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i: Abstract

Hypothesis: Concentrations of bioactive oxidized lipids, such as fragmented oxidized
phosphatidylcholines (OxPCs) and oxylipins, will increase significantly following
ischemia/reperfusion (I/R) and changes in oxidized lipids concentrations are correlated with

markers of tissue injury.

Objective: The goal of this thesis was to determine the changes of bioactive oxidized lipids,

including OxPCs and oxylipins during I/R.

Methods: Kidney I/R was induced in male Sprague—Dawley rats by clamping the left renal pedicle
for 45 min followed by reperfusion for either 6h or 24h. For myocardial I/R, blood samples were
collected from patients presenting with ST-Elevation Myocardial Infarction STEMI before
primary percutaneous coronary intervention (PPCI) (Isch) and at 4 time-points post-PPClI,
including 2h (R-2h), 24h (R-24h), 48h (R-48h) and 30 days (R-30d). As controls, blood samples
were collected from age-matched patients with non-obstructive coronary artery disease. OXPCs
and oxylipins were identified and quantitated using high performance liquid chromatography-mass
spectrometry (HPLC-MS/MS).

Result: During renal I/R, total tissue concentrations of fragmented aldehyde-containing OxPCs
were significantly elevated at 6h and 24h post-reperfusion compared to sham-operated animals
(p<0.05) and their levels were significantly correlated with plasma creatinine levels (r=0.888,
p=0.001). In patients with STEMI, total plasma levels of fragmented OXPCs increased
significantly during ischemia compared with controls (p<0.05). Their levels remained elevated for
48h after reperfusion and then decreased significantly at 30-day post-MI compared with R-2h and
R-24h groups (p<0.05). STEMI patients with an elevated peak of creatine kinase (CK)
concentrations had significantly higher ischemic plasma levels of 1-palmitoyl-2-(5'-oxo-valeroyl)-
sn-glycero-3-phosphocholine  (POVPC) and 1-palmitoyl-2-(9-oxo-nonanoyl)-sn-glycero-3-
phosphocholine (PONPC) (p<0.05). Plasma concentrations of total docosahexaenoic acid (DHA)
derived oxylipins were significantly elevated in the Isch group compared with controls (p<0.001).
Moreover, their levels during ischemia were significantly correlated with the peak CK and

troponin T(TnT) levels (p<0.05). Univariate receiver operating characteristic (ROC) curve



analysis showed that the higher ratio of epoxides to diols during the ischemia could be considered

as a potential marker of having a smaller infarct size based on CK levels (AUC=0.77, p=0.03).

Conclusion: We have shown for the first time that bioactive oxidized lipids are produced during

I/R and their levels correlate with markers of tissue injury.
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CHAPTER I-LITRETURE REVIEW

i. Introduction

Ischemia/Reperfusion (I/R) injury is characterized as continued cell injury and death that occurs
following revascularization of previously ischemic tissue (1). Although reperfusion is vital to
salvage ischemic tissue, it causes further damage, mainly due to an extensive production of reactive
oxygen species (ROS) and activation of inflammatory pathways (1). Many organs, including the
heart and kidney, are susceptible to I/R injury. Also, I/R injury in one organ can induce systemic
damage to distant organs, leading to multi-system organ failure (1). Despite years of
comprehensive research, we are still far away from developing therapies to minimize the impact
of I/R injury (2). Disorders characterized by I/R, such as acute coronary syndrome (ACS) (3) and
ischemic kidney disease (4), continue to be among the most frequent causes of disability and death
worldwide (1).

Reperfusion injury is a multi-factorial process. Abrupt oxygen introduction following reperfusion
leads to the generation of ROS, as a consequence of antioxidant defense impairment (5). This can
cause endothelial dysfunction, oxidation of DNA, protein, and lipid, activation of inflammatory
responses and eventually cell death (5). Membrane phospholipids (PL) are more susceptible to
oxidation, due to the presence of polyunsaturated fatty acid (PUFA) in their structure (6).
Phosphatidylcholines (PC), are the most dominant PLs in mammalian cellular tissues (6). Once
PC molecules are oxidized, they generate a pool of heterogeneous oxidized PC (OxPC) molecules,

which acquire biological activities not characteristic of their parent molecule (6).

Membrane enzymes, such as phospholipase A2 (PLA2), are also activated during I/R (7). PLA2
releases PUFAs from the sn-2 positions of membrane PL (7). These free fatty acids (FA) can be
further oxidized through three main enzymatic pathways, including cyclooxygenase (COX),
lipoxygenase (LOX), and cytochrome P450 (CYP450) (7). Various forms of oxidized lipids can
be produced through these oxidative pathways, which are generally called oxylipins (7). Oxylipins
derived from n-6 PUFA, such as arachidonic acid (AA) and linoleic acid (LA) can initiate
inflammation, change ion channel functions, and alter transcriptional programming, which all can

contribute to I/R injury (7).



