+1.28 2881401 38.28 £2.06 19.40 + 2.65%F
LVEDV, ul 63.06+6.18 49.82+4.91 59.73+3.52 48.83+7.70 58.28 £4.54 40.02+3.99
LVESV, ul 22.14+2.84 35.73 +£3.80% 21.32+2.00 21.83+5.00 18.87+2.78 23.96+3.11
CO, ml/min 17.12+ 1.74 5.54 + 0.55%* 15.59+1.79 10.66 +2.07 1483+ 1.75 6.47 + 1.15%
SV, ul 40.92 +3.60 14.09 = 1.30% 38.41+222 27.01+5.75 39.41+£2.68 16.06 + 2.44%
Doppler Imaging
IVRT, ms 15.06+ 1.08 31.24 +2.69% 13.93+0.87 21.74+2.84" 1532+ 1.05 27.94+2.52%
IVCT, ms 12.05+1.42 1573 +2.04 923+0.71 18.54+5.78 10.59+1.95 18.50+1.80
ET, ms 44.85+2.38 34.08 £2.22% 39.12+1.74 3549+2.82 41.71 +£3.00 32.67+1.61%*
Mitral E/A ratio 1.47+0.08 1.06+0.21 1.47+0.09 1.29+0.12 1.63+0.08 1.16+0.10*
E/E' ratio 28.93+1.94 58.46 + 11.85* 30.78 327 25.12+3.71% 28.77+3.06 3191+ 7.60
Tei index 0.62+0.05 1.38+0.08* 0.60£0.02 1.24+0.22* 0.66+0.08 1.49+0.15%
Body Weight (g) 26.50+0.80 24.71 + 0.97 29.01+£0.89 26.40+ 1.00 27.58+0.81 25.10+ 0.68
N value 14 10 13 10 14 15

Table 3.4.4. Cardiac functional parameters at baseline and after 24 hours post-LPS

administration in young male tAUCB-treated mice measured by 2D transthoracic

echocardiography. Data are means + SEM, N = 10-15, p < 0.05; * vs baseline; # vs WT
LPS-24h; § vs sEH Null LPS-24h.
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3.5 CARDIOMYOCYTE-SPECIFIC DELETION OF sEH ATTENUATES THE
SYSEMIC INFLAMMATORY RESPONSE

Global genetic deletion of sEH can reduce systemic inflammation.!®* However, it is
unknown whether cardiomyocyte-specific sSEH deletion has the capacity to modulate the
systemic inflammatory response. The use of a colour-coded multi-plex bead assay allowed
for the quantification of the levels of 31 different cytokines, growth factors, and
chemoattractant factors in plasma aliquots from saline and LPS treated mice. Surprisingly,
levels of circulating chemokines and cytokines were significantly lower in the plasma from
sEHMy° ") mice compared to the sSEH™Y° ¥ true controls after LPS administration (Figure
3.5.1). The impact of sEH disruption on attenuation of systemic cytokines and chemokines
was more robust at the 24 hour post-LPS timepoint, with all groups experiencing a degree of
systemic inflammation at 6 hours post-LPS. This time-dependent attenuation in systemic
inflammatory response mirrors the plateau in physiological impairment and cardiac
functional decline at 24 hours post-LPS in sEH null and sSEH™° ) groups. Therefore, sSEH
expression at the level of the cardiomyocyte has the capacity to modulate systemic

inflammation in acute inflammatory injury.

3.5.1 Effects on pro-inflammatory mediators

Elevation of pro-inflammatory interleukins, including IL-1f, IL-6, IL-13, IL-17, and
the IL-12p40 subunit, were significantly attenuated in sEH null and SEH™Y° ) groups after
24 hours of LPS exposure (Figure 3.5.1). Other mediators of the systemic inflammatory
response including TNF-a, IFN-y, KC, RANTES, and MIP were also suppressed in the
plasma of sEH deficient mice (Figure 3.5.2). Interestingly, LPS-induced CXC chemokine
(LIX) was elevated in saline-treated control SEHMY° ") and sEH™Y° ) plasma but not in
control WT or sEH null mice (Figure S3.5.1). This suggests baseline phenotypic alterations

in our Cre Lox mouse colony, which may require further characterization.
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Figure 3.5.1. Plasma levels of pro-inflammatory interleukins in control mice and mice
treated with LPS for 6 (light blue) or 24 (dark blue) hours measured using a multi-plex assay.

Data are means = SEM, N = 3, p < 0.05; * vs control; # vs true control WT or sEHMy° /")

post-LPS.
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Figure 3.5.2. Plasma levels of other pro-inflammatory mediators in control mice and mice

treated with LPS for 6 (light blue) or 24 (dark blue) hours measured using a multi-plex assay.

Data are means = SEM, N = 3, p < 0.05; * vs control; # vs true control WT or sEHMy° /")

post-LPS.
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Figure 3.5.2. Plasma levels of other pro-inflammatory mediators in control mice and mice
treated with LPS for 6 (light blue) or 24 (dark blue) hours measured using a multi-plex assay.
Data are means = SEM, N = 3, p < 0.05; * vs control; # vs true control WT or sEHMy° /)

post-LPS.
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3.5.2 Effects on anti-inflammatory mediators

Due to the vast inflammatory immune response caused by endotoxemia, release of
interleukins with anti-inflammatory properties can also be stimulated.!3? IL-10 plasma levels
were significantly reduced in sEH null mice but not in the SEH™¥° -9 group following 24
hours of LPS exposure (Figure 3.5.3). No changes in IL-4 were observed between groups
with or without LPS treatment (Figure S3.5.1). Interestingly, these data suggest that anti-
inflammatory responses to acute endotoxemia may be differentially regulated by sEH

deficiency localized to the cardiomyocyte compared to global genetic deletion.

6 hours LPS 24 hours LPS
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Figure 3.5.3. Plasma levels of the anti-inflammatory interleukin, IL-10, in control mice and
mice treated with LPS for 6 (light blue) or 24 (dark blue) hours measured using a multi-plex

assay. Data are means + SEM, N = 3, p <0.05; * vs control; # vs true control WT or sEHMy°

%) post-LPS.
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3.5.3 Effects on stimulating factors and growth factors

Growth factors that stimulate the proliferation and maturation of cells of hemopoietic
lineage increase in response to acute endotoxemia to aid in the innate immune response
against foreign invaders.!*? Plasma concentrations of macrophage colony-stimulating factor
(M-CSF) were markedly increased in all groups following 6 hours of LPS exposure.
Conversely, at the 24 hour time point, M-CSF levels were reduced in sEH null and sEHMy°
' mice compared to their SEH expressing controls (Figure 3.5.4). Monocyte chemoattractant
protein-1 (MCP-1), also known as CCL2, is one of the central chemokines responsible for
monocyte migration and infiltration into organs and tissues.'** MCP-1 plasma levels mirror
the time dependent change observed with M-CSF at 6 and 24 hours LPS (Figure 3.5.4).
These data suggest a possible time-dependent connection between monocyte proliferation
and chemoattraction and that sEH deficiency may contribute to early resolution of these
signals. In contrast, changes in levels of granulocyte colony-stimulating factor (G-CSF) and
granulocyte macrophage colony-stimulating factor (GM-CSF) were not nearly as robust,
suggesting that monocytes and macrophages may be a particular cell population of interest
(Figure 3.5.5.D). Furthermore, the plasma level of vascular endothelial growth factor
(VEGF) can be interpreted as a marker of angiogenesis but also may indicate the activation
of platelets and that the vascular endothelial barrier is compromised.*!-*33 During the course
of 24 hours of LPS exposure, VEGF levels increased in WT and sSEH™Y° **) mice, whereas
levels remained relatively unchanged in sEH null and sSEH™¥° /) groups over time (Figure

3.5.4).
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Figure 3.5.4. Plasma levels of chemoattractants and growth factors in control mice and mice
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Figure 3.5.5.E. Plasma levels of other cytokines in control mice and mice treated with LPS
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3.6 GENETIC DELETION OF sEH MODULATES THE NLRP3 INFLAMMASOME

3.6.1 NLRP3 inflammasome activation is attenuated with global and cardiomyocyte-specific

sEH deletion

The priming step of the NLRP3 inflammasome causes upregulation of the expression
of the NLRP3 protein and the inactive cytokine, pro-IL-1B.!* Following 6 hours of LPS
exposure, protein levels of NLRP3 and pro-IL-1f were significantly higher in cytosolic heart
fractions of sEH expressing WT and sEHMY° ") mice (Figure 3.6.1) and (Figure 3.6.2). A
similar pattern was also observed in the hearts from mice exposed to LPS for 24 hours (Figure
3.6.1) and (Figure 3.6.2). Activation of the NLRP3 inflammasome, which can occur through
a variety of signals, stimulates the proteolytic activity of caspase-1 to cleave pro-IL-18,
eventually leading to the release of the mature inflammatory cytokine, IL-1B, from the cell.!*?
The activity of caspase-1 was assessed in whole heart lysate from control and LPS-treated
mice (Figure 3.6.3). Specific activity of caspase-1 was increased in WT and sEHMv° %)
hearts after enduring 6 hours of LPS inflammatory injury. Notably, these groups also had
higher plasma concentrations of IL-1f (Figure 3.5.1). Conversely, no differences in caspase-
1 activity were observed between groups after 24 hours of LPS exposure. Additionally, levels
of plasma IL-1P were reduced in all groups at 24 hours compared to the 6 hour time point
(Figure 3.5.1). These data not only confirm that cardiomyocyte-specific and global deletion
of sEH interferes with inflammasome activation in the heart, but that it does so in a time-
dependent manner. Therefore, the early attenuation of the NLRP3 inflammasome pathway
may serve to protect cardiac function at later time points throughout the inflammatory

process.
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Figure 3.6.1. Western immunoblot of NLRP3 expression in the cytosolic heart fractions of
control and A.) 6 and B.) 24 hour LPS-treated mice. Data are means + SEM, N = 3-6, p <
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3.7 EPOXYLIPID TREATMENT AND PHARMACOLOGICAL INHIBITON OF
sEH IN PRIMARY CARDIOMYOCYTES MODULATES THE NLRP3
INFLAMMASOME RESPONSE

3.7.1 Epoxylipids and sEH inhibition slow the release of mitochondrial ROS

The NLRP3 inflammasome can be activated by mitochondrial damage, including the

release of mitochondrial ROS.!4% 158

To determine whether LPS treatment damages
cardiomyocyte mitochondria and if this damage can be mitigated by sEH inhibition or
epoxylipids, we employed the use of MitoSOX dye which can be used to detect the presence
of mitochondrial ROS as a fluorescent signal.**” We followed the generation of
mitochondrial ROS over a 6 hour time period. ROS levels were significantly elevated after
3 hours in LPS treated cardiomyocytes (Figure 3.7.3). When cardiomyocytes were co-treated
with LPS and 19,20-EDP or tAUCB, mitochondrial ROS generation was significantly less
after 3 hours. Therefore, LPS exposure triggers the generation of cardiomyocyte
mitochondrial ROS which may contribute to the activation of the NLRP3 inflammasome.
Importantly, inhibition of SEH activity and epoxylipid treatment of cardiomyocytes can slow

the release of mitochondrial ROS, which may in part, attenuate the activation of the NLRP3

inflammasome.

84



0.110- #

0.105 o ¢

0.1004 . l

0.0954

MitoSOX/MitoTracker

0.090-
LPS | - 4+ + + 4+

EDP - - + - -

EET | - - - 4+ -

(AUCB | - - - -+

Figure 3.7.1. Relative mitochondrial ROS production (MitoSOX red fluorescence)
normalized to total mitochondrial content (MitoTracker green fluorescence) after 3 hours of
LPS stimulation of neonatal rat cardiomyocytes. Data are means = SEM, N = 3-4, p < 0.05;
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3.7.2 LPS triggers the NLRP3 inflammasome in cardiomyocytes which is attenuated by sEH

inhibition or epoxylipid treatment

It is well established that the NLRP3 inflammasome pathway can be activated in
innate immune cells in response to acute inflammatory stimuli.'¥? Additionally, NLRP3
expression in heart tissue is increased by ischemia-reperfusion injury.?*® However, whether
the NRLP3 inflammasome pathway could be modulated in non-immune cells such as
cardiomyocytes in response to LPS stimulation is still elusive. So, we treated neonatal rat
cardiomyocytes with LPS for 6 hours. These cardiomyocytes had significantly higher protein
expression of NLRP3 and pro-IL-1p, indicating that the inflammasome response can be
directly triggered in cardiomyocytes (Figure 3.7.2). Caspase-1 activity was also significantly
higher in LPS-treated cells and the levels of mature IL-1f released into the surrounding cell
media were also increased, suggesting that cardiomyocyte-specific inflammasome activity is
enhanced in response to LPS (Figure 3.7.3). Furthermore, this activation of the NLRP3
inflammasome in the cardiomyocyte may, in part, be due to the generation of mitochondrial
ROS caused by LPS exposure.

Neonatal rat cardiomyocytes pre-treated for 1 hour with 19,20-EDP, 11,12-EET, or
tAUCB before the addition of LPS did not have a significant attenuation of NLRP3 or pro-
IL-1B protein expression in the cytosol compared to LPS treated cells (Figure 3.7.2).
However, caspase-1 activity in 19,20-EDP and tAUCB treated cardiomyocytes was nearly
absent in response to LPS stimulation (Figure 3.7.3). The levels of mature IL-1P released
into the cell media was also reduced with tAUCB, 19,20-EDP, and 11,12-EET treatment.
Signals such as mitochondrial ROS affect the activation of caspase-1 and release of IL-1f3
from the cell, rather than NLRP3 or pro-IL-1p protein expression.'*® So, sEH inhibition and
epoxylipid treatment may exert their protective effects via modulation of the activation step
of the NLRP3 inflammasome in cardiomyocytes in response to LPS by delaying the

generation of mitochondrial ROS.
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Figure 3.7.2. Western immunoblot of A.) NLRP3 and B.) pro-IL-1f expression in neonatal
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3.8 EFFECTS ON INFLAMMATORY CELL RECRUITMENT TO THE
MYOCARDIUM

3.8.1 sEH gene disruption impairs macrophage recruitment to the myocardium

The plasma from sEH null and sSEH™Y° /") mice possessed lower levels of circulating
chemoattractants including MCP-1 and TNF-a after LPS treatment, compared to their sEH
expressing counterparts. These findings prompted us to investigate whether there was a
lesser degree of inflammatory cell infiltration into the heart, which could account for the
preservation of cardiac function. Macrophages can be identified by unique glycoprotein
surface markers.!  CD68 is a surface glycoprotein that is highly expressed by

®  Immunohistochemical staining of heart slices demonstrated enhanced

macrophages.!?
CD68" cell presence in the myocardium after 24 hours of LPS exposure in WT and sEHMy°
%) groups compared to saline treated controls (Figure 3.8.1) and (Figure 3.8.2).
Interestingly, the number of CD68" cells in SEH null and sSEH™¥° ) hearts after 24 hours of
LPS exposure was significantly less compared to their sSEH expressing controls (Figure 3.8.1)
and (Figure 3.8.2). These data suggest that impaired expression of cardiomyocyte sEH may
protect the heart by interfering with the recruitment and infiltration of monocytes and
accumulation of macrophages in the heart. Interestingly, levels of CD68" cells were elevated

in saline-treated control SEH™¥° ¥ and sEH™Y° ) hearts, suggesting a possible baseline

cardiac phenotype in our Cre lox mice which requires further investigation.
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Figure 3.8.1. Quantitation of CD68+ cells. Each point (N) represents the average number of
CD68" cells from all images (4-6) taken of a heart from each individual mouse. Data are
means + SEM, N = 2-8, p < 0.05; * vs respective control; # vs true control WT or sEHMy°

%) post-LPS.