With the advent of powerful and robust mass spectrometric techniques, we now have the
capabilities to identify and quantitate oxidized lipid molecules in complex biological mixtures,
such as tissue and plasma (8). Genomics and proteomic technologies have allowed us to only
determine the changes within the genome and the proteomic expression (8). Lipidomics is a
detailed analysis of lipid species with various structural and functional roles that allows for
bridging of the phenotype-genotype gap (8). Given the potential roles of oxidized lipids in I/R
injury, targeted oxolipidomic analysis will provide new insight into a better understanding of I/R

injury.

Therefore, we hypothized that bioactive oxidized lipids concentrations, such as OxPC and
oxylipins levels, will alter following I/R and changes in oxidized lipids concentraions are

correlated with markers of tissue injury.

Thus, the purpose of the thesis is 3-fold: (1) to determine the changes within the OXPC molecules
in an animal model of renal reperfusion injury using high-performance lipid chromatography-
tandem mass spectrometry (HPLC-MS/MS), (2): To determine the changes in plasma
concentrations of OxPCs during ischemia and reperfusion in patients presenting with ST-segment
Elevation Myocardial Infarction (STEMI) using the HPLC-MS/MS technique, (3): to define
plasma oxylipin profile alterations in a clinical setting of I/R in patients with STEMI using the
HPLC-MS/MS approach.

ii. Ischemia/ reperfusion (I/R) injury

Background

The term ischemia was first used to describe the obstruction of arterial blood flow to a tissue in
the early nineteenth century (2). The concept of reperfusion injury, however, was proposed 60
years ago and defined as a phenomenon that induces or aggravates cell death following tissue
reperfusion (2). The scale of tissue injury is associated with both the extent and duration of
ischemia (9). Every tissue or organ may be able to endure a short period of ischemia, without
detectable dysfunction or injury (9). However, if the duration and extent of ischemia exceeds tissue

hemostatic safeguards, which is different for various cell types and organs, cell dysfunction and/or



death may occur (9). Therefore, timely re-establishment of blood flow is still the primary approach

to limit cell dysfunction/death following ischemia (9).

In the human body, the heart is the second most sensitive organ to ischemia after the brain, as
irreversible damage may occur in both human and animal myocardium within only 20 min of
ischemia (9). Myocardial cells have a high energy demand due to both contractility and diastolic
relaxation. Therefore, the heart requires constant energy supplies as a form of adenosine
triphosphate (ATP) (9). The most relevant cause of myocardial ischemia in human is a reduction
of blood flow into the coronary microcirculation as a result of atherosclerotic plaque rupture and/or
thrombus formation (Type 1 MI) (6). Complete occlusion of coronary arteries usually presents
with an elevation of the ST wave in the electrocardiogram (STEMI), which is accompanied by
tissue injury and presents with elevated cardiac biomarkers of tissue injury such as troponin (6).
In type 2 MI, myocardial ischemia occurs as a result of demand-supply mismatch, due to
tachycardia, hypoxia, stress, vasospasm, coronary embolus, and spontaneous coronary artery
dissection (SCAD) (10). Myocardial I/R injury is generally characterized by cell swelling,
myofibril contractures, and disruption of the sarcolemma in the myocardium and it is thought to
be responsible for 50% of final infarct size in MI patients (11). Considering that the myocardium
has negligible regenerative capacity, fibrosis occurs when a significant amount of cardiac muscle
is lost (12).

The kidney represents the third organ sensitive to I/R (9). Renal I/R injury is the leading cause of
acute kidney injury (AKI), affecting 13.3 million patients every year worldwide (13). It is
accompanied by rapid kidney dysfunction resulting in an abrupt increase in plasma creatinine as a
result of kidney injury (14). The main cause of renal ischemia is a dramatic reduction in renal
blood flow as a result of systemic hypotension, renal artery thrombosis, embolism, or
atherosclerosis (15). Renal ischemia can also occur during aortic surgery, renal transplantation, or
cardiovascular anaesthesia (15). Permanent ischemic damages appear in renal cells when the
duration of ischemia exceeds 30 min (16). Tubular epithelial cells are the most abundant cell types
in the kidney, which have high metabolic rates and are replete with large number of mitochondria
7).
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Cellular mechanism of I/R injury

During ischemia, hypoxia results in defects in the mitochondria electron transport chain (ETC)
leading to anaerobic metabolism (5). Anaerobic metabolism is accompanied by lower productions
of ATP and antioxidant agents, detachments of ribosomes, and deactivation of ATPases, such as
Na*/K* and Ca*? ATPases (5). Failure of Na*/K* ATPase leads to retention of Na* ions inside and
accumulation of K* ions outside of the cells. Na* ions are then exchanged with H* ions leading to
cellular acidocis (5). Elevated levels of cellular Na* also activate the Na*/Ca*? pump, leading to
Ca*? ions overload (5). Ca*? accumulation leads to the opening of mitochondrial permeability
transition pores (MPTP), which dissipates mitochondrial membrane potential and further impairs
ATP production (2). Protein synthesis also decreases as a result of ribosome detachment (5). The
extent of these cellular changes and the corresponding injury are impacted by the extent of blood

flow obstruction and duration of ischemia (9).

Restoring blood flow (reperfusion) initiates aerobic metabolism, ATP production, and normalizes
cellular pH by washing out the accumulated H* ions (9). However, reperfusion is accompanied by
disturbing events leading to activation of cell death pathways (9). Restoring blood flow to the
ischemic tissue supplies the required oxygen via red blood cells, but it also causes oxidative stress
due to the increased production of reactive oxygen species (ROS) (9). Besides, depleted cellular
levels of antioxidant agents during ischemia exacerbates oxidative stress following reperfusion
(9). Oxidative stress can lead to endothelial dysfunction, DNA damage and inflammatory

responses (9), which are discussed in the next section.

Role of oxidative stress in I/R injury

ROS are a group of highly reactive compounds, which have an O, with an unpaired electron in
their chemical structures (18-20). They are produced in the body as a result of cell metabolism and
also environmental factors (18-20). Under physiological conditions, they regulate several cellular
responses, such as controlling cellular growth, differentiation, and migration (18-20). They can
also regulate vascular tone, immune and inflammatory responses, angiogenesis and apoptosis (18-
20). However, prolonged and elevated ROS productions cause protein, lipid, and ribonucleic acid

oxidation, leading to cell dysfunction or death (21).



In normal conditions, antioxidant enzymes such as superoxide dismutase (SOD), y-
glutamyltransferase (GGT), glutathione (GSH), glutathione reductase (GSSG-Rd), glutathione
peroxidase (GPX), glutathione S-transferase (GST), and catalase (CAT) neutralize produced ROS
(22). The imbalance between ROS formation and detoxification induces a cellular condition, called

oxidative stress (22).

During I/R, ROS can be generated from both non-enzymatic and enzymatic sources (23).
Haemoglobin and myoglobin are the non-enzymatic sources of ROS that can be released into
extracellular fluid post-reperfusion (23). However, the increased production of ROS following
reperfusion is mainly attributed to enzymes reducing oxygen molecules to superoxide (O2¢-) and/or
hydrogen peroxide (H202), with the subsequent release into intra and extracellular spaces (5).
Superoxide is considered as the first formed, highly reactive ROS that can also aggravate the
production of H202 (24). H20> can then be either converted to H20 by antioxidant enzymes or
reacts with ferrous iron (Fe?") in the Fenton reaction and forms hydroxide (=-OH) (24). Studies
have shown that xanthine oxidase (XO), nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, mitochondrial ETC and uncoupled nitric oxide synthase (NOS) are the key enzymes

implicating in ROS production following reperfusion (5).

ROS can cause cellular damage by oxidation of lipids, proteins, ribonucleotides (25). For
instances, ROS changes membrane permeability and configuration through peroxidation of PL and
oxidation of the thiol group of proteins (25). Moreover, they induce functional changes in various
cellular proteins such as a depression in Ca?* ATPase and Na'/K* ATPase activities in the cell
membranes (25). Excessive ROS can also inhibit endoplasmic or sarcoplasmic reticulum Ca?*
ATPases (25). All these pump modifications lead to intracellular accumulation of Ca?* (26).
Ca?* overload causes cytotoxicity and results in either apoptotic, necrotic or autophagic cell death,

which will be discussed later (27).

ROS can also modulate the expression of several genes involving in inflammation and cell death
pathways, such as the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) (26).
Following activation of NF-xB through phosphorylation of nuclear factor erythroid 2-related factor
2 (Nrf2), NF-xB binds to the DNA response element and promotes the transcription of several

genes involved in inflammation during I/R (26). ROS also upregulate the production of the



transforming growth factor-beta (TGF-pB) in endothelial cells, which eventually result in elevated
expressions of collagen 1, 3, and 4, fibronectin, and plasminogen activator inhibitor-1 and
attenuation of extracellular matrix (ECM) degradation factors activity (28). Activation of these
signaling pathways leads to elevated cell proliferation, increased matrix formation, and fibrosis.
ROS can also activate aldosterone and angiotensin 11 (Ang I1) signaling, which promotes smooth
muscle proliferation, fibronectin and collagen production and therefore, ECM fibrotic expansion
(28).

ROS can also promote apoptosis and necrosis (29). ROS-mediated apoptosis occurs through direct
activation of caspase 3 and 8 (via cysteine oxidization) (29) and induction of death receptor
clustering on the plasma membrane (30). Necrosis, which is described as mitochondrial swelling,

dysfunction, and failed ATP production, also occurs as a result of persistent oxidative stress (31).