90



sEH Null

N N

Control 40x

LPS 24 hours

Control

LPS 24 hours

Figure 3.8.2. Representative images of CD68 immunohistochemistry in control heart slices

and hearts from mice exposed to LPS for 24 hours. CD68" cells are denoted by white arrows.
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3.8.2 Cardiomyocyte sEH inhibition or epoxylipid treatment impairs the release of

chemoattractant factors

Cellular release of chemoattractant mediators such as MCP-1 and TNF-a can recruit
innate immune cells such as neutrophils and monocytes to organs and tissues which can
exacerbate inflammatory damage.!”> Release of these mediators from endothelial cells,
macrophages, and other phagocytes is well established.!* Given the reduced presence of
CD68" cells in the sSEH™Y° ) myocardium following LPS exposure, we investigated whether
cardiomyocytes could also play a direct role in the recruitment of inflammatory cells in
response to acute inflammation. Cardiomyocytes treated with LPS released significant levels
of MCP-1 and TNF-a into their surrounding media (Figure 3.8.3). However, these levels
were significantly attenuated when the cells were pre-treated with 19,20-EDP, 11,12-EET,
or tAUCB before the addition of LPS. Ceritically, this demonstrates that the cardiomyocyte
has a direct role in the release of chemoattractant mediators, which can recruit inflammatory
cells to the heart. Moreover, epoxylipids and sEH inhibition can attenuate this effect, which

may contribute to their cardioprotective mechanisms in acute systemic inflammatory injury.
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CHAPTER 4

DISCUSSION
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Overview of findings

In this study, we demonstrate for the first time that cardiomyocyte-specific deletion
of sEH is cardioprotective and anti-inflammatory in systemic LPS inflammatory injury. The
heart is detrimentally impacted in acute endotoxemia resulting from a variety of

mechanisms,> 1% 18.23

By specifically targeting cardiomyocyte sEH activity, we can interfere
with a detrimental feed-forward process; where endotoxemia induces excess inflammation
that fuels further inflammatory responses, leading to organ dysfunction and severe
physiological deterioration. The data presented in this thesis, highlights how cardiomyocytes
are a critical participant in the innate immune response and that cardiomyocyte sEH
expression is vital in mediating these effects. First, we have demonstrated that
cardiomyocyte-specific sEH deletion is cardioprotective in acute inflammatory injury.
sEHMy° ") mice experienced less cardiac dysfunction with LPS treatment than their sSEHMY°
) counterparts. Then by focussing on the direct effects of epoxylipid treatment and sEH
inhibition at the level of the cardiomyocyte we demonstrate that the NLRP3 inflammasome
pathway is disrupted. Lastly, it is demonstrated that engagement of the systemic
inflammatory response and recruitment of macrophages to the myocardium play a major role
in LPS-induced cardiac dysfunction. Importantly, cardiomyocyte-specific sEH deletion has
the capacity to attenuate systemic cytokine levels and interfere with macrophage infiltration
of the heart. Importantly, the systemic effects of local cardiomyocyte-specific SEH deletion
may contribute to preservation of cardiac function and overall physiological tolerance to the

effects of acute LPS inflammatory injury.

4.1 CARDIAC EFFECTS: CARDIOPROTECTION OF CARDIOMYCOYTE-
SPECIFIC sEH DELETION

Our previous work demonstrated the global genetic deletion of sEH was
cardioprotective and reduced the inflammatory response following 24 hours of LPS exposure
in mice.'** Acute LPS exposure causes profound disruption of cardiac function, which is

attenuated in sEH null mice. However, the effect of sEH deletion localized to the
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cardiomyocyte, as well as use of a pharmacological sEH inhibitor on cardioprotective and

anti-inflammatory outcomes had yet to be explored.

4.1.1 Preserved cardiac function

Endotoxemia and sepsis elicit widespread multi-organ damage. The heart is no
exception to this destruction.>!* Cardiac function is a serious problem in septic patients and
its presence leads to significantly poorer prognosis and higher mortality rates.*> However,
therapies to treat sepsis-induced cardiac dysfunction are lacking, where the majority of
treatments rely on antibiotics and supportive therapies such as vasopressors, fluid
resuscitation, and inotropic agents.> ** In our model of acute LPS-induced endotoxemia,

we observed similar alterations in heart function consistent with septic cardiomyopathy. !> 1%

355 Mice experienced a profound reduction in systolic function accompanied by left
ventricular dilation and increased LV volumes. However, these changes were significantly
more robust in WT and sSEH™Y° **) mice which had unaltered expression of sEH.

Genetic deletion of sEH has known cardioprotective effects in a variety of models.
sEH null mice which underwent myocardial infarction via left anterior descending (LAD)
coronary artery ligation fared significantly better in terms of heart function compared to their
WT counterparts.’® 3% Ex vivo ischemia-reperfusion of hearts from sEH null mice had
markedly improved functional recovery compared to sEH expressing comparators.?””
Additionally, we have previously demonstrated that global SEH deletion preserves cardiac
function following 24 hours of acute LPS exposure.'®* Our findings in this study further
validate the versatile cardioprotective properties attributed to sEH genetic disruption.

However, the heart consists of a heterogeneous population of cell types including
myocytes, endothelial cells, fibroblasts, and resident macrophages.>** By selectively
deleting sEH expression only in the cardiomyocyte, we were able to delineate the effects of
sEH in this particular cell type towards overall cardioprotection. SEHMY°**) and sEHMy° ")
mice had striking differences in cardiac response to LPS treatment. Systolic parameters
including EF% and FS% were significantly preserved in sSEH™Y° - compared to their true
controls. SEH™Y° """ mice also had significant alterations in diastolic functional parameters

and LV dimensions that were not nearly as robust in the SEH™Y° ") group. This highlights
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the critical role that sEH plays within the cardiomyocyte and its contribution to LPS-induced
cardiac dysfunction.

Despite the protection conferred by cardiomyocyte-specific deletion of sEH, it is not
all-encompassing. Global sEH null mice were still significantly more protected than sEHM°
) groups. At 24 hours post-LPS exposure, sSEH™¥° ) still exhibited a significant decline in
systolic heart function that was not present in sEH null mice. Importantly, this suggests that
although absence of sEH in the cardiomyocyte elicits a cardioprotective response, the
unaltered activity of sEH in other cell types of the heart and the rest of the body still
contribute to the detrimental effects of acute LPS injury.

The cardioprotection of sEH deletion may be, in part, due to its impact on the
changing oxylipid profile in response to LPS. mRNA expression of epoxylipid-producing
CYP enzymes of the Cyp2j and Cyp2c isoforms have been shown to decline in the liver,
kidney, duodenum, and lungs of endotoxemic mice.?**2%4 3% The reduction in CYP enzyme
expression may suggest a reduced capacity to produce epoxylipids with known protective
properties, including EETs. So, inhibition of sEH may serve as a factor to prevent the
hydrolysis and subsequent inactivation of these epoxylipids and thus preserve their presence
in tissues during acute inflammation. However, LPS-induced changes in CYP enzyme
mRNA expression appear to be tissue-dependent.’*® In brain tissue from LPS challenged

mice, Cyp2j and Cyp2c mRNA doubled in expression.’>

Changes in CYP enzyme
expression with acute LPS have yet to be characterized in the myocardium, and may provide
important insights into the protective mechanisms of sEH deletion in the heart.

Our previous work has shown that plasma 8,9-, 11,12-, and 14,15-EET levels are
unchanged with LPS in WT and sEH null mice.!®* But the formation of their 4 regioisomer
diol metabolites, DHETS, are attenuated in sEH null groups suggesting an increase in EET
half-life and thus the duration of their protective effects. Other studies have similarly found
no changes in the levels of 5,6-, 8,9-, 11,12-, or 14,15-EETs and also DHETS in the hearts of
LPS treated mice.>>” However, lower levels of DHA derived epoxides such as 10,11-, 13,14-
, and 16,17-EDP were demonstrated in hearts following LPS exposure.®>®  Mice

overexpressing the human CYP2J2 transgene also had preserved cardiac function and

hemodynamic parameters in an acute model of endotoxemia.>>® Therefore, cardiomyocyte-
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specific sSEH deletion may partially exert its protection by causing an accumulation of

protective epoxylipids including EET and EDP in the heart.

4.1.2 Temporal changes

The pathological course of sepsis is time-dependent. Initially, patients experience a
hyperdynamic state followed by a hypodynamic phase consisting of hypoperfusion and
reduced cardiac output.'> 1> 16 We assessed the effects of acute LPS treatment on cardiac
function at 2 timepoints; 6 and 24 hours post injection. We observed an initial decline in
cardiac function in all groups which stabilized in sSEH null and SEH™¥° ) groups while WT
and SEHMY° *) mice continued on a steep trajectory of deterioration toward the end of the
24 hour time point. Therefore, the effects of sSEH deletion may manifest in a temporal manner
by slowing the development of cardiac depression in the hypodynamic phase of

endotoxemia.

4.1.3 The effects of pharmacologic sEH inhibition on LPS-induced cardiac dysfunction

A range of pharmacological compounds have been developed to inhibit the hydrolase
activity of sEH. Compounds of this class have been tested in models of acute endotoxemia
and sepsis.??® 3% Various studies have demonstrated that treatment with sEH inhibitors
improves survival, reduces acute lung injury, hypotension, edema, and attenuates
inflammatory cytokine release associated with experimental models of sepsis.?8% 283 291. 293,
294,360 However, the effect of pharmacological sEH inhibitors on LPS-induced cardiac
dysfunction had not been investigated. We employed the use tAUCB as our pharmacologic
compound of choice. tAUCB has established cardioprotective properties in other models of
cardiovascular disease including myocardial infarction and cardiac ischemia-reperfusion
injury.3% Additionally, tAUCB possesses favourable pharmacokinetic properties including
oral bioavailability when administered to mice in a model of acute LPS injury.?*® In contrast
to the overwhelming benefit demonstrated by sEH inhibitors on endotoxemia in the

literature, our findings on the effects of fAUCB in LPS-induced cardiac dysfunction were

rather modest. Our findings demonstrated systolic cardiac function from tAUCB-treated
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mice was significantly worse that sSEH null mice but was trending better compared to their
WT counterparts.

The pharmacokinetics of fAUCB have been extensively characterized in a model of
acute LPS inflammation, which was why the modest effects on cardioprotection we observed
were perplexing.?°® In the literature, a dose of 10 mg/kg of LPS was injected i.p. followed
by a tAUCB oral gavage bolus of 1 mg/kg dissolved in triolein vehicle, similar to our
protocol.?’ tAUCB was able to effectively maintain the epoxylipid to diol plasma ratio after
LPS treatment and attenuated the development of hypotension.?’® However, the endpoints
for the authors’ experiments were 4 hours and 6 hours post-LPS administration, respectively.
In contrast our experimental endpoints were at 6 and 24 hours after LPS injection.
Furthermore, the authors did not assess cardiac functional parameters at 6 hours. So, our
data may suggest that 6 hours is not enough time for tfAUCB to affect cardiac function. We
also did not confirm whether mice were experiencing the effects of tfAUCB at 6 hours.
Importantly, we will have to assess this by quantifying the plasma epoxylipid to diol ratio
and tAUCB levels at this time point. Our choice to use a 24 hour endpoint also poses a
challenge. The pharmacokinetics of tAUCB have not been characterized at 24 hours post-
administration in an acute LPS model. Again, quantification of plasma levels of epoxylipids
and diols and tAUCB levels will provide valuable information as to whether the effects of
tAUCB are still present at 24 hours post-administration.

Furthermore, the effects of sEH inhibitors in LPS injury may be tissue specific. For
example, 6 days of continuous administration of the sEH inhibitor, AUDA, through
implanted osmotic mini-pumps in acute LPS inflammation did not affect the expression of
pro-inflammatory genes such as 1/-6, Mcp-1, Tnf-a, Vcam-1, or Cox-2 in liver tissue.?”
AUDA treatment was also unable to attenuate the accumulation of neutrophils in the liver
following a single 1 mg/kg LPS bolus dose.?”” In contrast, i.p. administration of AUDA 4
hours after intratracheal installation of LPS successfully attenuated MCP-1 and TNF-a
levels and reduced neutrophil infiltration into the lung tissue.?®® These differential effects
conferred by the same sEH inhibitor may be influenced by the model and the experimental
design and protocol, making it a challenge to compare studies head-to-head. The modest
cardioprotection we observed with fAUCB in our model may be due to a combination of all

these factors. Importantly, a number of tAUCB administration protocols of varying

99



concentrations, pre-treatment lengths, and bolus dosing intervals will need to be assessed in
our model of LPS-induced acute inflammation before any conclusions can be drawn about

the efficacy of fAUCB on LPS-induced cardiac dysfunction.

4.2 CELLULAR EFFECTS: IMPAIRMENT OF CARDIOMYCOCYTE
INFLAMMATORY SIGNALLING

4.2.1 Deficiency of sEH activity attenuates the NLRP3 inflammasome in the heart

The NLRP3 inflammasome is an innate immune system signalling complex.
Activation of the NLRP3 inflammasome promotes caspase-1-mediated cleavage and release
of mature IL-1B from the cell.'¥* The NLRP3 signalling pathway is activated in acute
endotoxemia throughout the body including the lungs, peritoneal macrophages, liver, and
brain,!46- 242, 293, 294, 361 CLP-induced polymicrobial sepsis causes an increase in
inflammasome protein expression and activation in heart tissue, which is associated with a
decline in stroke volume and cardiac output.!’® 32 Inflammatory mechanisms are a major
contributor to endotoxemia-induced cardiac dysfunction.’®> MCC950, a selective NLRP3
pharmacologic inhibitor, is able to attenuate sepsis-induced cardiac dysfunction in a murine
model, which confirms the critical role of inflammation and the NLRP3 inflammasome in
this pathological process.!”®

In agreement with the literature, we observed enhanced protein expression of NLRP3
and pro-IL1JB, as well as caspase-1 activity in heart tissue from LPS-treated mice.
Furthermore, sEH deletion attenuated expression of pro-IL-1f3 and NLRP3 in heart tissue,
and reduced caspase-1 activity. These findings coincide with the current literature
demonstrating that lack of sEH activity has the potential to blunt the inflammasome response
in various models of cardiac and acute inflammatory injury. Our previous work has
demonstrated that hearts which underwent IR injury from sEH null mice or which were
perfused with tAUCB had attenuated NLRP3 protein expression and reduced caspase-1
activity and mature IL-1P levels.?®® Furthermore lack of sEH activity can attenuate NLRP3
priming and activation in the murine liver, kidneys, and lungs.?3- 294 364365 n geptic mice

treated with the dual COX-2/sEH inhibitor, PTUPB, levels of NLRP3, IL-1p, and caspase-1
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were reduced. Our study extends similar findings to the heart in acute LPS-induced
inflammation and suggests that the cardioprotective effects of global and cardiomyocyte-
specific sEH deletion may, in part, work by interfering with the cardiac NLRP3

inflammasome response.

4.2.2 Epoxylipid treatment and sEH inhibition ameliorates NLRP3 inflammasome activation

in cardiomyocytes

There is evidence for the attenuation of the NLRP3 inflammasome in IR hearts
directly treated with epoxylipids and their mimetic compounds.?** 236 Furthermore, 14,15-
EET and 19,20-EDP have protective effects on LPS-stimulated cardiomyocytes.'!> 366
Interestingly, we did not observe any differences in pro-IL-13 or NLRP3 protein expression
in neonatal rat primary cardiomyocytes pre-treated with 19,20-EDP, 11,12-EET, or tAUCB
before the addition of LPS. These data are in contrast to our in vivo findings which
demonstrated a reduction in the protein expression of pro-IL-1p and NLRP3 in the cytosol
from whole hearts in sSEH null and sSEH™°") mice. These findings are also in contrast to
other studies which demonstrated that 11,12-EET pre-treatment reduced the level of NLRP3
and pro-IL-1p protein expression in LPS-stimulated adult mouse primary cardiomyocytes.***

As previously discussed, the heart contains a heterogeneous population of cells and
circulating immune cells can also infiltrate tissues and organs during acute inflammatory
injury.'> 334 TImportantly, this may explain our observed discrepancies between the effects
on NLRP3 and pro-IL-1f protein expression with LPS in vivo and in vitro. Pharmacologic
sEH inhibition and 5,6-, 8,9-, 11,12-, and 14,15-EETs can impair NLRP3 protein expression
in macrophages as well as hepatocytes.?> 294364 Therefore, SEH and epoxylipid effects on
the inflammasome may be dependent on cell type. Clodronate liposomal-induced depletion
of macrophages was capable of attenuating acute lung injury and NLRP3 inflammasome
signalling in the lungs of septic mice, highlighting an important role for macrophages in the
tissue-specific NLRP3 activity in response to LPS.?** Instead, our observation of reduced
NLPR3 and pro-IL-1p protein levels from in vivo hearts in sEH deficient mice may be due
to the attenuation of the inflammasome in recruited and resident cardiac tissue macrophages,

fibroblasts, and endothelial cells rather than cardiomyocytes. This also suggests that a large
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proportion of the inflammasome response in the heart may be driven by macrophage NLRP3
activity and that the impact of sEH on other cell types of the heart should also be explored.