Activation of the immune system and I/R injury

Activation of innate immunity is an essential component of the acute inflammatory response in the
setting of I/R (32). The innate immune system can be activated generally through pathogen-
associated molecular patterns (PAMPSs) and damage-associated molecular patterns (DAMPS) (32).
These patterns can be identified by several components of the innate immune system such as Toll-
like receptors (TLRs), RIG-I-like receptors (RLRs), Nod-like receptors (NLRs), AIM2-like
receptors (ALRs), C-type lectin receptors (CLRs), and other DNA sensors (32). Activation of these
receptors initiates signaling pathways, which induce the pro-inflammatory cytokines and

chemokines productions (32).

Prolonged ischemia leads to necrosis, which is accompanied by the release of intracellular content
(33). Some of the intracellular proteins, called alarmin, can react with DAMP receptors, act as
alarm and send danger signals to nearby cells (34). Interleukin-1(IL-1), high-mobility group box1,
S100 family proteins, some heat shock proteins (HSPs), and glucose-regulated proteins (GRPSs)
are some examples of alarmin proteins (34). A common task of these proteins is to stimulate NF-

kB, which is the key regulator of inflammatory responses (34).

Increased intracellular Ca?* during I/R can also give rise to compounds, such as calcium

pyrophosphate complexes and uric acid, which can act as DMPSs and activate inflammasomes



(34). Inflammasomes mediate increased production of cytokines, such as IL-1B and tumour
necrosis factoro. (TNFa), which in turn activate transcription factors, particularly NF-kB, to
increase expression of additional cytokines and chemokines, thereby causing a cytokine storm that
exacerbates I/R injury (34).

Following reperfusion, infiltration of inflammatory cells occurs very fast and peaks at 24h post-
reperfusion (35). Neutrophils are the largest and the first circulating leukocytes that reach the
injury site (35) in response to the signals produced by resident macrophages and endothelial cells
(36). Upon their transmigration into the endothelium, they release proteases, ROS, and natural
killers (NK) (37). They also produce cytokines and chemokines, which attract other leukocytes to
the site of injury through the junction of endothelial cells (37). Mononuclear phagocytes,
including myeloid-derived monocytes, macrophages and dendritic cells (DC) are also recruited in
the injury site through chemotaxis, and then differentiate into tissue macrophages or DCs (38).
Macrophages, after exposure to the inflammatory environment of the injury site, take M1
polarization and promote inflammation through cytokine production (39). Following the activation
of DCs, they become the dominant TNFa-producing cells, which can activate cell death signaling
(40).

Monocytes and neutrophils possess micro-vesicles with tissue factor (39). They release these
micro-vesicles and thus, promote coagulation (39). Protease-activated receptors (PARS), which are
expressed on all innate immune cells, are activated by released coagulation proteases, such as
thrombin, leading to the induction of pro-inflammatory cytokines (39). Platelets also release
thrombin, when in contact with DNA released by necrotic cells (39). Moreover, platelets also
release serotonin which promotes the recruitment of neutrophils (39). Other than tissue injury,
leukocytes can be plugged in the microvasculature and cause a no-reflow phenomenon (39). No-
reflow condition is defined as incomplete and uneven reperfusion at the microvascular level
despite re-opening of the proximal artery, and it increases the risk of death following

revascularization (12).

Taken together, activation of immune cells can lead to I/R injury through the initiation of the

inflammatory response, blood coagulation cascade and inducing no-reflow phenomenon.



Activation of cell death pathways during I/R

As mention earlier, tissue injury occurs during both ischemic and reperfusion periods (1). The
ischemic condition is accompanied by hypoxia, hyponutrition, and metabolic acidosis (41). Re-
establishment of blow flow, however, initiates oxidative stress and local inflammatory responses
leading to secondary injury (41). Various forms of cell death pathways are activated during I/R,
depending on the severity of I/R (5). Moderate I/R only results in cell dysfunction, due to activation
of recovery systems that can modulate ROS generation and activate autophagy. However, severe
damage during I/R induces apoptotic or necrotic pathways (5). Four types of cell death

mechanisms that occur during I/R will be discussed here.

Apoptosis is a programmed cell death that can be activated under hypoxic conditions during the
ischemic period and by ROS production during reperfusion (42, 43). Apoptosis is composed of
two main pathways, including extrinsic and intrinsic pathways (5). Both pathways can interact and
influence each other (5). The extrinsic or death receptor pathway can be activated by death ligands
and receptors namely TNF-a, TNF-like weak inducer of apoptosis (TWEAK), Fas ligand, TNF-
related apoptosis-inducing ligand receptor (TRAIL), and TNF-like ligand 1A (TL1A) (5). This
complex activates caspase-8, which then cleaves caspase-3. Caspase-3 induces cell death through
proteolysis in damaged cells (5). The intrinsic or mitochondrial pathway is defined as changes in
membrane integrity of mitochondria which leads to activation of the pro-apoptotic Bcl-2 family
(5). The Bcl-2 family are a group of proteins that are either pro-apoptotic or anti-apoptotic and
regulate mitochondrial membrane permeability (44). Bcl-2, Bcl-x, Bcel-XL, Bcl-XS, Bcl-w, and
BAG are anti-apoptotic proteins and Bcl-10, Bax, Bak, Bid, Bad, Bim, Bik, and Blk are pro-
apoptotic proteins in this family (44). Levels of these proteins determine if the cell is undergoing
apoptosis or ceasing the process (44). The primary cell death mechanism used by the Bcl-2 protein
family is changing mitochondrial membrane permeability, which leads to the release of

cytochrome c (cyt ¢) from mitochondria (44).

In I/R, cytoplasmic Bad is elevated and attached to Bcl-2 and Bcl-XL proteins (45). On the other
hand, Bax and Bak are inserted into the membrane of mitochondria, causing the release of pro-
apoptotic proteins including cyt ¢, Smac/Diablo, HTRA2/Omi, apoptosis-inducing factor (AlF),

and endonuclease G (Endo G) (45). Cyt ¢ then activates caspase-9 to produce apoptosome by



binding to apoptotic protease activating factor-1 (APAF-1) (45). The apoptosome stimulates the
caspase cascade to induce apoptosis (45). Endo G can also induce fragmentation of DNA by
interacting with AIF (45). However, apoptosis is not accompanied by local inflammation and not
the main cell death pathway during I/R (46).

Necrosis is a form of cell death that occurs due to excessive external stress, such as physical,
chemical, or biological damage (47). It is characterized by permeation of the plasma membrane,
cell swelling and loss of mitochondrial function (47). It can also activate local inflammatory
responses (47). Necrosis extensively occurs in human pathology and is classified as a passive and
unregulated form of cell death (47). However, recent studies have shown a form of programmed
necrosis named necroptosis in I/R injury (47). Necroptosis is a programmed cell death regulated
by death signals but has death characteristics similar to necrosis (47). As mentioned before,
proteins such as receptor-interacting protein 1 (RIP1), fas-associated protein with death domain
(FADD), cylindromatosis (CYLD), TNF receptor-associated factor 2 (Traf2), TNF-a and caspase-
8 are implicated in apoptosis by activating death receptors (48). They can also activate necroptosis
in some circumstances (48). When the situation is not optimal for apoptosis or caspase-8 is
inhibited, necrosomes are formed, and the necroptosis process is activated (48). Rupture of

mitochondrial, lysosomal and cells membranes are the primary characteristic of necroptosis (48).

Autophagy is a biological mechanism used by cells in order to degrade damaged cytoplasmic
organelles and macromolecules (49). Under physiological conditions, it happens continuously at
low levels in most cells (49). Defects in this process lead to the accumulation of damaged proteins
and organelles (49). Therefore, it's considered as a survival mechanism. Nutrient and energy
deprivation, oxidative stress, hypoxia, infection, protein aggregation, ER stress and others can
trigger autophagy (49) to provide essential amino acids for cell survival. Recently, it is reported
that it can selectively remove cytosolic damaged or harmful materials, such as damaged
mitochondria (mitophagy) or proteins and act as a cytoprotective system (49). However, persistent

autophagy can activate apoptosis (40). Thus, it is recognized as programmed cell death (40).

Previous experimental studies have shown that the autophagy process is activated during I/R, as it
is accompanied by nutritional deficiency, acidosis, ER stress and oxidative stress (50). Inhibition

of autophagy in I/R has been shown to reduce apoptosis following cold ischemia of the kidney and



improved renal function after transplantation (50). However, in another study, inhibition of
autophagy stimulated the apoptosis of renal tubular cells and increased renal I/R injury (51). The
results in cardiac I/R are also conflicting. Some studies showed protective effects of autophagy
during I/R (52, 53), but others demonstrated that a high level of autophagy might increase cardiac
I/R injury (54).

There are three forms of the autophagy process, including macroautophagy (the most abundant
forms of autophagy), microautophagy, and chaperone-mediated autophagy (CMA) (55). In
macroautophagy, a cell forms a double-layered membrane, derived from ER and Golgi apparatus,
called a phagophore (55). The phagophore surrounds the damaged organelles and then fuses with
the lysosomal membrane to form an autophagosome (55). In microautophagy, the lysosomal
membrane encompasses the damaged component and digests it in the lysosome (55). The CMA
pathway has a selectivity for soluble proteins (55). In this process, the chaperone is bound to the
damaged protein and transports it to a lysosome (55). Autophagy is regulated and mediated by
autophagy-related proteins and hormones (5). TOR complex 1 and Class 111 PI3K complex have
the leading role in the induction of autophagy (40). TOR 1 senses changes in the nutritional status
of the cell (40). In starvation, 5' AMP-activated protein kinase (AMPK) is stimulated, the
mammalian target of rapamycin (mTOR) is inhibited, and consequently, autophagy is activated
(40).