However, there are also technical considerations to be taken into account for the
discrepancies in our findings. For one, the assay we chose to assess this endpoint,
immunoblotting, may not have sufficient sensitivity to detect more subtle changes in protein
expression. LPS treatment of cardiomyocytes induced robust upregulation in protein
expression of NLRP3 and pro-IL-1B. Because the density of the signal was intense in all
groups, there is the potential that near saturation of the signal may have been reached, in
which a linear relationship between band density and protein abundance may no longer
exist.’®” Thus our use of chemiluminescent imaging and densitometry quantification may
not be powerful enough to discern slight alterations in protein expression induced by tAUCB
or epoxylipid treatment.

Furthermore, we chose a 6 hour treatment time point for our cardiomyocytes due to
the toxicity of LPS.!! We wanted to ensure that cell viability was minimally impacted so
that at the time of cell harvest, we would have functional cells to analyze changes in protein
expression and activity induced by LPS. However, a dynamic relationship exists between
gene transcription, protein expression, and further post-translational modification.’® A 6
hour timepoint may be too short to observe such robust changes in protein expression arising
from NF-kB transcription factor activation all the way to functional protein status. The
increased protein expression we observed on immunoblot, may be from an increase in the
translation of pre-processed mRNA, and not NF-kB transcriptional activity. Instead,
assessing mRNA levels of NLRP3 and pro-IL-1 to determine whether tAUCB or epoxylipid
treatments directly regulate at the level of transcription may allow us to make more definitive
conclusions. Therefore, qRT-PCR may be a more appropriate method to use in this instance
which can easily be employed to validate our immunoblot findings.

Rather, we demonstrated that epoxylipid treatment and sEH inhibition reduced the
activation of the NLRP3 inflammasome in the cardiomyocyte as indicted by lower cellular
caspase-1 activity and secreted levels of mature IL-1f3. Secreted IL-1[3 can act in a paracrine
manner to sustain NLRP3 priming and activation in surrounding immune cells.**  So,
cardiomyocyte-specific deletion of sEH in vivo may work by impairing the release of mature

IL-1B from the cardiomyocyte leading to attenuation of the priming and activation of the
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NLRP3 inflammasome in other adjacent cell types of the heart contributing to the decline in

overall cardiac tissue expression of inflammasome components.

4.2.3 DiIHOME:Ss and the NLRP3 inflammasome

Our previous work has identified the accumulation of 9,10- and 12,13-DiHOME
metabolites as a potential intermediate mechanism by which LPS induces myocardial

damage and dysfunction.!¢*

Direct stimulation of cardiomyocytes with 9,10- and 12,13-
DiHOME induced mitochondrial fragmentation, impaired respiratory capacity, and triggered
release of inflammatory mediators including TNF-a and MCP-1.1% We demonstrate the
inhibition of sEH activity attenuates the activation of the cardiomyocyte NLRP3
inflammasome following LPS stimulation. However, we never directly assessed if this effect
on the cardiomyocyte is associated with a decline in DIHOME levels. Furthermore, the
effects of DIHOME treatment on the cardiomyocyte NLRP3 inflammasome response has not
been directly investigated. In the future it will be important to determine if cardiomyocyte-
specific deletion of sEH also has the capacity to influence the lipid mediator metabolite
profile within the cardiomyocyte and even throughout the heart and the rest of the body. As
well, whether attenuated DIHOME production can account for the effects we have observed
on the NLRP3 inflammasome in vitro and in vivo will provide valuable insight into how
modulation of the lipid mediator profile impacts cardiomyocyte-specific NLRP3

inflammasome activity.

4.2.4 Mechanisms of inflammasome activation in cardiomyocytes

Inflammasome activation requires a ‘second signal’. This can include K* ion efflux,
release of mitochondrial DNA, mitochondrial ROS production, and the presence of
extracellular ATP.!40-142 We observed activation of the NLRP3 inflammasome with LPS
treatment of cardiomyocytes as indicated by activation of caspase-1 activity and the release
of mature IL-1f into the surrounding cellular media. However, we did not administer
exogenous ATP or the K/H" ionophore, nigericin, to our cardiomyocyte culture to directly

activate the NLRP3 inflammasome after LPS-induced priming. Lipopolysaccharide
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promotes intracellular stress through oxidative and mitochondrial damage in a range of cell
types and tissues, including the heart. 28 162 366. 369378 T pS a]so causes the accumulation of
detrimental diol metabolites which directly impact mitochondrial function.!®* Furthermore,

attenuation of this response is cardioprotective,!6% 373 375, 376, 379, 380

So, we investigated
whether LPS induces the generation of intracellular stress signals which can endogenously
promote the activation of the NLRP3 inflammasome. Using MitoSOX red fluorescent dye,
we observed a marked time-dependent increase in the generation of mitochondrial ROS with
LPS treatment of cardiomyocytes. Our findings demonstrate that 19,20-EDP and tAUCB
treatment attenuates the early production of mitochondrial ROS. In agreement, the literature
also demonstrates that NLRP3 inflammasome activation can be blunted by sEH inhibition or
deletion, and epoxylipid treatment 233 236, 242, 294,299, 343, 365 The attenuation of early
mitochondrial ROS production may serve to reduce the activation of the NLRP3
inflammasome and thus attenuate the cardiomyocyte-specific inflammatory response.
Dysfunctional mitochondria are a major source of ROS.*®!  The NLRP3
inflammasome is sensitive to ROS released from damaged mitochondria.’®> 3%  The
attenuated production of mitochondrial ROS suggests that tfAUCB and 19,20-EDP may
preserve cardiomyocyte mitochondrial quality to reduce activation of the NLRP3
inflammasome, leading to preserved cardiac function in acute endotoxemia. Epoxylipids can
reduce the production of ROS and possess mitochondrial protective properties.?*® %% These
compounds can promote mitochondrial biogenesis and stimulate autophagic processes to
remove damaged mitochondria, restore bioenergetic efficiency, and maintain mitochondrial
membrane potential 237-366:385.386 Fyrthermore, they prevent the loss of anti-oxidant enzyme

activity including manganese superoxide dismutase (MnSOD) and thioredoxins (Trx).23% 387

388 In fact, preservation of Trx anti-oxidant capacity by 19,20-EDP can attenuate the
activation of the NLRP3 inflammasome. However, the exact mechanisms by which these
compounds regulate cardiomyocyte mitochondria to attenuate mitochondrial ROS
production and subsequent NLRP3 inflammasome activation in LPS-stimulated

cardiomyocytes requires further investigation.
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4.3 SYSTEMIC EFFECTS: ATTENUATED SYSTEMIC INFLAMMATION AND
IMMUNE CELL RECRUITMENT

4.3.1 Evidence for systemic protection in cell-specific sEH gene deletion in vivo models

Deletion of sEH expression limited to the cardiomyocyte not only preserved cardiac
function but reduced the systemic inflammatory response to LPS. Use of a cardiomyocyte-
specific sEH deletion in vivo model has yet to be published in the literature. However, other
studies have demonstrated deletion of sEH localized to murine kidney podocytes also
provides systemic protection in acute inflammatory injury*®®. The authors demonstrated that
a lack of podocyte sEH attenuates kidney injury in response to acute LPS exposure.
Importantly, serum concentrations of pro-inflammatory cytokines, IL-1f3, IL-6, and TNF-a
were also significantly reduced in mice lacking podocyte sEH expression. The ability for
podocyte-specific SEH deletion to exert a protective systemic response supports our findings
that cardiomyocyte-specific sEH deletion also can have the capacity to attenuate the systemic
inflammatory response. Furthermore, these findings highlight the interconnectedness
between sEH expression in specific cell types and the far-reaching systemic impact it can

have.

4.3.2 Modulation of the cytokine storm

Detrimental effects of endotoxemia and sepsis can be attributed to the maladaptive over-
activation of the host immune response. A massive release of inflammatory mediators, also
termed the ‘cytokine storm’, causes wide-spread tissue and organ damage.’® In addition to
their pro-inflammatory effects, these mediators can directly impair heart function.**® In
response to systemic LPS administration, the heart produces pro-inflammatory cytokines that
can act in a paracrine and autocrine manner to promote cardiomyocyte apoptosis and cardiac

dysfunction, 31 391-393

Debris from damaged and dying cells can act as DAMPs to further
ensue the inflammatory response in a detrimental feed-forward process. We examined the

plasma cytokine profile in saline and LPS treated mice at 6 and 24 hours post-injection and
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observed a massive increase in interleukins and other cytokines, colony stimulating factors,
and chemoattractants in response to LPS.

Epoxylipids as well as disruption of sEH activity have well-established anti-
inflammatory mechanisms of action in a range of disease models. Previously, we have
demonstrated that global sEH deletion significantly attenuates systemic MCP-1 and TNF-a

levels in response to LPS which is correlated with improved cardiac function.!

Deficiency
of sEH activity also interferes with cell signalling pathways responsible for the production
of pro-inflammatory cytokines, including transcription factor NF-kB DNA binding.!6*
However, the cardiomyocyte-specific role of sEH in the production of systemic
inflammatory mediators had yet to be explored. To our surprise, SEH™Y ) mice had
significantly lower levels of plasma cytokines. This vast reduction in the systemic
inflammatory response due to sEH disruption limited only to the cardiomyocyte suggests
that cardiomyocytes serve as essential players in the systemic immune response to LPS.
Stimulation of TLR4 receptors on cardiomyocytes enhances cytokine release and adhesion
molecule expression.'?” So, cardiomyocytes are not only victims of acute inflammation, but
also amplifiers of the response. Cardiomyocyte inflammatory mediator release may also
augment the secretion of cytokines from other cell types within the local cardiac
environment.  Cardiomyocyte-specific sEH deletion may be working to interrupt
intercellular communication and propagation of the inflammatory response. Therefore,
deletion of cardiomyocyte sEH has systemic implications in the reduction of the global
inflammatory response, which in turn can preserve cardiac function.

Interestingly, the protection provided by global and cardiomyocyte-specific sEH
deletion was time-dependent. There is a kinetic relationship between cytokine production
and release and the progression of endotoxemia.?> 133 Initially, a massive production of pro-
inflammatory cytokines occur within the first 24 - 48 hours resulting in overwhelming

inflammation.’> %*

Later, collapse of the immune system can cause severe
immunosuppression and development of secondary infections.?* 3* In our study at 6 hours
post-LPS, all LPS-treated groups had an increase in the majority of plasma cytokine levels.
The levels of systemic inflammatory mediators in sEH null and sSEH™¥° %) mice were not
substantially different from their SEH expressing counterparts at this time point. However,

by 24 hours, plasma levels of cytokines were significantly lower in sEH null and sSEH™v° )
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groups suggesting earlier or more rapid resolution of inflammation. This time-dependent
fluctuation in plasma cytokines in sEH null and sSEH™Y° 9 mice may account for the
temporal pattern of cardiac functional decline. An early impairment in cardiac function
observed in sEH null and sEH™¥° 9 mice coincides with a rise in systemic cytokine
production at the 6 hour time point. Attenuation of the cytokine levels by 24 hours may
account for the plateau in cardiac functional decline in sEH null and sSEH™Y° -9 mice.
Whereas WT and sEH™Y° ) mice had a slower resolution in their levels of circulating

cytokines and thus their cardiac function remained on a trajectory of decline.

4.3.2.1 Interferon-y

IFN-y has been identified as a master regulator of endotoxemia and works
synergistically alongside LPS.*** It enhances sensitization to LPS and the production pro-
inflammatory cytokines such as TNF-o, which can propagate the inflammatory response.*+
3% MCP-1-mediated inflammatory cell recruitment in the heart is also regulated by IFN-
y.>*7 Direct stimulation of cardiomyocytes with IFN-y causes contractile dysfunction and
cardiodepressant effects as well as cardiomyocyte-specific upregulation of pro-inflammatory
cytokines.*’=% Deletion of sEH has been demonstrated to protect neurons and microglia
from the inflammatory effects of IFN-y stimulation, however the effects on the heart have
not been well established.*”® Importantly, we observed significant attenuation of circulating
levels of IFN-y in sEH null and sSEH™Y° 7 mice which may contribute to their enhanced
overall tolerance to LPS and IFN-y inflammatory effects. It has been demonstrated that
constitutive overexpression of IFN-y in the liver can lead to increased circulating levels of

397

the cytokine.””” So, if heart is more tolerant to the effects of [FN-y due to sEH disruption,

cardiac-induced IFN-y production may also be supressed and contribute to overall lower

systemic levels of this particular cytokine.

4.3.2.2 Interleukin- 1p, interleukin-6, and tumor necrosis factor-a

IL-1B, IL-6, and TNF-a are highly implicated in the progression of endotoxemia and

sepsis and are positively correlated with disease severity and mortality.?> 13* These pro-
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inflammatory mediators are directly involved in cardiomyocyte contractile dysfunction.**
401,402 TNF-a also enhances DRP-1-mediated mitochondrial fragmentation and dysfunction

403 The systemic release of these mediators was significantly attenuated

in cardiomyocytes.
in sEH null and sEH™Y -9 groups. In agreement with our findings, exogenous
administration of 11,12-EET or CYP2CS8 overexpression are capable of attenuating the
release of TNF-o and IL-6 from macrophages and endothelial cells.*** Cells of the innate
immune system, including macrophages, monocytes and dendritic cells, are the primary
producers of these cytokines.’® However, the attenuation of systemic IL-1f, IL-6, and TNF-
o cytokine profiles were robust in SEHM¥° %) mice. This suggests that cardiomyocytes-
specific deletion of sEH may not only work in a localized manner to protect the

cardiomyocyte and local cardiac environment but may have the capacity to interfere with

cytokine production and release by other cell types including immune cells.

4.3.2.3 Interleukin-13

IL-13 is typically associated with the allergic inflammatory response.%
Interestingly, this cytokine was markedly increased with LPS treatment but attenuated in
sEH null and sSEH™Y° 79 mice. Few studies have investigated the role of this cytokine in
endotoxemia and sepsis. However, our findings suggest that this cytokine may play an
important role and could possibly be regulated by cardiomyocyte-specific sEH activity. It
has been demonstrated that exogenous IL-13 treatment can preserve mitochondrial function
and limit damage in cardiomyocytes exposed to LPS.#0% 4% So_ elevated levels of IL-13
observed in WT and sEH™Y° ¥ plasma may serve as a compensatory mechanisms in

response to mitochondrial damage and ROS production in response to LPS injury.

4.3.2.4 Interleukin-10

IL-10 is an anti-inflammatory cytokine, which suppresses monocyte and macrophage

407

function.*®” Levels of IL-10 are proportional to the degree of inflammation and are typically

35, 407

elevated in more critically ill septic patients. Despite the anti-inflammatory nature of

this cytokine, its effects are often insufficient to counteract the increase in pro-inflammatory
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mediators.*?’

Additionally, IL-10 can promote worsening of the physiological state via
sepsis-induced immunosuppression.®* At 24 hours post-LPS, plasma levels of IL-10 were
elevated in WT and sEH™Y° */*) groups, proportional to the robust inflammatory response.
Interestingly, IL-10 levels were also elevated in the SEH™Y° 79 group but not sEH null mice.
This discrepancy may suggest that cardiomyocyte-specific SEH activity may not be as
important in the modulation of anti-inflammatory cytokines. Instead, the systemic protection
conferred from cardiomyocyte-specific sEH deletion may be mainly attributed to the
attenuation of pro-inflammatory cytokines. There is conflicting evidence in the literature as
to whether sEH inhibition or deletion promotes or impairs IL-10 production in various
models of disease.’8 408410 However, the data from our model suggests that IL-10 levels
may be decreased in SEH null mice due to the overall attenuated inflammatory response.
Additionally, IL-10 may be modulated by sEH activity in other cell types, such as monocytes
and macrophages, which may explain why global sEH deletion but not cardiomyocyte-

specific deletion had the capacity to reduce the systemic levels of this cytokine

4.3.2.5 Macrophage colony stimulating factor

Acute endotoxemia can stimulate the release of cytokines which function as
hematopoietic growth factors including M-CSF, G-CSF and GM-CSF.!1** We observed
increases in circulating plasma levels of these 3 growth factors with LPS-induced
inflammation. Importantly, global and cardiomyocyte-specific sSEH deletion significantly
attenuated M-CSF levels in the plasma. M-CSF stimulates the differentiation and
proliferation of hemopoietic progenitors into mature myeloid cells and can promote
mobilization of myeloid cells into the circulation and differentiation of macrophages.*!!
LPS stimulation of heart tissue causes an increase in the release of colony stimulating factors,
highlighting the possibility of growth factor synthesis by the heart.*!? Interestingly, a clinical
study showed that non-survivors of sepsis had undetectable levels of stimulating factors in
their plasma, while survivors had a steady increase in levels over a 4-day period.'** The
gradual increase in stimulating factors may function to circumvent the late-stage
immunosuppression, which typically follows the initial inflammatory phase of sepsis. Our

sEH expressing mice experienced an immense systemic inflammatory burden. So, the
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increase in colony stimulating factor levels may be compensatory for the later
immunosuppression stage due to apoptosis and dysfunction of overwhelmed inflammatory
cells to follow. However, the systemic inflammatory response was robustly attenuated in
sEH deficient groups, so the proliferation and mobilization of myeloid cells by M-CSF may
be unnecessary, which may explain the lower levels of this cytokine. Additionally, inhibition
of sEH attenuates hematopoietic progenitor cell proliferation.?!® Interestingly, exogenous
12,13-DiHOME and 11,12-DHET treatment can rescue progenitor proliferation in sEH null
mice. This suggests that attenuated growth factor levels in SEH deficient mice may partly

be due to the reduced generation of diol metabolites.?!”