Mitophagy is mitochondrial degradation through macroautophagy, which is a quality control
response to remove damaged mitochondria (53). During I/R, mitophagy is suggested to have a
protective role against I/R injury through elimination of damaged mitochondria and therefore
attenuation of ROS production (53). However, defective mitophagy is associated with
mitochondrial damage, oxidative stress, and activation of apoptosis (40). Mitochondrial dynamics
are the key factors regulating mitophagy (40). For instance, increased fission, and opening of the
MPTP results in defective mitophagy, which occurs during I/R (40). This suggests that I/R
interferes with mitophagy and thus mitochondrial damage and I/R injury (40). The detailed
mechanism of mitophagy is as follows: stress elevates outer mitochondrial membrane permeability
(OMM) through BAX (BCL2 associated X) and BAK (BCL2 antagonist/killer 1), which results in

the release of pro-apoptotic proteins and cyt ¢ (53). Moreover, mPTP opening, due to
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Ca?" overload in inner mitochondrial membrane (IMM), results in a rapid influx of water, and

consequently, mitochondria swelling and rupture (53).

Therapeutic strategies for reducing myocardial I/R injury

Currently, there is no effective treatment for myocardial I/R injury (26). However, several
therapeutic options have been tested, which can be classified as mechanical or pharmacological
approaches (26). Ischemic preconditioning and post-conditioning are two major mechanical
approaches that have been examined in previous works. Murray et al., (56) were the first group
that examined the effects of ischemic preconditioning on myocardial I/R in dogs (56). They
showed that brief cycles of occlusion before the ischemia reduced infarct size (56). However, this
approach can not be applied in a clinical setting of myocardial I/R. Ischemia postconditioning was
proposed by Zhao et al. (57). They showed that introducing three cycles of the 30s left anterior
descending (LAD) artery occlusion and 30 sec of reperfusion followed by 3h reperfusion reduced
infarct size by 44% in canine hearts (57). Staat et al., (58) demonstrated a 36% reduction of infarct
size in a clinical setting of myocardial I/R. However, clinical studies with larger sample sizes did
not show any significant effects (59, 60). The ongoing DINAMI-3 (Danish Study of Optimal Acute
Treatment of Patients with ST-segment Elevation Myocardial Infarction-3) study is examining the
effects of post-conditioning in 2000 patients with STEMI (61). The primary outcome of the study
will be all-cause mortality or heart failure at 2 years (NCT01435408) (61). The remote
conditioning also showed beneficial effects in an experimental model of myocardial I/R, in which
several brief ischemic periods are introduced in a distant organ (61). A clinical study showed that
using this method (4 cycles of 5 min inflation and 5 min brachial cuff deflations before PCI)
decreased infarct size in 333 STEMI patients (62). A larger ongoing clinical trial, CONDI-2 (Effect
of Remote Ischemic Conditioning on Clinical Outcomes in STEMI Patients Undergoing PPCI) is
examining remote ischemic preconditioning on I/R injury in STEMI patients (NCT02342522)
(62). Hypothermia has been reported to generate beneficial effects on myocardial I/R in
experimental models (63, 64). However, its application in a clinical setting is limited due to the
restricted cooling procedures that reach the targeted temperature (63, 64). Pharmacological
interventions, such as cyclosporine A that inhibits the opening of MPTP pore, has shown
promising results in experimental studies (65). A pilot study demonstrated that administration of
cyclosporine A before PCI reduced infarct size (65). However, in the CIRCUS (Cyclosporine 29
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and Prognosis in Acute MI Patients) study with 970 patients with STEMI, cyclosporine
administration 12 hr after PCI, did not result in a better primary outcome (recurrent infarction,
unstable angina, and stroke) at one year compared with controls. Infarct size was also not
significantly different between the two groups (65).

The effects of beta-blockers on infarct size have been investigated in both experimental and clinical
studies (66-70). However, the findings of these studies are conflicting (66-70). Metoprolol
administration resulted in positive effects on infarct size in experimental studies (66, 67).
However, clinical trials found contradictory results (68-69). In METOCARD-CNIC (Effect of
early metoprolol on infarct size in ST-segment-elevation myocardial infarction patients
undergoing primary PCI: the Effect of Metoprolol in Cardioprotection During an Acute
Myocardial Infarction) trial with 270 STEMI patients, infarct size was significantly smaller and
left ventricular ejection fraction was significantly higher in the metoprolol group compared with
control (68). In the COMMIT trial (Clopidogrel and Metoprolol in Myocardial Infarction Trial)
with 45,852 patients, metoprolol elevated the risk of cardiogenic shock, especially during the first
few days after admission but reduced rates of ventricular fibrillation and reinfarction (69).
Therefore, they concluded that the overall effect on death, reinfarction, arrest, or shock was
significantly adverse during days 0-1 and significantly beneficial thereafter (69). A meta-analysis
of randomized clinical trials, which included 60 trials with 102,003 patients, suggested that beta-
blockers had no beneficial effects on mortality but decreased recurrent MI and angina (short-term)
at the cost of increases in heart failure, cardiogenic shock, and drug discontinuation (70).

Experimental studies showed that glucagon-like peptide and its analogues decreased infarct size
in animal models of myocardial I/R injury (71, 72). In a clinical study intravenous administration
of Exenatide, which is a synthetic glucagon-like peptide analogue led to myocardial salvage
(measured by magnetic resonance imaging) compared to placebo (73).

iii. Generation of oxidized lipids during I/R

Lipids are often neglected molecules impacted by I/R (74). As mentioned before, I/R leads to the
production of ROS, which can attack cellular lipids, such as membrane PLs, and cause non-
enzymatic lipid oxidation (74). Activation of membrane enzymes, for example, PLA2, also
increases lipid oxidation by releasing PUFA from membrane phospholipids (74). Librated PUFAs
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can enter into enzymatic oxidation pathways and thus another group of oxidized lipids, namely

oxylipins, are generated (74).

Glycerophospholipids (GPL): general characteristics

Glycerophospholipids (GPL) are a group of lipids containing a phosphate head ester-bound to a
glycerol backbone and two FAs (in sn-1 and sn-2 positions) linked through acyl chains to glycerol
(75). The phosphate head group is further esterified with molecules, such as choline, ethanolamine,
serine, glycerol and inositol (75). This makes several groups of GPL that named based on the
structure of the phosphate head group (75). There are five groups of GPLs, including
phosphatidylcholine  (PC), phosphatidylethanolamine (PE), phosphatidylserine  (PS),
phosphatidylglycerol (PtG) and phosphatidylinositol (PI) (75). PC and PE are zwitterionic lipids
whereas PS, PG and PI are anionic molecules (75). PC is the dominant PL in mammalian cells,
which accounts for 40-50% of total cellular PLs (76). PE is the next most abundant PLs which
comprises 40% of total PLs in mitochondrial inner membranes (76). In other organelles, however,

it constitutes around 15-25% of total membrane PLs (76).

FAs in PL structure are varied in terms of carbon chain length and saturation degree (77). Palmitic
acid (PA) (16:0) and stearic acids (SA)(18:0) are the two most abundant FAs in the sn-1 position
of PLs. AA (20:4) and LA (18:2) are the two most abundant FAs in the sn-2 position of membrane
PLs, which contain unsaturated covalent double bonds in their structures (77). Besides n-6 PUFA,
n-3 PUFA, such as eicosapentaenoic acid (EPA) (20:5), and docosahexaenoic acid (DHA) (22:6)
can be found in the sn-2 position of membrane PLs (77).

PUFAs in the sn-2 position of the PL membrane are generally the target of non-enzymatic or
enzymatic oxidation, as the energy needed for the dissociation of bisallylic carbon-hydrogen bonds
is low and therefore, the hydrogen atom can quickly react with molecular oxygen (78). Non-
enzymatic oxidation initiates with non-radical ROS (singlet oxygen) or free radicals from
endogenous (oxidative enzymes)/exogenous sources (air pollution, UV radiation, smoking) (79,
80). Superoxide radicals are the main radical that interacts with membrane PLs, thus, membranes
close to the site of superoxide generation, such as mitochondria, are more likely to become
oxidized (79, 80).
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Non-enzymatic oxidation of PLs: mechanism and products

The overall process of FA peroxidation consists of three steps: initiation, propagation, and
termination (81). In the initiation step, prooxidants like the hydroxyl radical abstract the allylic
hydrogen forming the carbon-centred lipid radical (L¢) (81). In the propagation phase, a lipid
radical (Le) rapidly reacts with oxygen to form a lipid peroxy radical (LOO<) which is accompanied
by the abstraction of hydrogen from another lipid molecule, generating a new Le (that continues
the chain reaction) and a lipid hydroperoxide (LOOH) (81). In the termination reaction,
antioxidants like vitamin E donate a hydrogen atom to the LOO- species and form a corresponding

antioxidant radical that reacts with another LOO« forming nonradical products (81).

Peroxyl radical of FA esterified to PL can also undergo cyclization, rearrangements or further
oxidation to produce new forms of products (6). These oxidized forms of PLs, which remained
esterified to PLs, are called non-fragmented OxPLs (6). lIsoprostanes, isolevuglandins,

isothromboxanes, and isofuran are examples of non-fragmented oxidized PLs (OxPLs) (82).

On the other hand, lipid hydroperoxide (LOOH) can be transformed into cleaved oxidized
molecules (83). For instance, fragmentation/cleavage of hydroperoxides through b-scission, Hock
rearrangement, or cyclization of alkoxy/radicals give rise to hydroxyl or keto PLs with saturated
/unsaturated FAs and an aldehyde terminal group (83). Aldehydes can be further oxidized to
carboxylic unsaturated PLs (81). In addition to a direct generation from hydroperoxides, further
oxidation of fragmented PUFA-PLs can produce saturated fragmented compounds with the
carbonyl group, which are more stable and resistant to further oxidation (81). The most common
species are oxononanoate and azelaoate produced from LA and oxovaleroate, and glutaroate
generated from AA (81).