4.3.2.6 Monocyte chemoattractant protein-1

Previously, we have demonstrated that global sEH knockout reduces levels of
circulating MCP-1 in mice following LPS injection.!®* Now, our findings extend to include
a robust attenuation of circulating MCP-1 with sEH deletion limited to the cardiomyocyte.
MCP-1, also known as the chemokine CCL2, is a chemoattractant molecule for monocytes
and macrophages.*!* In septic patients, serum levels of MCP-1 are associated with poor
prognosis and survival outcome.!** 1In response to acute LPS inflammation, organs,
including the heart, can release MCP-1 to attract circulating immune cells to the site of
damage.*'*  Previously demonstrated with LPS injury, local DHA-derived cardiac
epoxylipids were reduced while MCP-1 levels were elevated.’*® This inverse correlation
may explain why sEH inhibition in the heart is protective in the context of MCP-1 signalling.
Inhibition of sEH impairs monocyte chemotaxis toward MCP-1which can be restored by the
treatment with the diol metabolites, 5,6-, 8,9-, 11,12-, and 14,15-DHETs.*!> Because we
observed a robust reduction in systemic MCP-1, this may suggest that the SsEH disruption
can impair MCP-1 release from the heart and that reduced production of circulating DHETS
can interfere with migration of monocytes, thus affecting monocyte chemotaxis by disrupting
both the stimulus and the response. However, reduced cardiomyocyte inflammatory
signalling and damage may also attenuate MCP-1 release from other cell types including
endothelial cells and tissue macrophages, thus reducing the overall MCP-1 burden on the

host. Additionally, cardiomyocyte-specific SEH deletion may prevent inflammatory injury
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to the cardiomyocyte, leading to diminished release of DAMPs, reducing the stimulation of
adjacent cardiomyocytes and tissue resident immune cells to secrete MCP-1 and other

¢ Diminished MCP-1 may also attenuate the stimulation and

inflammatory mediators.*!
infiltration of immune cells which otherwise would in turn cause further damage to

cardiomyocytes, propagate local tissue inflammation, and promote cardiac dysfunction.*!”

4.3.2.7 Vascular endothelial growth factor

VEGF enhances vascular permeability in sepsis and correlates with severity of
disease. 3°1- 332 This is a marker of endothelial dysfunction and contributes to intravascular

351,418 Blockade of VEGF signalling reduces expression

fluid leak and organ hypoperfusion.
of intercellular adhesion molecule-1 (ICAM-1), inflammatory cell infiltration into the lungs,
and cytokine production in sepsis.*!* 420 The limited increase in plasma VEGF in sEH null
and SEH™° ") groups post-LPS exposure may contribute to preserved endothelial integrity,
reducing inflammatory cell extravasation into the tissue including the myocardium. EET
regioisomers have established pro-angiogenic properties.??® *?! This has been established in
the context of cancer where 11,12- and 14,15-EET can promote vascularization and hence
tumor growth.*?? Angiogenic properties of endothelial-derived 11,12- and 14-15-EETs also
have implications in wound healing and tissue repair through the enhanced expression of
VEGF and establishment of collateral blood supply in ischemic tissue.*?*#2>  Additionally,
inhibition of the sEH phosphatase domain activity increases VEGF-mediated

® In contrast to our findings, studies have shown sEH inhibition and

angiogenesis.*?
preservation of endogenous EET levels enhances VEGF and angiogenesis in ischemic injury
of the brain and heart.**” Conversely, some preliminary evidence suggests that, 19,20-EDP
and its N-3 PUFA precursor, DHA, could negatively regulate VEGF and angiogenesis.*?3- 4%
Additionally, in a model of endotoxemia, 11,12-EET has been shown to preserve endothelial
barrier integrity and reduce hyperpermeability, which may explain the lower levels of VEGF
we observed.®*? Since we observed an attenuation in VEGF with sEH inhibition, the effect
on VEGF may be due to alteration in a range of lipid mediator metabolites and not just EETs.
Therefore, sEH inhibition and reduced circulating cytokines may be working to primarily

mitigate endothelial dysfunction, resulting in lower VEGF levels.*!
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4.3.3 Cardiomyocytes as a direct source chemoattractant factors

Due to the robust attenuation of systemic cytokine levels in mice with
cardiomyocyte-specific sEH deletion, it is likely that inhibition of cardiomyocyte sEH
activity may be working to reduce the stimulation of other cell types as well. One way this
could occur is by reduced secretion of DAMPs and chemoattractants, preventing activation
of adjacent cells, and disrupting the overall inflammatory cascade. MCP-1 production in
cardiovascular disease has been mainly attributed to macrophages and endothelial cells.!3®
However, limited studies have also shown that cardiomyocytes can be a direct and potent
source of chemoattractant factors.*!> This could influence the recruitment of immune cells
to the myocardium which can contribute to cardiac dysfunction and local inflammation.
Stimulation of cardiomyocytes in vitro with LPS caused a robust release of TNF-a and MCP-
1 into the surrounding cellular media. This suggests that cardiomyocytes are also active
participants in the innate immune response to LPS challenge through the secretion of
attractant mediators. Release of these mediators from cardiomyocytes may also work
locally, inducing damage to surrounding cells. Evidence suggests that stimulation of
cardiomyocytes with LPS can promote the production and release of TNF-a which can act
in a paracrine fashion to promote cardiomyocyte apoptosis and cardiac dysfunction.!3!- 3%
Furthermore, TNF-o causes DRP-1 mediated fragmentation of cardiomyocyte mitochondria
in sepsis.*®  As previously mentioned, mitochondrial damage and ROS production can
trigger the NLRP3 inflammasome, which we have shown to be a critical signalling pathway
in the myocardial response to LPS.**? Additionally, cardiomyocyte release of TNF-a and
MCP-1 can also function as systemic signals for the recruitment of circulating inflammatory

cells into the cardiac tissue.*13-417

This highlights the wide-spread effects that cardiomyocyte
inflammatory signalling can have on the entire body. Pre-treatment of cardiomyocytes with
19,20-EDP, 11,12-EET, and tAUCB significantly attenuated the release of MCP-1 and TNF-
a in response to LPS stimulation. These in vitro findings suggest a possible mechanism by
which cardiomyocyte-specific SEH deletion may be protective in vivo. Importantly, we have
confirmed that the cardiomyocyte is a direct source of MCP-1 and TNF-a in response to LPS

stimulation. In addition to attenuating the systemic levels of these mediators, impaired

cardiomyocyte production indicates a directly protective role at the local level of the heart.
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4.3.4 Attenuated macrophage infiltration limits local immune response and cardiac damage

Neutralization of MCP-1 reduces the accumulation of inflammatory cells into the
myocardium in endotoexemia.*!”  Since LPS-induced cardiomyocyte release of
chemoattractant factors was directly attenuated by epoxylipids and sEH inhibition, we
investigated whether this correlated with reduced inflammatory cell recruitment to the
myocardium in vivo. We assessed this by immunohistochemical staining of CD68" cells in
the myocardium. CD68 is a cell surface glycoprotein found on macrophages and monocytes
and is a useful cytochemical marker of inflamed tissue.*** 4% Activation of recruited
inflammatory leukocytes causes mitochondrial dysfunction and functional impairment of
surrounding cardiomyocytes and exacerbation of cardiac injury in the LPS stimulated
heart.*16- 435 Therefore, sSEH-deficient cardiomyocytes likely release fewer chemoattractant
factors which impairs the mobilization of monocytes via reduced circulating M-CSF levels.
Infiltrating immune cells are a direct source of cytokine production and contribute to tissue
damage. These actions can work synergistically to recruit fewer inflammatory cells to the
heart so that overall cardiomyocyte and cardiac impairment can be attenuated.

LPS stimulates ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1)
expression on cardiac fibroblasts, promoting mononuclear cell adhesion.**% 437 TNF-o, IFN-
¥, and IL-1 cytokines can induce endothelial cell activation and the expression of adhesion
molecules as well. #8440 Myocardial expression of adhesion molecules such as VCAM-1 is
associated with higher immune cell infiltration and worsen cardiac outcomes.’® 44!
Currently, it is accepted that adult cardiomyocytes are not a major source of ICAM-1 and
VCAM-1 expression in the heart.**% 442 However, whether cardiomyocytes can influence the
expression of adhesion molecules on cardiac fibroblasts and endothelial cells which
contributes to reduced myocardial inflammatory cell infiltration we observed in sEH null and
sEHMy° ") hearts is still elusive.

sEH expression is correlated with tissue infiltration of macrophages in various
disease states including renal injury and atherogenesis.?’”-443:444 Tnhibition of sEH or 11,12-
EET treatment can inhibit pro-inflammatory polarization of tissue macrophages.?’’-290- 409, 443

In acute endotoxemia, adenovirus mediated over-expression of CYP2J2 increased levels of

11,12- and 14,15-EETs which attenuated macrophage cardiac infiltration, NF-kB signalling,
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release of pro-inflammatory mediators, and preserved cardiac function.!”®  There is
conflicting evidence whether genetic disruption of sEH can also modulate the expression of
selectins and adhesion molecules to impair immune cell infiltration to tissues.?7% 444 446, 447
Whether the attenuated inflammatory response in sEH deficient cardiomyocytes also
modulates their immune microenvironment via the expression of adhesion molecules on

other cell types as a mechanism of reduced macrophage recruitment to the heart still remains

to be investigated.

4.3.5 Evidence for cardiomyocyte-induced immune cell recruitment is indirect

We demonstrated that LPS stimulation of cardiomyocytes directly enhances the
release of TNF-a and MCP-1. These mediators can function as chemoattractant factors.
Epoxylipids and tAUCB treatment attenuate this release in vitro which is correlated with less
infiltration of CD68" cells into the myocardium of mice with sEH gene deletion. These
results are promising and suggest that the cardiomyocytes may be important in the
recruitment of systemic immune cells to the heart, where direct cardiac damage can be further
propagated. However, it is important to acknowledge that a division exists between our in
vitro and in vivo findings. Whether the reduced infiltration of CD68" cells into the
myocardium is truly due to the attenuated MCP-1 and TNF-a secretion from cardiomyocytes
in sSEH™Y° 9 mice cannot be firmly concluded. To strengthen our conclusions, it will be
important to evaluate whether epoxylipids or pharmacological sEH inhibition in
cardiomyocytes can directly interfere with the migration and infiltration of immune cells into
the local microenvironment. One way this could be directly assessed is through the use of a
chemotaxis assay. The effects of sEH-derived metabolites on MCP-1 induced monocyte
migration have been demonstrated using this method.*!> Migration of monocytes either co-
cultured with LPS-treated cardiomyocytes or conditioned with the extracellular media from
cardiomyocytes could be assessed. Should migration of monocytes be impaired by
cardiomyocyte sEH inhibition, this can serve as a mechanistic explanation to confirm our
histological findings in vivo that chemotaxis and recruitment of leukocytes to the heart is
directly impaired by the effects of cardiomyocyte-specific sEH activity inhibition. Antibody

targeted antagonism of the MCP-1 receptor, CCR2, in the migration assay could also be used
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to assess whether MCP-1 released from cardiomyocytes is functioning through a ligand-

receptor interaction on proximal monocytes.

4.3.6 Assessment of neutrophil and T cell myocardial infiltration

We chose to assess the presence of macrophages in the myocardium as a marker of
local inflammatory response and immune cell recruitment. During endotoxemia, it has been
demonstrated that circulating monocytes infiltrate the myocardium and can contribute to
cardiac dysfunction.***-*° However, other immune cells including neutrophils, natural killer

(NK) cells, and T cells are involved in LPS-induced organ dysfunction.3”- 4!

Importantly,
the results from the plasma cytokine profile suggest the chemoattraction and potentially the
cardiac infiltration of other immune cell subtypes may also be altered, which could contribute
to the cardioprotection caused by cardiomyocyte-specific sEH deletion.

KC is a chemoattractant factor for neutrophils. Some studies have shown that the
diol metabolites of 14,15-EET, 14,15-DHET, attenuates neutrophil chemotaxis by
downregulating the receptor, CXCR1, for KC.*3* Interestingly, with cardiomyocyte-specific
sEH deletion, we observed reduced plasma levels of KC, which indicates impaired neutrophil
migratory capacity. These data suggest that other metabolites beside DHETs may influence
KC levels and neutrophil chemoattraction. Indeed, other findings show a dose-dependent
£.285

decrease in KC with sEH inhibitor treatmen

including MIP-10, MIP-1f, and MIP-2 are also responsible for NK cell and neutrophil

Macrophage inflammatory protein,

activation and chemotaxis.!3’

sEH activity disruption significantly reduces MIP-2 levels
from LPS stimulated microglia and neutrophil infiltration following traumatic brain injury.*%
Mice lacking sEH activity had reduced MIP-2 levels and tissue neutrophil infiltration in

hyperoxia-induced acute lung injury.*?

Since plasma levels of these cytokines were
significantly attenuated in LPS-treated sEH null and sSEH™Y° - groups, the myocardial
accumulation of neutrophils would be important to assess as it may represent another
protective mechanism of sEH activity inhibition in acute LPS injury. Innate immune cells
can secrete cytokines and present antigens to engage the adaptive immune response during

1

endotoxemia.*! Hence, T cells are critical participants in the systemic inflammatory

response during sepsis. Furthermore, the cytokine RANTES is chemotactic for leukocytes
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and T cells. Systemic levels of RANTES were significantly lower in SEH null and sEHM°
) groups following LPS exposure. Thus, the assessment of myocardial infiltration of various
T cell subtypes may provide valuable information about cardiomyocyte sEH activity on the

adaptive immune response.

4.3.7 Preservation of cardiac function correlates with improved systemic tolerance to LPS

Increased plasma LDH activity is a non-specific marker for cellular injury and
death.*>* In sepsis, hyperlactatemia is also an indication of poor tissue perfusion and inability

0

to eliminate by-products of glycolysis.>*® At 6 hours post-LPS exposure, all groups

experienced an increase in plasma LDH activity. These levels continued to increase through
to the 24 hour time point where they were significantly elevated in WT and sEHMy° %)
groups. The fact that SEH null and sSEH™Y° ) groups still experienced an increase in plasma
LDH activity with LPS treatment, albeit levels plateaued after 6 hours post-LPS, highlights
two important conclusions. First, global or cardiomyocyte-specific SEH deletion does not
provide all-encompassing tolerance to the damaging systemic effects of LPS. Since plasma
LDH activity is a non-specific marker of cell damage, it is highly unlikely that disruption in
sEH activity would be sufficient to attenuate all mechanisms contributing to LPS-induced
cellular stress. Thus, elevated LDH activity observed in all LPS-treated groups is logical
and expected. Second, even though sEH null and sEH™Y°) endured a degree of cell damage
and stress in response to LPS, these groups had attenuated decline in physiological function.
They had better tolerance to LPS. Mice with sEH deletion were more mobile and active and
they had less of a decline in body surface temperature and body condition score. These
observations are reflected in the scoring and quantitation of physiological impairment.
Overall, SEH™Y° %) mice were less impacted by the physiological effects of acute
LPS than their sSEHMY° ¥ counterparts. Cardiomyocyte-specific deletion of sEH reduces
immune cell recruitment to the heart through the attenuated release of cardiomyocyte-derived
chemoattractant mediators. Attenuated immune cell recruitment and release of cytokines
preserves the integrity of the cardiac microenvironment and also dampens the systemic
inflammatory cascade. Activation of cellular inflammatory pathways, such as the NRLP3

inflammasome, is reduced. Decline in cardiac function is slowed and the organism becomes
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more physiologically tolerant to LPS-induced acute inflammatory injury. This strongly
attests to the importance of preservation of cardiac function to the overall state of the
organism. The heart is critical for the ongoing supply of oxygen and nutrients to the rest of
the body. The proper circulation of blood also prevents the accumulation of waste and
metabolic by-products and maintains blood pressure. Therefore, preserved heart function
contributes to the preservation of the overall physiological state organism. Overall, these
findings demonstrate the multi-level interconnectedness of the organism from cells to organs

to the whole body system in vivo.

4.4 CONCLUSION

In conclusion, cardiomyocyte-specific sSEH deletion exerts profound protection on
the heart but also demonstrates systemic effects. Cardiomyocytes act to condition the local
cellular and cytokine microenvironment, reducing local cell damage, systemic release of
cytokines and recruitment of leukocytes. Altogether, this culminates in attenuated over-
exaggeration of the innate immune response and preserved cardiac function in acute LPS
inflammatory injury (Figure 4.1). Through multi-level protection originating at the source
of the cardiomyocyte, overall physiological tolerance to LPS is increased. Importantly, this
study sheds light on the dynamic interactions between different cell types in orchestrating
the innate immune response. Further efforts in combating septic-induced cardiac
dysfunction should not only focus on cells of the innate immune system, but also
cardiomyocytes and their communication with other cell types in the local myocardium and

systemic circulation.
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Figure 4.1. Graphical abstract. Cardiomyocyte-specific sSEH deletion attenuates activation

of cardiomyocyte NLRP3 inflammasome signalling and release of MPC-1 and TNF-a. Fewer

systemic immune cells are activated and recruited to the myocardium. Local immune

response in the heart is reduced, contributing to less cardiac damage and preserving cardiac

function. With preserved cardiac function and reduced systemic inflammation, the host is

more physiologically tolerant to the effects of acute LPS injury.
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LIMITATIONS
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5.1 The use of LPS as a model for experimental endotoxemia: clinically relevant or just

convenient?

The use of a single LPS injection to induce an acute systemic inflammatory response
in mice is one of the most common ways to model endotoxemia in the literature.®®> But like
most models, there are pros and cons. As with most experimental models, LPS represents a
more simplistic way to represent sepsis seen in humans and to control for extraneous and
potentially confounding parameters in the experimental setting.

In the clinical setting human sepsis is complex. As previously discussed, humans
experience a biphasic pattern in the presentation of sepsis.!® Initially, a hyperdynamic and
pro-inflammatory state predominates. There is a massive release of pro-inflammatory
cytokines and patients experience fever, enhanced cardiac output and other organ
dysfunction.!® Afterward, hemodynamic depression occurs with reduced cardiac output and
a drop in body temperature. Antigen presenting cells begin to dysfunction and T cells
become apoptotic, predisposing the patient to an immunosuppressed state and the potential
for nosocomial infections to take hold.'® However, there is potential for these phases to
overlap to some degree, increasing the complexity of the disease state.!® Ideally, animals
models of sepsis should follow a similar pattern.

With direct LPS injection, the animal receives a single bolus dose of pure

454 The organism is not exposed to any live pathogenic bacteria, hence a state of

endotoxin.
bacteremia is not achieved. Use of LPS allows for a controlled and uniform dose of
endotoxin to be given to each experimental animal. However, since no live bacteria are
injected, the animal may not respond in the same way as in an active infection.®® Live
bacteria can replicate and other surface antigens other than endotoxin can act as alarmin
molecules for the innate immune response.*>> Other models of sepsis include CLP as well
as infusion of live bacteria into animals.>* These models produce an active and ongoing
state of infection for the body to respond to.*** Additionally, polymicrobial sepsis can be
achieved with CLP which may be more clinically relevant in human sepsis cases caused by
gut barrier dysfunction and rupture.’* However, to induce CLP in experimental animals,
the abdominal cavity must be surgically opened so there is the potential for confounding

inflammation and stress from the surgery . 4%
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Humans are very sensitive to endotoxin and nanogram concentrations can elicit a
systemic response and changes in cardiac function.®>34° On the other hand, mice and other
rodents are typically more tolerant to LPS.3* Conveniently, the LPS dose can be adjusted
in mice to model different severities of endotoxemia.'® A dose of 0.5-1 mg/kg in mice causes
a mild inflammatory response.** Doses of 10 mg/kg are typically used to initiate a robust
systemic inflammatory response and 20 mg/kg is commonly used for survival studies, where
time to mortality is the measured endpoint.®>#>7 Therefore, LPS allows researchers to control
the level of inflammation they would like to generate with respect to the specific aims of
their study.*- 4%

Furthermore, there are also differences in the timing of the septic response between
mice and humans. Mice injected with LPS tend to have an earlier and more robust increase

16, 339, 454

in systemic inflammatory cytokines compared to human sepsis. The pro-
inflammatory state also tends to resolve faster in mice than humans.>*® We observed an
initial increase in the plasma cytokines in all experimental groups at the 6 hour time point.
In humans, it is possible that we might observe a later peak in the release of systemic pro-
inflammatory cytokines which may be less robust but rather prolonged instead. Furthermore,
sEH activity disruption appeared to affect the temporal resolution of the initial inflammatory
response. The inflammatory and functional state of SEH null and sSEH™Y° ") mice stabilized
between the 6 and 24 hour time point, while WT and sEH™¥° **) continued to deteriorate
beyond their 6 hour time point state. Therefore, the temporal effects of sEH activity
inhibition in human sepsis may differ as well. These differences in timing of inflammation
may be reflected in differences in temporal changes of cardiac function between mice and
humans.

LPS treatment of human induced pluripotent stem cell (hiPSC)-derived
cardiomyocytes has also been recently employed in vitro for cellular mechanistic studies of

393 The use of iPSCs allows more applicability to human disease

endotoxemia and sepsis.
compared to immortalized cardiac cell lines or primary cardiomyocytes isolated from mice
or rats. However, the differentiation and maintenance of iPSCs can be quite expensive and
tedious and requires extensive optimization before they can be used experimentally.**®

Overall, for preliminary and standardized experimental work, LPS is a valuable

endotoxemia model for deciphering a mechanistic understanding of the disease state and
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experimental pharmacologic interventions.>*®  Importantly, experimental therapeutic
interventions tested in a model of LPS could also be further validated using CLP and bacterial

infusion to further substantiate the applicability of the intervention.

5.2 Optimization of tAUCB pharmacokinetics for an acute inflammation model

Extensive pharmacokinetic profiling has been conducted on various pharmacological
sEH inhibitors.?#*26:297 Qur lab has optimized the administration and dosage of fAUCB in
a chronic MI injury model.?® A 4 day-pre-treatment of 10 mg/L tAUCB ad libitum in
drinking water prior to MI and which is continued for 28-days thereafter is
cardioprotective.’® In contrast, the fAUCB administration protocol we employed for this
study yielded modest results. Echocardiographic and functional data suggest trends toward
cardioprotection, however, no significant protection could be concluded with our tAUCB
treatment groups. Importantly, our model is one of acute and robust systemic inflammation,
fundamentally different from chronic MI. We observe a rapid physical decline and reduction
in mobilization of mice within the first few hours of LPS administration.’* By the 6 hour
LPS time point, mice on average lost 5% of their body weight. By 24 hours, upwards of 10%
of the baseline body weight was lost. The rapid decline in body weight over this short period
of time is likely not only due to reduced food intake, but also loss of water.*% 40 We also
observed an increase in skin turgor with LPS-treated mice, indicative of dehydration.*>: 469

The elimination half-life for fAUCB is 8-10 hours.?® Complete washout is achieved
after 3 days following attainment of steady-state oral administration.?”® Given that it takes 3
to 5 half-lives for a drug to be eliminated and cease its pharmacological effects on the body,
this may partially explain why the protective effects of fAUCB treatment are diminished in
our model if the mice stop drinking soon after LPS injection. Thus, the dose as well as the
length and time of pre-treatment administration may need to be adjusted. Furthermore, oral
drug absorption can be dramatically reduced in the setting of acute pain and stress.*¢!
Endotoxemia-induced systemic hypotension may also reduce perfusion of the mesenteric
vascular system, which could impair drug absorption into the systemic circulation.*6?
Therefore whether the mice are efficiently absorbing tAUCB after acute LPS injection
should be determined. LCMS/MS analysis of plasma levels of tfAUCB and epoxylipid to
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diol metabolite ratios could be monitored at various time points following LPS
administration. A concentration-time dependent relationship could be constructed for
different fAUCB administration protocols, which can be correlated to cardiac function post-
LPS to determine a pharmacokinetic-pharmacodynamic relationship. Although tAUCB was
designed for enhanced bioavailability in oral administration, it has also been administered
by the i.v. and s.c. route.?”® Other routes of administration could be explored if oral fAUCB
absorption is not sufficient following acute LPS stress. Lastly, sample size for each treatment
group should be increased to ensure the study is adequately powered. Then, with all data
considered together an optimized tAUCB administration protocol could be constructed for

use in acute inflammatory injury models.
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CHAPTER 6

FUTURE DIRECTIONS AND PILOT DATA
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6.1 THE EFFECTS OF BIOLOGICAL SEX AND AGING ON RESPONSE TO
ACUTE LPS INFLAMMATORY INJURY

6.1.1 Young female mice may experience less cardiac functional decline compared to males

A cohort of young female WT and sEH null mice were injected with LPS and cardiac
function was assessed by 2D echocardiography after 24 hours. Compared to baseline, there
was a significant decline in cardiac output and stroke volume (Table 6.1.1). However, this
may, in part, be attributed to a decline in heart rate at 24 hours post-LPS. There were no
other significant differences between baseline and LPS cardiac measurements in WT and
sEH null female mice. This is in contrast to their male counterparts. WT males had
significantly worse ejection fraction and fractional shortening with LPS treatment.
Furthermore, male WT mice experienced diastolic dysfunction indicated by significantly
higher IVRT and E/E’ ratios as well as alterations in LV posterior wall and internal diameter
measurements. There were significant differences in ejection fraction, fractional shortening,
LV internal diameter, IVRT and E/E’ ratio between young WT and sEH null males with LPS
treatment. Interestingly, in young female mice, there were no significant differences between
WT and sEH null mice after LPS treatment. This may be due to the small sample size we
have at this time. However, these preliminary data suggest that young female mice may have
less decline in cardiac function compared to males, regardless of whether sEH activity is
disrupted.

Female sEHMY° **) and sEH™¥° ) also underwent exposure to LPS for 24 hours.
Physiological assessment indicated that SEH™Y° **) and sSEH™Y° - groups experienced a
degree of physiological impairment significant to their baseline (Figure 6.1.1). However,
there was no significant difference in impairment between female SEH™°**) and sEHMv°-
") groups post-LPS. This is in contrast to young male sSEH™¥° **) mice which had more
physiological impairment than their sSEH™Y° ) counterparts with LPS. Echocardiographic
data also exhibited a similar trend (Table 6.1.2). Both sEHMY° **) and sEHMY° - males
experienced cardiac functional decline in ejection fraction, fractional shortening, LV
posterior wall width and internal diameter, as well as stroke volume and cardiac output

compared to their baseline measurements. Male sSEH™Y° ") had significantly worse ejection
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fraction and fractional shortening compared to LPS-treated SEH™Y° 9 mice. In contrast,
there were no significant differences in heart function between female sEHMy° **) and
sEHMY° ") mice post-LPS. Surprisingly, sSEHM¥° ) female ejection fraction was an average
of 55%, compared to 26% in males post-LPS. sEH™Y° ") female mice had a slight decline
in stroke volume and LV end diastolic volume post-LPS compared to baseline. Interestingly,
no cardiac functional measurements were significantly different between baseline and post-
LPS in sSEHM°*™) female mice. The sample size for our male cohort is significantly larger
than our females at this time. So, a small sample size may account for the lack of significant
differences detected in our female cohort. However, these preliminary findings suggest that
sex-specific differences may underly the cardiac functional response to LPS in young male

and female mice.

6.1.2 Middle-aged female mice may experience less physiological and cardiac functional

decline compared to males

The effect of LPS treatment in middle-aged (15-19 months) male and female WT and
sEH null mice was also assessed in preliminary experiments. Both WT and sEH null males
and females experienced physiological decline in response to LPS (Figure 6.1.2). At
baseline, the physiological impairment in middle-aged WT and sEH null female mice was,
on average, lower than their male counterparts. Following LPS treatment, middle-aged
females also had less physiological impairment compared to males. WT and sEH null
middle-aged males had more impairment compared to their young male counterparts both at
baseline and after 24 hours of LPS exposure. After LPS exposure, sEH null young males
had an average impairment score of 0.174, which was significantly lower compared WT
mice. However, middle-aged sEH null mice had a score of 0.358, which was nearly equal to
middle-aged WT mice. Importantly, this may suggest that the protection conferred from
sEH deletion may be age-dependent and some of those protective effects may be lost with
aging.

Middle-aged WT and sEH null males also experienced a similar degree of cardiac
functional decline with LPS (Table 6.1.3). Ejection fraction and fractional shortening were

reduced compared to baseline. IVRT and Tei index were also significantly increased.
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Cardiac functional measurements in middle-aged sEH null males were not preserved
compared to WT. In middle-aged females, ejection fraction, fractional shortening, and
cardiac output were significantly less in sEH null groups after LPS compared to baseline.
The Tei index was also increased in the sEH null group. Strikingly, middle-aged WT female
mice only had a significant decline aortic ejection time with LPS treatment compared to
baseline. There were no other significant differences between baseline and LPS cardiac
measurements in middle-aged WT females.

Early findings demonstrating that WT middle-aged female mice exhibit preserved
cardiac function post-LPS are surprising. Our preliminary data will need to be further
validated. The disparity in baseline physiological function may partially explain why
middle-aged females had less physiological and cardiac decline following LPS challenge
compared to middle-aged males. As well, this suggests that there may be sex differences in
the normal biological aging process. However, the sample size for our middle-aged cohort
is still limited. As there is individual variation with aging, it will be important that sample

size is increased before any firm conclusions can be drawn.

6.1.3 Systemic anti-inflammatory effects of global sEH deletion are reduced with aging in

male mice

Initial analyses of plasma samples collected from WT and sEH null middle-aged male
mice was also conducted. As previously mentioned, an increase in plasma LDH activity is
a non-specific marker for cellular damage and death.*>* In middle-aged male mice, both WT
and sEH null groups demonstrated an increase in plasma LDH activity after 24 hours of LPS
exposure (Figure 6.1.3). Interesting, baseline LDH activity was more than 3 times higher in
middle-aged sEH null mice than their young counterparts. The higher levels of LDH activity
in untreated mice suggests that the biological aging process may be associated with non-
specific forms of cellular stress and damage. This may partially explain our observation of
a larger degree of baseline physiological impairment in middle-aged compared to young
male mice. After LPS exposure, LDH activity was also 1.5 to 2 times greater in middle-aged
mice in comparison to young mice. Importantly, middle-aged sEH null mice had similar

LDH activity to the WT group, whereas LDH activity was lower in young sEH null mice
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when compared to their WT counterparts. These data further support that some of the
protective benefit attributed to sEH deletion in young mice may be lost with aging.
Measurement of plasma cytokine and stimulating factor levels also exhibited a
similar pattern (Figure 1.6.4), (Figure 1.6.5), and (Figure 1.6.6). WT middle-aged mice had
10 fold higher levels of IL-1B, and TNF-a levels were more than double than their young
counterparts post-LPS. Astoundingly, middle-aged sEH null mice had a 200 and 14 fold
increase in these mediators compared to young mice, respectively. Hence,
hyperinflammation in response to LPS is potentiated with increased age and global sEH
deletion may not have the capacity to attenuate cytokine production to the same degree that
it does in young mice. However, the plasma levels of IL-13 and IFN-y were significantly
higher in middle-aged WT mice compared to sEH null. Furthermore, other cytokines
including MIP-1a, MIP-1B, RANTES, LIF, TNF-a, eotaxin, and MCP-1 levels were
significantly higher compared to baseline levels in WT mice, but did not reach statistical
significance in the sEH null cohort. Thus, sEH deletion may still provide some protection
against LPS-induced hyperinflammation in middle-aged mice, albeit its protective capacity

is significantly reduced.

6.1.4 The impact of age and biological sex: current knowledge and future directions

Our preliminary data in female and middle-aged mice suggest that disparities may
exist in the response to acute LPS inflammation with aging and biological sex. Clinical data
shows that elderly individuals are more susceptible to developing sepsis as well as sepsis-
induced morbidity including cardiac dysfunction, and mortality.*5>** This may be due to a
number of factors including other underlying comorbidities as well as a weakened host
immune response, making the elderly more susceptible to infection.!*? Studies using aged
animals show an larger degree of hyperinflammation and immune dysregulation in response
to LPS compared to young adult animals.*> 466 Hyperinflammation in aged mice and rats
exposed to LPS are reflected by increased IL-6 and TNF-a levels compared to their younger
counterparts.*®> 47 Furthermore, overactivation of the adrenergic system is shown to also
account for excessive production of inflammatory cytokines with aging in endotoxemia.*®

This supports the higher systemic cytokine levels observed in middle-aged males post-LPS

128



compared to young males. In elderly human patients, elevated IL-6 and TNF-a are predictors
of poorer outcomes and mortality, suggesting these cytokines may have clinical
implications.*%8

Cardiac gene expression of IL-13, ICAM-1, and IL-6 were also upregulated in aged
mice treated with LPS.%7- 4% These effects were significant in middle-aged mice 16-17
months in age and most prominent in elderly mice older than 23 months.*®® Mechanistically,
it has been proposed that the worsened cardiac function in LPS-treated aged mice may be
due to impairment in cardiac autophagy and AMPK activation.*’® Aged endotoxemic mice
were also less physiologically tolerant to LPS indicated by more severe and earlier onset of
hypothermia, which supports the larger decline in physiological function in LPS-treated
middle-aged mice.*” Furthermore, CD14, which assists TLR4 cell surface receptors in the
recognition of LPS is upregulated in some tissues, including the liver and spleen with aging
during endotoxemia.*é> 466 Therefore, this may account for the increased sensitivity and
response to LPS observed in our middle-aged mice. Endotoxemia studies have also shown
that aged animals have a higher rate of splenic cell apoptosis following LPS injection
compared to young counterparts which may contribute to immune cell dysfunction.*6*
Therefore, not only does potentiation of the hyperinflammatory response complicate
endotoxemia with aging but also the risk for enhanced immunosuppression.

Some of our pilot data also shows that female mice may have a lesser degree of
cardiac functional decline in response to LPS regardless of whether sEH activity is disrupted,
compared to their male counterparts. We have previously demonstrated that global sEH
deficiency in female mice preserves cardiac function during the normal biological aging

process compared to aged WT and global sEH null males.>"’

These effects may be mediated
by preserved cardiac SIRT3 activity and lower levels of oxidative stress. Similarly, our
preliminary echocardiographic data suggest that female mice may also have a higher degree
of cardioprotection following LPS administration. Interestingly, female mice with a
functional sEH gene still demonstrated marked protection, which may question whether
inhibition of sEH activity is as critical for protection for females in this model as it is for
males. Epoxylipids and sEH activity demonstrate sexual dimorphic responses on cardiac

0

function in health and disease.’® Cardiac function in murine females may be more

dependent on the function of EETs and associated with downregulation in sEH
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expression.*’!- 472 We have demonstrated that SEH expression is increased in aged male

murine hearts but not in females.??’

Therefore, sEH inhibition may be less important in
mediating cardiac protection in females compared to males. This may explain why cardiac
function in young WT and sSEH™Y° ") females is trending better than WT and sEHMy° %)
males post-LPS.  Furthermore, if females have downregulation of sEH expression at
baseline, this may explain why there are minimal differences between WT and sEHMy° /)
female mice compared to sEH null and sSEH™¥° -9 counterparts post-LPS. Some studies
suggest that disparate mechanisms can also underly LPS-induced cardiac dysfunction in
female and male mice.*”? Cardiac dysfunction in males may be related to lower Ca*"
transients whereas the dysfunction may lie downstream of Ca?* signalling in female hearts
and be dependent on cyclic guanosine monophosphate (cGMP) signalling.*’®> Animal studies
have shown for the male sex to generate higher levels of pro-inflammatory cytokines and

349, 474 Furthermore, some studies

have prolonged cardiac dysfunction in endotoxemia.
hypothesized that males are more susceptible to hyperinflammation in endotoxemia due to
the protective effect attributed by female hormones including estrogens.*’>47® Conversely,
in some clinical studies female sex was identified as an independent predictor for increased

468, 479

mortality in critically ill septic elderly patients. However, other studies have

demonstrated that women may have a better prognosis compared to men which was
correlated with enhanced anti-inflammatory IL-10 levels.*3% 481

As the data presented represent preliminary findings, future experiments and analysis
will need to be conducted in order to validate our results and investigate potential underlying
mechanisms. The aging of mice constitutes a tedious process confounded by the
development of other age-related health conditions. The COVID-19 pandemic also posed a
significant challenge to the aging portion of this project. In March 2020 we were forced to
cull more than 100 mice in anticipation of University shutdowns and staffing shortages. This
significantly impaired the amount of mice we were able to age over the past 2 years. Slowly,
the current situation appears to be improving and our lab has upcoming aged mice that will
be ready to use in the next few months. These mice can be utilized to increase sample size
in order to assess consistency in our preliminary echocardiographic data. We began an aging
cohort of SEHMY° ") and sSEHMY° ") mice. In spring 2022, the first group of these mice will

be available for use, which will allow us to assess the effects of aging on the protection
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conferred by cardiomyocyte-specific SEH deletion in acute LPS inflammatory injury.
Importantly, assessment of the plasma cytokine panel in aged female WT and sEH null LPS-
treated mice will be necessary to compare to our aging male data. Since the protection
conferred by sEH genetic deletion appears to dampen with increasing age, the biochemical
and molecular analysis of tissue will be of value to investigate which protective mechanisms
of sEH inhibition are lost and which may be conserved. Importantly, very limited studies
have assessed the intersection of aging and biological sex in response to acute LPS. Analysis
of cardiac functional parameters and physiological impairment scores by 3-way ANOVA
may be appropriate to incorporate treatment (control or LPS), genotype, and biological sex
into a single statistical test. Nonetheless, pursuing further investigation of these pilot data

presented will undoubtedly yield valuable information for future studies.
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Female Male

WT sEH Null WT sEH Null

Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h
Heart rate (beats/min) 473 £ 11 380 + 23* 441+ 14 408 + 12 437+ 17 399+ 8 451+ 11 422+ 13
‘Wall Measurements
Corrected LV mass, mg 7838 +7.18 82.82+10.95 9448 +£8.77 67.36+8.31 84.65+8.06 79.24+2091 93.06+4.01 80.59 + 7.08
IVS-diastole, mm 0.71+0.06 0.98+0.13 0.81+0.04 0.68+0.07 0.77+0.04  0.90+0.03 091+0.05 0.90+0.04
IVS-systole, mm 126+0.14  1.33+0.10 122+0.08 1.12+0.09 1.19+0.06  1.03+0.03 1.39+0.06 1.25+0.05
LVPW-diastole, mm 0.73+0.07 0.73+0.03 0.79+0.07  0.73+0.06 0.78+0.06  0.79+0.05 0.82+0.04  0.84+0.09
LVPW-systole, mm 1.07+0.05 0.95+0.03 1.12£0.10  0.99 +0.06 1.23£0.07 0.95+0.05* 1.28+0.06 1.21+0.09
LVID-diastole, mm 3.90+£0.08 3.48+0.10 3.98+£0.08 3.48+032 3.80+£0.13  3.45+0.15 3.73+0.08 3.38+0.25
LVID-systole, mm 243+0.11  2.64+0.11 264+0.14  2.66+0.28 247+0.11 3.03£0.15* 247+0.09 242+0.22°
Cardiac Function
Ejection Fraction (%) 66.52£2.65 50.79 +8.85 62.81£2.59 47.98+9.66 65.65+1.63 28.75+ 1.49% 6476+ 1.80 54.64+6.11"
Fractional Shortening (%) | 36.34+2.00 25.72+5.30 3378+ 1.99 2439+5.68 35.65+1.28 13.07+0.72% 34.95+ 128 28.81+4.01%
LVEDV, ul 65.05+4.00 51.00+4.14 69.63 +3.86 54.60 +9.00 63.06+6.18 49.82+4.91 59.73+3.52 48.83+7.70
LVESV, ul 21.97+2.71 2436+2.14 26.28 +2.88 28.47+7.50 22.14+2.84 3573 +3.80* 21.32+2.00 21.83+5.00
CO, ml/min 20.39+1.28 9.88+1.95*% 19.12+ 1.12 1091 + 3.44* 17.12+ 1.74 5.54 + 0.55*% 1559+ 1.79 10.66 +2.07
SV, ul 43.08+2.41 26.64+6.28 4335+2.00 26.13+7.51* 40.92+£3.60 14.09 + 1.30* 38.41+222 27.01+5.75
Doppler Imaging
IVRT, ms 17.55+1.48 23.60+ 1.87 1570+ 0.90 21.27+6.82 15.06 + 1.08 31.24+2.69* 13.93+0.87 21.74 + 2.84%
IVCT, ms 13.91+2.96 14.12+1.55 13.40+ 1.65 13.35+3.63 12.05+1.42 15.73+2.04 923+0.71 18.54+5.78
ET, ms 51.54+£294 4830+6.34 49.27+245 45.11+2.80 44.85+2.38 34.08 +2.22% 39.12+1.74 3549+2.82
Mitral E/A ratio 1.70+0.08  1.32+0.59 1.83+0.31 1.72+0.24 1.47+0.08 1.06+0.21 1.47+0.09 1.29+0.12
E/E' ratio 31.44+£3.08 64.85+25.98 31.82+3.02 47.22+14.17 28.93+1.94 58.46+ 11.85*% 30.78 327 25.12+3.71%
Tei index 0.61+0.06 0.82+0.17 0.60+0.05 0.80+0.25 0.62+0.05 1.38+0.08*% 0.60+0.02 1.24+0.22%
Body Weight (g) 2126+ 131 19.99+2.13 20.30+0.40 17.96+0.28 26.50+0.80 24.71 +0.97 29.01+0.89 26.40+ 1.00
N value 5 3 8 4 14 10 13 10

Table 6.1.1. Cardiac functional parameters at baseline and after 24 hours post-LPS
administration in young female and male WT and sEH null mice measured by 2D
transthoracic echocardiography. Data are means + SEM, N = 3-14, p < 0.05; * vs baseline;
#vs WT LPS-24 hours.
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Figure 6.1.1. Level of physiological impairment in young A.) female and B.) male Cre lox

mice at baseline and 24 hours after LPS administration. Data are means £ SEM, N =4-8, p

< 0.05; * vs baseline; # vs sSEHMY° *9) T PS-24 hours.

Female
sEgM +/+) SEHMY° ) SEHMY° +/+) SEH(MW-’-)
Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h
Heart rate (beats/min) 394+ 14 376+ 13 425+ 16 400 £ 16 463 + 19 390 + 12 475 +22 420+ 13
‘Wall Measurements
Corrected LV mass, mg 7530+ 8.15 60.76 + 8.32 69.31+529 61.95+5.20 88.55+5.10 88.41+553 80.00 +4.35 81.34+2.74
IVS-diastole, mm 096+0.10 0.82+0.12 0.73+0.07 1.05+0.09 0.78+0.03  0.88+0.04 0.82+0.03 0.85+0.04
IVS-systole, mm 1.50+0.07 1.20+0.22 1.12+0.11 1.43£0.11 1.18+0.07  1.05+0.05 1.26£0.04 1.13£0.05
LVPW-diastole, mm 0.84+0.03 0.73+0.09 0.76+0.04  0.81+0.06 0.79+0.04  0.73+0.06 0.73+0.03  0.72+0.03
LVPW-systole, mm 1.28+0.06 0.98+0.12 1.18+0.05 1.11+0.06 1.28+0.06 0.86+ 0.05* 1.15+0.03 0.97 £ 0.04*
LVID-diastole, mm 3.11+0.17 3.16++0.26 351+0.10 2.67+0.19* 390+0.10 3.83+0.15 3.73+£0.09 3.74+0.13
LVID-systole, mm 1.87+£0.13  2.32+0.32 230+£0.10 196+0.14 2.58+0.11 3.43+0.12% 249+0.11 3.04+0.14*
Cardiac Function
Ejection Fraction (%) 72.73+422 5513+7.14 66.34+ 143 59.31+4.18 64.90 £2.41 26.89 +2.53* 63.13+2.53 42.03 + 3.40%"
Fractional Shortening (%) | 41.03+3.81 28.40+4.87 3584+ 1.05 30.49+2.79 3538+1.82 1238+ 1.35* 3417+ 1.95 20.86+ 1.98*"
LVEDV, ul 3729+ 476 41.42+8.10 53.30+£3.05 28.58+4.59* 69.77+6.97 64.76 +5.52 61.45+3.13 63.11 +4.86
LVESV, ul 10.07 £2.10 20.27 +5.79 18.00+1.47 11.83+2.05 24.66+3.08 46.33+297* 2330+2.27 37.60+4.21%*
CO, ml/min 10.05+0.60 6.55+1.07 1030+ 1.84 587+1.24 14.08 £2.57 5.20+ 0.85*% 13.65+1.17 8.44 +0.86*
SV, ul 30.12+£3.77 21.16+2.34 3530+ 1.83 16.75+2.87* 45.11+4.67 18.44+3.28* 38.16+ 1.73 25.51+£2.00*
Doppler Imaging
IVRT, ms 19.42+£1.42 23.28+5.80 14.06 £ 1.95 22.69+3.04 12.56 £ 1.24 26.21 +3.83* 1499+ 1.03 22.17+2.39
IVCT, ms 13.89+1.42 18.59+2.82 10.89+£2.04 15.32+2.70 10.51+1.88 15.63+2.28 1134+ 1.74 1320+ 1.77
ET, ms 53.33+£524 47.14+535 41.67+1.80 37.82+3.28 47.04+2.93 36.39+ 1.88* 4477+ 1.48 38.86+1.38
Mitral E/A ratio 155+0.13 1.41+0.15 1.75+£020 1.51+0.15 1.44+0.08 1.05+0.08 1.60+0.11 1.26 +0.05
E/E' ratio 25.75+3.56 47.17+11.17 22.16+2.82 46.00+ 7.35 31.75+3.51 25.69+3.96 3219275 38.50+2.87
Tei index 0.65+0.12 0.96+0.23 0.60+0.07 1.13£0.29 0.52+£0.06 1.19+0.14* 0.60+0.05 0.88+0.10
Body Weight (g) 23.38+0.60 21.60+0.73 22.06+0.68 20.24 + 0.49 31.07+0.55 27.11+0.62* 27.88+0.69 24.32+0.59*
N value 4 4 5 6 12 10 16 17

Table 6.1.2. Cardiac functional parameters at baseline and after 24 hours post-LPS

administration in young female and male Cre lox mice measured by 2D transthoracic

echocardiography. Data are means = SEM, N = 4-17, p < 0.05; * vs baseline; # vs sEHMY°

) LPS-24h.
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Physiological Impairment
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0.59 Young Male

Physiological Impairment

0.0~
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Figure 6.1.2. Level of physiological impairment in middle-aged A.) female and B.) male
WT and sEH null mice at baseline and 24 hours after LPS administration. Data are means +

SEM, N = 3-11, p <0.05; * vs baseline; # vs WT LPS-24h.
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Female Male

WT sEH Null WT sEH Null

Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h Baseline LPS-24h
Heart rate (beats/min) 456+ 18 452+ 15 492+3 409 + 42 480+ 18 363 + 18* 491 + 14 406 + 16*
Wall Measurements
Corrected LV mass, mg 100.53 £2.59 101.51+5.02 113.53+4.87 117.+89+532 123.87+13.25 118.81 + 14.55 11290+ 11.26  119.99 + 6.50
1VS-diastole, mm 0.94 + 0.06 0.87 +0.03 0.96 + 0.06 1.02+0.10 1.10 + 0.06 1.00 + 0.02 1.25+0.14 0.97 +0.07
IVS-systole, mm 1.32+0.12 1.20 + 0.08 1.45+0.08 1.27+0.10 1.53+0.09 1.29+0.01 1.48+0.12 1.16 £ 0.11
LVPW-diastole, mm 0.85+0.04 0.88+0.10 0.97 +0.08 1.11+0.14 0.90 +0.07 0.95+0.21 1.06 + 0.08 0.83 + 0.06
LVPW-systole, mm 1.29+0.07 1.10+0.17 1.44 +0.05 1.25+0.17 1.35+0.06 1.14+0.27 1.36 £ 0.13 1.04 +0.07
LVID-diastole, mm 3.82+0.18 391+0.14 3.84+0.17 3.61+0.45 4.39+0.55 3.96+0.71 3.41+0.18 422+0.25
LVID-systole, mm 2.66+0.16 3.19+0.27 2.91+0.33 3.13+0.39 3.22+0.58 3.50+0.69 2.88+0.36 3.66 +0.22
Cardiac Function
Ejection Fraction (%) 57.94+3.43 42.29 +7.65 65.07 + 2.68 31.30 + 4.39* 58.15+7.70  26.92 +2.88* 65.09+221  29.36+3.34%
Fractional Shortening (%) 30.31+2.39 20.89 +4.41 35.17+2.06 14.46 +2.30* 3128+4.75 12,18+ 1.21* 3524+ 1.61 13.69+ 1.77*
LVEDV, ul 64.95+7.74  66.63 +4.87 64.33 +6.74 57.92+17.31 69.31+11.20 72.88+35.86 63.54+5.15 76.92+11.39
LVESV, ul 27.51+4.15 39.50 + 8.00 22.28+2.03 39.30 + 11.66 23.49+3.30  54.99 +28.60 22.79 +3.04 53.84 + 8.87
CO, ml/min 17.02 + 1.95 11.34+2.10 20.66 + 2.66 8.07+3.01* 20.98 +2.20 6.25+2.90* 16.68 +2.96 9.55+2.25
SV, ul 37.45+4.43 27.13+3.32 42.05+5.63 18.62 + 6.06 4891+7.63  17.89+7.27* 40.74 £2.24 23.92+4.14
Doppler Imaging
IVRT, ms 15.24 + 1.31 18.08 + 2.66 13.45 + 1.66 22.94+3.45 1581+ 1.74  34.63+1.61* 1433+1.43  30.95=+5.16%
IVCT, ms 12.76 + 3.89 10.78 + 2.64 13.58 +3.94 17.92+1.88 1772+ 5.67  26.30+ 8.21 18.24+1.93 16.59 +3.01
ET, ms 41.12+1.87  29.32 +£2.40%* 40.76 +2.33 25.05 +0.90* 37.91+2.39 33.43+225 4031+£1.97 3228+ 1.68*
Mitral E/A ratio 1.39+0.10 1.17+0.15 1.26 + 0.09 1.10 £ 0.04 1.42+0.24 0.64 +0.10 1.44+0.11 1.14+0.17
E/E' ratio 28.45+4.70 30.94 +6.13 30.09 + 0.84 70.81 + 35.49 2896+4.46  2694+9.24 24.55+3.60 52.81+7.31*
Tei index 0.68 + 0.06 1.06 + 0.26 0.65+0.10 1.65+0.25* 0.87+0.11 1.84+0.31%* 0.83 +0.09 1.57 £ 0.26*
Body Weight (g) 34.73 + 1.51 32.70 + 2.04 4530+2.52% 4390+ 241" 4228 +2.00  40.73 +£2.99 4776 +1.09  46.40 £ 0.90
N value 6 5 3 3 5 3 7 6

Table 6.1.3. Cardiac functional parameters at baseline and after 24 hours post-LPS
administration in middle-aged female and male WT and sEH null mice measured by 2D
transthoracic echocardiography. Data are means + SEM, N = 3-7, p <0.05; * vs baseline; #

vs WT counterpart.

A. ) B.
80004  Middle-Aged Male 8000~ Young Male
=) ° )
g 6000 LDE 6000 Bl Control
£ £ [l LPS 24 hours
2 i 2 .
£ 4000 £ 4000 *
T 2000- T 2000
a a
— — ° .
0- 0-
WT sEH Null WT sEH Null

Figure 6.1.3. Plasma levels of LDH activity in A.) middle-aged male and B.) young male

control mice and in mice exposed to LPS for 24 hours. Data are means + SEM, N = 2-4.
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Figure 6.1.4. Plasma levels of interleukins in middle-aged male control mice and mice
treated with LPS for 24 hours measured using a multi-plex assay. Data are means + SEM,

N =3, p<0.05; * vs control; # vs WT post LPS-24 hours.
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Figure 6.1.5. Plasma levels of inflammatory mediators in middle-aged male control mice

and mice treated with LPS for 24 hours measured using a multi-plex assay. Data are means
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Figure 6.1.6. Plasma levels of growth factors and stimulating factors in middle-aged male
control mice and mice treated with LPS for 24 hours measured using a multi-plex assay.

Data are means + SEM, N = 3, p < 0.05; * vs control.
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6.2 BASELINE PHENOTYPIC CHARACTERIZATION OF CRE LOX MICE

6.2.1 Baseline alterations may occur in Myh6-Cre"sEH™° */*) qnd Myh6-Cre* sEH™° )

mice

Through our biochemical analysis of heart and plasma tissue, we serendipitously
discovered that mice from our Cre lox colony may have differences in protein expression
and cytokine levels at baseline (after enduring the tamoxifen administration protocol)
compared to WT and sEH null mouse colonies.

Preliminary data shows cytosolic p62 expression is dramatically increased in saline
control and LPS-treated sSEH™¥° ") and sEHM¥° ) mice compared to WT and sEH null
colonies. (Figure 6.2). p62 is a cytosolic protein associated with autophagy. Autophagy is
a regulated cellular process which allows for the removal of damaged organelles,
dysfunctional proteins, and other macromolecules through the formation of
autophagosomes.*®? Autophagy allows the cell to remove these debris without the need to
initiate apoptosis and other cell death pathways, thus promoting cell survival.**? As acute
LPS exposure can cause mitochondrial and other organelle damage, assessing markers of
autophagy may provide indication as to how well the heart is coping with the acute stress.!®*
483 The interpretation of this initial finding is complex. During autophagy, p62 is found on
the outer membrane of autophagosomes destined to rid the cell of debris.*®> However, the
autophagosome is shuttled to lysosomes where fusion promotes the formation of
autophagolysosomes and lysosomal enzymes can then digest the debris.*®? Critically, when
the autophagosome fuses with the lysosome, p62 is also degraded in the process.**? Thus
elevated levels of p62 may be interpreted in two ways. Higher levels of p62 expression may
mean that the autophagic process is enhanced as there may be more formation of
autophagosomes. Conversely, it may also suggest that the dynamic autophagic process has
become stagnant and that autophagosomes are not efficiently fusing with the lysosomes.**?
Nonetheless this may suggest that perturbations exists in the autophagic process in Cre lox
hearts. Because autophagy is an active process, use of live cell imaging may be useful to

understand changes in autophagic flux occurring in Cre lox heart tissue.
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We also assessed the cardiac levels of phosphorylated (Tyr14) caveolin-1 (p-Cav-1)
in the crude microsomal fractions. Briefly, caveolins are the structural components of
caveolae, membrane invaginations which play important roles in regulating cholesterol
transport, cell signalling, surface protein expression, and plasma membrane organization.**
485 We observed changes in p-Cav-1 expression in human dilated cardiomyopathy (DCM)
hearts (Appendix), which prompted us to further explore this protein in other models of CVD,
including our acute LPS model. We found a marked increase in the phosphorylation of Cav-
1 in saline control-treated Cre lox heart tissue, and which was significantly increased in
sEHMye %) control hearts (Figure 6.2). There is limited mechanistic understanding about
caveolin-1 and its phosphorylation in CVD pathogenesis. Some studies have shown that
Cav-1 accumulates at the endoplasmic reticulum (ER) and mitochondrial membrane
interface in response to cellular stress to preserve mitochondrial bioenergetics and cell

486

viability. Cav-1 deficient mice have enhanced endothelial cell mitochondrial ROS

production and activation of autophagic processes. Hence, increased levels of Cav-1 may be

487 Stc-

a compensatory protective mechanism by cells experiencing stressful stimuli.
dependent phosphorylation at tyrosine 14 residue of Cav-1 enhances NF-AB activation and
inflammatory mediator generation in LPS-treated endothelial cells.**® Tt can also promote
the release of caveolae structures from the plasma membrane. Phosphorylation can also
enhance endothelial cell permeability and barrier dysfunction in response to ROS.*¥
Therefore, enhanced phosphorylation may be indicative of underlying oxidative stress or
inflammatory processes occurring in the heart tissue from our Cre lox colony. Currently, it
is difficult to draw any conclusions with such a small sample size, so further analysis of p62
and p-Cav-1 protein expression is necessary to validate these preliminary data.

Assessment of cytokines levels in the plasma also revealed some baseline anomalies
in control Cre lox mice compared to WT and sEH null controls. Lipopolysaccharide-induced
CXC chemokine (LIX) in mice, or CXCL5 in humans, was also elevated in our Cre lox
colony (Figure 6.2). This chemokine has potent effects on neutrophil activation,

chemoattraction, and cell migration.*”

Expression of LIX can be stimulated by other
cytokines including TNF-a and IL-1.#! As well, cardiac endothelial cells exposed to LIX
can promote the expression of TNF-a and IL-1p, igniting a vicious cycle of inflammation.*

Lastly, the numbers of CD68" cells were also greater in cross-sections of saline control-
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treated Cre lox hearts compared to the corresponding WT and sEH null controls(Figure 6.2).
CD68" is expressed on the surface of immune cells including macrophages.*** Therefore,
these initial findings suggest that Cre lox mice may be experiencing local inflammation in
the myocardium as well as activation of underlying systemic inflammatory processes at
baseline.

Importantly, all experimental mice underwent a baseline echocardiography
assessment to ensure normal cardiac function before LPS or saline injection. It was
confirmed that baseline cardiac function was indeed similar between our Cre lox, WT, and
sEH null colonies before their use experimentally. Thus, these potential biochemical and
cellular baseline alterations in protein expression and LIX plasma levels may not impact
cardiac function. However, this gives rise to the speculation that other underlying processes
may be altered. Investigation into what may be causing these changes and their impact on

physiological functions will be critical to investigate.

6.2.2 Tamoxifen administration, cardiac CreER recombinase activation, and off-target

implications

The advancement in murine models to include the use of the Cre lox system has
allowed research to make enormous strides in the understanding of tissue and cell specific
effects of individual genes and proteins in in vivo models.**” The use of an inducible CreER
recombinase conveniently allows the targeted knockdown of gene expression at a desired
point in time.*” In our model, CreER recombinase is bound by a mutant estrogen receptor
(ER) in the cytosol and remains inactive until the addition of tamoxifen. Tamoxifen allows
the translocation of Cre to the nucleus which excises the portion of the Ephx2 gene flanked
by LoxP sites. Importantly, the expression of the CreER recombinase gene is driven by the

493 Protein expression of CreER recombinase

alpha myosin heavy chain 6 (Myh6) promoter.
occurs in cardiomyocytes, thus upon its induction by tamoxifen, the Ephx2 gene is also
selectively removed only from the cardiomyocyte and remains functional in all other cells of
the body.

Despite the usefulness of this system, it also comes with challenges and setbacks to

be overcome. First, tamoxifen can have toxic effects, especially at high doses.** 4> We
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administer 6 doses of 45 mg/kg over a period of 8 days. On average, we see a 30% mortality
rate with each cohort undergoing the tamoxifen protocol. Surviving mice are given a 5 week
wash-out period to recover before their use experimentally. One study found that the
injection of tamoxifen into C57/BL6 mice did not induce cardiac dysfunction or mortality
regardless of the dose.*”> Conversely, another study reports that use of raloxifene to induce
CreER activation is less cardiotoxic.*® However, whether tamoxifen incites changes in
baseline cardiac protein expression and inflammation in the absence of CreER recombinase
is unknown. Hence, toxic effects of high dose tamoxifen administration may contribute to
some of the changes we have observed. We have plans to inject C57/BL6 mice with our
tamoxifen protocol and will then assess cardiac function and well as p62, p-Cav-1, and serum
cytokine levels. This will provide information as to whether the changes seen in our Cre lox
colony are due to long-term effects of tamoxifen.

Another challenge is posed by the cardiotoxicity of CreER recombinase activation.
Induction of CreER can cause a transient heart failure phenotype.**>4°¢ Ejection fraction
can be reduced by more than 30% during the acute activation period.*>> This can also result
in cardiomyocyte apoptosis and mitochondrial damage. Again, this phenotype is supposedly
transient and baseline echocardiography 5 weeks post-tamoxifen ensures that cardiac
function has recovered in our mice. However, whether remodeling on the cellular or protein
level in response to the acute stress occurs will need to be determined. The insertion of the
CreER recombinase transgene into the murine genome can also alter expression of genes
around the site of insertion.*** To control for this, we used CreER expressing mice lacking
Ephx2 LoxP sites. Since these preliminary phenotypic abnormalities are observed in SEH®™Y°
) and sSEHMY° -9 mice, which both express CreER, suggests that the CreER recombinase
transgene may be a contributing factor to our observed baseline alterations. Importantly, a
separate study undertaking the characterization of this Cre lox colony will provide important
information about underlying biochemical and cellular alterations in this model,
physiological processes consequently effected, and thus the implications and limitations for

the use of this mouse colony in other experiments.
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Figure 6.2.1. Preliminary changes in baseline parameters of Cre lox mice. Western

immunoblot of A.) p62 expression in the cytosol and B.) p-Cav-1 expression in microsomal

fractions of control and 24 hour LPS-treated mice. Data are displayed as the mean, N = 2.

C.) Plasma levels of LIX in control and mice treated with LPS for 24 hours determined by

multi-plex assay. D.) Quantitation of CD68" cells in myocardial slices. Each point (N)

represents the average number of CD68" cells from all images (4-6) taken of a heart from

each individual mouse. Data are means = SEM, N = 2-8, p <0.05; * vs respective control;

# vs true control WT or SEHMY° %) post-LPS.
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APPENDIX

An adapted version of the following manuscript: Deanna K. Sosnowski, K. Lockhart Jamieson, Ahmed M.
Darwesh, Hao Zhang, Matthew L. Edin, Darryl C. Zeldin, Gavin Y. Oudit, John M. Seubert. Alterations to the
N-3 and N-6 PUFA metabolome and mitochondrial quality in heart tissue from human dilated cardiomyopathy
patients has been submitted to JMCC, November 2021.

This project was led in collaboration by Dr. Gavin Oudit from the Faculty of Medicine and principle
investigator Dr. John Seubert from the Faculty of Pharmacy and Pharmaceutical Sciences. Gavin Y. Oudit is
the director of the Human Explanted Heart Program (HELP) and Human Organ Procurement and Exchange
Program (HOPE) and the University of Alberta and the Mazankowski Heart Institute and provided the human
heart tissue as well as guidance for this study. K. Lockhart Jamieson collected initial Western immunoblot
data and conducted and analyzed mitochondrial enzyme complex activity data. Ahmed M. Darwesh
performed and analyzed the results of cardiac fibre mitochondrial respiration. Hao Zhang performed electron
microscopy. Matthew L. Edin, a member of the research group of Darryl C. Zeldin conducted LCMS/MS on
heart tissue to generate the oxylipin profiles.
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ABSTRACT

Dilated cardiomyopathy (DCM) is characterized by impaired cardiac function due to
dilation of the ventricles. N-3 and N-6 polyunsaturated fatty acid (PUFA)-derived lipid
mediators have beneficial and detrimental effects on the heart. However, contribution of
these lipid mediators to DCM pathobiology remains under-explored. Using left ventricle
tissues from DCM patients, we identified marked disturbances in the oxylipid metabolome.
These alterations are accompanied by severe impairments in mitochondrial ultrastructure,
function, and caveolin-1 protein expression. Exogenous oxylipid administration was able to
improve mitochondrial function from DCM cardiac fibres, highlighting a critical link

between DCM pathogenesis, mitochondrial health, and the PUFA metabolome.

A.1. INTRODUCTION

Dilated cardiomyopathy (DCM) is a disease characterized by dilation of the
ventricles accompanied by systolic dysfunction and reduced cardiac output.*”’ In addition
to ventricular remodeling and fibrosis, DCM is associated with impaired cardiac
mitochondrial function and bioenergetics; however, the pathophysiological mechanism(s) of
disease development and progression remain poorly understood.*”’ Dietary lipids play a
critical role in maintaining cardiac function and cellular homeostasis but they can contribute
to the pathogenesis of numerous cardiovascular disorders.® To date, only a limited number
of studies have examined lipid profiles in cardiac tissue from human DCM patients. N-3 and
N-6 polyunsaturated fatty acids (PUFAs) can be metabolised by cyclooxygenase (COX),
lipoxygenase (LOX) and cytochrome P450 (CYP)-epoxygenase enzymes into a plethora of
biologically active lipid mediators.® CYP-epoxygenase-derived metabolites of N-3 and N-6
PUFAs, termed as oxylipids, have known cardioprotective and anti-inflammatory effects in
various cardiac disease models, yet have not been fully explored in the context of DCM.°
Importantly, CYP-derived oxylipids, such as epoxyeicosatrienoic acids (EETs) and
epoxydocosapentaenoic acids (EDPs), exert cardioprotective effects.® In this study, we
characterize the PUFA metabolome profiles obtained from human patients with DCM and

examine correlations with biomarkers of cardiac mitochondrial quality. These data provide
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preliminary but novel mechanistic insight into DCM pathogenesis and identify new

therapeutic avenues to explore in further detail.

A.2. MATERIALS AND METHODS

A.2.1 Patient clinical data and donor heart tissue procurement

Left ventricular (LV) biopsies from male and female non-failing control (NFC)
donors with no history of CVD were obtained from the Human Organ Procurement and
Exchange (HOPE) at the University of Alberta. Additionally, biopsies from DCM patients
with end-stage heart failure were procured as part of the Human Explanted Heart Program
(HELP) during transplant procedures at the Mazankowski Alberta Heart Institute.**® Tissue
collection followed protocols approved by the Health Research and Ethics Board of the
University of Alberta. Both the demographic and clinical data from NFC and DCM patients
is summarized in Table 1.A. Data from DCM patients corresponds to clinical assessment

prior to when heart transplant was performed.

A.2.2 Oxylipid and metabolomic profile

Levels of oxylipins and their metabolites were quantified by LCMS/MS. Analysis

of heart tissue was performed in accordance with previously established protocols.>®

A.2.3 Protein expression and immunoblot analysis

Heart tissue was homogenized, fractionated, and prepared for Western immunoblot
according to the following detailed protocol.3®
concentration of 1:1000 (sEH, sc25797; GAPDH, c¢s5174; mEH, sc135984; CYP2J2,

ABS1605; CYP2C8, ab88904; B Actin, sc47778; Caveolin-1, c¢s3267s; VDAC, ab14734).

Primary antibodies were used at a

Densitometry was performed with ImageJ software and protein expressions were normalized

to their respective loading controls.
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A.2.4 Mitochondrial enzyme activities

Complex 1 (NADH:ubiquinone oxidoreductase), complex II (succinate
dehydrogenase) and citrate synthase activities were determined in mitochondrial tissue
fractions as previously described.>®® Briefly, individual cuvettes containing sample and
substrates for complex I (NADH 100 uM, ubiquinone 60 pM), complex II (succinate 20 mM,
DCPIP 80 uM, decylubiquinone 50 uM) or citrate synthase (DTNB 100 uM, acetyl
coenzyme A 300 uM) were prepared. Specific inhibitors for complex I (rotenone 10 pM)
and complex II (malonate 10 mM) were added in a separate assay to account for non-specific
complex activity. Absorbance (complex I, 340 nm; complex II, 600 nm; citrate synthase,
412 nm) was monitored spectrophotometrically over 2-3 minutes. Complex activity was
calculated using linear absorbance, substrate extinction coefficient, sample volume, and

protein concentration.

A.2.5 Mitochondrial respiration

Determination of mitochondrial oxygen consumption was performed using a Clark
electrode connected to an Oxygraph Plus recorder (Hansatech Instruments Ltd., Norfolk,
England). Non-frozen, fresh cardiac fibres were isolated from hearts within 30-minutes post-
transplant. Fibres were permeabilized with isolation buffer containing saponin (100 pg/mL),
and added to the 30°C respiration chamber containing 2 mL of respiration buffer. Basal and
ADP-stimulated (0.5 mmol/L) respiratory rates using malate (5 mmol/L) and glutamate (10
mmol/L) as substrates were recorded followed by the addition of vehicle or 19,20-EDP (1
uM). Respiratory control ratio (RCR) was calculated as the ratio between basal and ADP-

stimulated respiration rates to indicate efficiency of ATP production.
2.6 Mitochondrial ultrastructure
Transmission electron microscopy (TEM) was used to assess mitochondrial

morphology and ultrastructure in myocardial tissue.’®’” Slices were imaged within 1 week of

staining at 60 kV using a transmission electron microscope (Hitachi H-7650 TEM, Hitachi
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High-Technologies Canada, Inc) with a 16-megapixel EMCCD camera (XR111, Advanced
Microscopy Technique, MA, United States) at the University of Alberta, Faculty of Medicine
and Dentistry, EM Core Facility. A qualitative scoring tool was used to assess the presence
and severity of inclusion bodies and cristae disorganization. Images were randomly scored

in triplicate by two blinded, independent investigators.

A.3. RESULTS AND DISCUSSION

A.3.1 DCM left ventricles have marked changes in oxylipid and metabolism profiles

CYP-derived oxylipids in DCM hearts including epoxyoctadecenoic acid (EpOME)
and epoxyeicosatrienoic acid (EET) were significantly elevated (Table 2.A). Oxylipids, such
as EETs, have known cardioprotective effects, including preservation of mitochondrial
quality and function.® These data suggest a compensatory upregulation of protective oxylipid
metabolites within the failing heart. Metabolism of oxylipids to their corresponding less
active, and potentially detrimental, diol metabolites occurs by soluble epoxide hydrolase
(sEH) and microsomal epoxide hydrolase (mEH).® For example, DIHOMEs promote
inflammation, impact mitochondrial quality and attenuate cardiac function.® Increased diol
metabolites including, dihydroxyeicosatrienoic acids (DHET) and dihydroxyoctadecanoic
acids (DiHOME), indicate enhanced metabolic capacity of sSEH and mEH in DCM hearts.
Further metabolic shifts observed in DCM tissues demonstrate enhanced COX-derived
inflammatory mediators, PGE>, PGD> and TXB: indicating robust inflammation in the
failing hearts. Interestingly, LOX-derived stable oxidation products of the N-6 PUFA
linoleic acid, 9- and 13-hydroxyoctadecadienoic acid (HODE) were strikingly increased.
HODESs, known to possess proinflammatory properties, are involved in atherosclerosis,
resident macrophage lipid uptake, and plaque progression.*”® Their role in heart failure and
DCM remain unknown, highlighting necessary future exploration. Alterations in cardiac
PUFA-metabolising enzymes revealed trending elevation in expression of the CYP450
epoxygenases, CYP2J2, but not CYP2CS, in DCM hearts consistent with marked increase in
oxylipid levels (Figure A.1). Importantly both sEH and mEH were markedly increased in

DCM tissues consistent with the observed increase in diol metabolites (Table A.2) and
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(Figure A.1). Furthermore, no differences in expression were observed between male and

female DCM patients.

A.3.2 Impaired mitochondrial quality in DCM hearts can be partially rescued by oxylipids

Assessment of damaged mitochondria in DCM hearts from images using a 60kV
transmission electron microscope highlights distinct ultrastructural changes, such as loss of
circular morphology and cristae organization as well as the presence of inclusion bodies.
(Figure A.1). The morphological changes were accompanied by significant decreases in
activity of electron transport chain enzymes, complex I and II, as well as citrate synthase
(Figure A.1). Freshly isolated cardiac fibres demonstrated a reduced respiratory control ratio
(RCR) in male and female DCM tissues compared to NFC suggesting a diminished ability
to produce ATP and impaired mitochondrial function (Figure A.1). Importantly, treatment
of permeabilized DCM cardiac fibres with the oxylipid 19,20-EDP (1 uM) partially rescued
the mitochondrial RCR indicating a protective role for oxylipids in DCM hearts (Figure A.1).

A.3.3 Reduced mitochondrial caveolin-1 correlates with impaired mitochondrial function

and oxylipid disturbances

Caveolae are invaginations in the plasma membrane forming lipid rafts rich in
proteins and lipids critical for endocytosis, signal transduction, and lipid transport.*8
Caveolae are composed of structural proteins called caveolins, including caveolin-1 (Cav-
1).48* Given the importance of caveolae and caveolins in basic cellular functions, their role
in CVD pathobiology is under-explored. Studies have shown that Cav-1 not only forms
caveolins at the plasma membrane but can also localize to organelles, including the
mitochondrial membrane.>*%>°! Levels of Cav-1 are reduced following ischemia-reperfusion
injury correlating with damage to mitochondrial morphology.>®? Genetic deletion of Cav-1
causes mitochondrial dysfunction including hyperpolarization, reactive oxygen species
production, and impairment in respiratory chain complex activity.’®->% In male DCM

hearts, Cav-1 expression was significantly reduced in mitochondrial fractions, suggesting a

link to impaired mitochondrial quality and function (Figure A.l1). Our previous work
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demonstrated that genetic deletion of sEH or treatment with the beneficial oxylipid, EET,
preserves cardiac mitochondrial Cav-1 levels and ultrastructure following IR injury.’%
Similarly in this current study, enhanced sEH expression and oxylipid metabolism correlates
with reduced mitochondrial Cav-1 expression and impaired mitochondrial quality. These
findings suggest an intricate relationship between Cav-1, oxylipid metabolism, and

mitochondrial function, in the pathogenesis and progression of DCM.

A.4. CONCULSION

Together these data demonstrate a marked shift in the N-3 and N-6 PUFA
metabolome in LV tissues from DCM patients compared to NFC, which was correlated with
a decline in Cav-1 expression and mitochondrial function. Despite a compensatory increase
in beneficial CYP-derived oxylipids, there was also a marked elevation of detrimental and
pro-inflammatory metabolites in DCM hearts (Figure A.2), which suggests compensatory
elevation of oxylipid levels may not be sufficient to protect the failing heart. Preliminary
experimental data indicate oxylipids, such as 19,20-EDP, can improve mitochondrial
respiration rates in DCM fibres. Moreover, as 19, 20-EDP levels were not increased in the
DCM tissues these observations suggest the exogenous administration of oxylipids may
circumvent the effects of detrimental metabolites. Limited research has investigated the role
of lipid mediators and their metabolites in DCM. This study provides the novel, preliminary
findings to fuel future mechanistic studies to decipher the relationship between Cav-1,
mitochondrial quality, and oxylipids in DCM pathogenesis; henceforth, providing insight

into novel therapeutic strategies for individuals with DCM.
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NFC

Male n=5 Female n=6 P Value

Demographics
Age, yrs 38 (27-38) 51 (44-56) 0.11
BMI, kg/m’ 23.1(21.9-24.4)25.5 (24.2-27.6) 0.20
Echocardiography
LVEF (%) 45 (40-50) 55 (43-60) 0.35
DCM
Male n=12 Female n=3 P Value Male n=12  Female n=3 P Value

Demographics Functional Class
Age, yrs 52 (47-56) 55 (46-56) 0.86 NYHA II 1(8.3) 1(33.3) 0.37
BMI, kg/m* 24.7 (22.6-25.2)27.6 (24.2-33.5) 0.45 NYHA III 7 (58.3) 1(33.3) 0.57
Laboratory Tests NYHA IV 4 (33.3) 1(33.3) >0.99
Hemoglobin, g/L 119 (113-134) 115 (112-121) 0.72 Comorbidities
eGFR, mL/min/m2 57 (51-62) 62 (59-92) 0.28 Atrial fibrillation 2 (16.7) 0 >0.99
Medications Kidney disease 9 (75.0) 1(33.3) 0.24
ACE inhibitor 7 (58.3) 3 (100) 0.51 Diabetes mellitus 2 (16.7) 1(33.3) 0.52
ARB 2 (16.7) 1(33.3) 0.52 Hypertension 1(8.3) 0 >0.99
B-blocker 9 (75.0) 3 (100) >0.99 COPD/Asthma 2(16.7) 3 (100) 0.022*
Loop diuretics 11 (91.7) 1(33.3) 0.081 Dyslipidemia 1(8.3) 0 >0.99
MRA 8 (66.7) 1(33.3) 0.53 Liver disease 3 (25.0) 0 >0.99
Antiplatelet 7 (58.3) 2 (66.7) >0.99 Devices
Anticoagulant 8(66.7) 3 (100) 0.52 AICD/ICD 5(41.7) 1(33.3) >0.99
Statin 3(25) 1(33.3) >0.99 BiV-ICD 2 (16.7) 1(33.3) 0.52
Antiarrhythmics CRT 2 (16.7) 1(33.3) 0.52

Class I 1(8.3) 0 >0.99 Vitals

Class 111 3 (25.0) 2 (66.7) 0.24 Heart rate, bpm 96 (74-103) 108 (101-114) 0.33
Echocardiography Systolic BP, mmHg 101 (91-116) 113 (110-117) 0.50
LVEF (%) 18 (13-20) 20 (16-26) 0.68 Diastolic BP, mmHg 64 (56-73) 71 (69-73) 0.45

Table A.1. Demographic and clinical parameters of patients from electronic medical records.
Descriptive data is expressed as median (interquartile range, IQR) and analyzed using non-
parametric Mann Whitney t-test. Categorical data is expressed as absolute number (%) and
analyzed using standard chi square with Fisher’s exact test (each individual patient = N, male

NFC N =5, male DMC N = 12, female NFC N = 6, female DCM N = 3, *p<0.05).
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Male Female
NFC DCM NFC DCM

CYP dependent

9,10-EpOME 63.7+22.1 411.6+71.6* 92.4+36.0 245.8+87.4
12,13-EpOME 17.5+3.9  106.2 +20.7* 28.7+9.9 61.1 £24.0
8,9-EET 11.6+1.4 20.9 £2.5% 12.6 1.9 12.8 +3.3
11,12-EET 5.6+0.9 14.0 £2.7% 6.7+0.9 5.0+2.04
14,15-EET 8.8+1.0 13.9 +1.3% 109+1.2 8.5+2.23
19,20-EDP 47.9 +14.3 478 +11.8 35.6+2.3 35.94+ 9.6
sEH dependent

9,10-DiHOME 8.7+23 74.0 £ 10.8* 12.0 +3.8 37.9£10.9%
12,13-DiHOME 4.9+0.7 17.8 £3.5% 6.1 1.6 16.3 £4.7%
8,9-DHET 0.8+0.1 1.6 £0.2% 0.7+0.1 12+£04
11,12-DHET 0.8+0.08 0.9+0.1 0.9+0.1 1.0+0.4
14,15-DHET 0.6+0.08 0.8+0.1 0.5+0.07 0.5 +0.04
COX dependent

6-keto PGF,, 54+2.1 24+09 5.7+1.1 2.7+23
TXB, 0.2+0.06 0.08 +£0.02*% 0.2 +0.06 0.05 +0.04
PGF,, 5.1+3.1 7.7 +4.4 1.1 +0.5 2.6+0.4
PGE, 6.0+1.5 27.5 +4.3% 9.0£2.7 13.8+4.8
PGD, 10.6 £2.9 43,1 £4.6* 16.5+4.4 23.9+8.3
8isoPGF,, 1.0 £0.09 1.8+0.3 1.1 +£0.09 1.1+£0.2
LOX dependent

9-HODE 159.5+25.0 1074.4 +207.3* 359.4 +154.5 675.7+417.9
13-HODE 282.5+37.6 1488.7 £278.6*% 542.2+204.6 970.3 +527.1
5-HETE 26.8+6.7 35.5+8.0 36.0 +5.8 17.6 £5.1
11-HETE 29.6 +7.6 33.2+6.4 33.8+5.8 18.2+8.2
12-HETE 409 +12.4 34.0+7.2 456 +£7.9 18.5 £ 8.1
15-HETE 39.9+9.9 53.1+13.2 48.8 8.0 23.7+9.7

Table A.2. N-3 and N-6 oxylipin profile (ng/g tissue) from LV heart biopsies measured by
LCMS/MS. Data were analyzed using ordinary one-way ANOVA with Tukey’s multiple
comparisons test and are expressed as mean = SEM (male NFC N = 5, male DCM N = 10,
female NFC N = 4, female DCM N = 3, *»<(.05 vs. NFC, p<0.05 vs. male counterpart).
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Figure A.1. A) Western immunoblot of PUFA and oxylipid metabolizing enzymes in

microsomal and cytosolic fractions. B) Representative images of mitochondrial morphology

by transmission electron microscopy. White arrows indicate damaged mitochondria C)

Enzymatic activities of mitochondrial electron transport chain complexes. D) Mitochondrial

oxygen consumption in LV tissue. E) Western immunoblot of caveolin-1 expression in

mitochondrial fractions. Data are expressed as means = SEM and analyzed using one-way

ANOVA with Tukey’s multiple comparisons test (male NFC N = 6, female NFC N = 6, male
DCM N = 6, female DCM N = 6, * p<0.05 vs. NFC, # p<0.05 vs. DCM + 19,20-EDP).
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