There are several mechanisms for the termination of PL oxidation and elimination of OxPLs (81).
Reactive peroxide groups of OxPLs can react with antioxidants, or reduced by GPX4,
peroxiredoxin VI (PRDX6) and GST (81). Reactive carbonyl groups in OxPLs can be also reduced
by aldo-keto-reductases (81). Lipoprotein-associated PLA2 (Lp-PLA2) and lecithin-cholesterol
acyltransferase (LCAT) can also cleave oxidized residues of PLs producing lyso-PLs and oxidized
free fatty acids (81). Moreover, carbonyl-containing OxPLs can form covalent complexes with
amines through Schiff's base (reacting with lysine residues) and Michael reactions (reacting
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with histidine, cysteine and lysine) and make protein adducts (81). The formation of a protein

adduct inactivates OXPLs but can cause protein damage (81).

As an example, simplified steps of non-enzymatic oxidation of 1-palmitoyl-2-arachidonoyl-sn-
phosphatidylcholine (PAPC), which is a membrane PL, and production of fragmented and non-
fragmented OxPCs are presented in Figure 1.

Figure 1: Non-enzymatic oxidation of membrane phospholipids

1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (PAPC)
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Free radicals can attack membrane phospholipids, such as PAPC, leading to the production of bioactive
lipid molecules. Abbreviations: PAPC: 1-palmitoyl-2-arachidonoyl-sn-phosphatidylcholine, PAPC-OOH:
PAPC hydroperoxide. OxPC: oxidized phosphatidylcholine. PEIPC: 1-palmitoyl-2-(5,6-epoxyisoprostane
E2)-sn-glycero-3-phosphocholine. Solati Z, Ravandi A. Lipidomics of bioactive lipids in acute coronary
syndromes. International journal of molecular sciences. 2019 Jan;20(5):1051.

Impact of PL oxidation on the structure of the cell membrane and immune responses

One of the first consequences of PLs oxidation is significant increases in membrane permeability,
resulting in disruption of ionic gradients and accumulation of Ca?* in the cells (84). Increased
intracellular Ca®" concentrations are accompanied by the activation of Ca?" dependent
phospholipases leading to the generation of PL hydrolysis products, such as free FAs and lyso-
PLs, and thus membrane disruption (84). Increased production and accumulation of lipid
peroxidation products can change nucleophilic sites of membrane proteins and cause more
oxidative damage (84). These dramatic consequences of non-specific lipid peroxidation are
associated with pathogenic oxidative injury and chronic inflammation in diseases, such as
arteriosclerosis, neurodegenerative diseases, and renal disorders (84). Furthermore, PL oxidized
products are immunogenic and can activate immune responses in the cells. For example, various
antibodies have been identified that have specific reactivity toward oxidized products of PC
(OxPCs) (85, 86).

EO antibodies are natural antibodies (N-Abs), which are germ-line encoded recognizing DAMPS
that are produced from sub-set of B-lymphocytes (87). The EQ antibodies produced against OxPLs
were derived from mice lacking apolipoprotein E (88). Among 17 different EO antibodies
identified, the EO6 antibody has the least reactivity to native PC but is highly sensitive to oxidized
1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine  (Ox-PAPC), and 1-palmitoyl-2-
oxovaleroyl-sn-glycero-3-phosphorylcholine (POVPC) in comparison with other EO antibodies
(88). Over 85% of plasma EOQ6 is bound to Lp (a); from these, about 50% are bound to apoB and
apoA covalently, and the rest non-covalently (89). By using the E06 antibody, the presence of

OxPCs was confirmed on OxLDL, macrophages and apoptotic cells (89).

Biological properties of OxPLs on the cardiovascular system

As discussed above, PL oxidation leads to the formation of several oxidized metabolites, including
different species of fragmented and non-fragmented species (81). Oxidation of each PUFA gives
rise to at least 50 metabolites with different biological activities (90). It has been shown that only
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4 hours of treatment of human aortic endothelial cells (HAEC) with 40 pg/ml of Ox-PAPC,
modulates more than 1000 genes implicated in inflammation, angiogenesis, cell division,
thrombosis, vasoconstriction, etc. These effects, however, were not seen after non-oxidized PL

exposure (91).
Atherosclerosis

OxPLs have been implicated in various stages of atherosclerosis. Horkko et al. were the first group
that revealed that OxPLs have roles in Ox-LDL recognition by macrophages, which results in foam
cell formation (92). Subsequently, they showed that monoclonal antibody E06, prevented Ox-LDL
recognition by macrophages, which demonstrates the importance of OxPLs in the initiation of
atherosclerosis (88). Besides lipoproteins, OxPLs have been identified in atherosclerotic lesions,
and in membrane vesicles released from activated and apoptotic cells, which play an essential role
in the development of atherosclerosis (93-95). OxPLs can interact with CD36 receptors on
macrophages (96). In CD36-null mice, there is a lack of uptake of macrophages, resulting in an
increase in apoptotic cells and their debris, and thus plaque progression (96). OxPLs can also
induce apoptosis in macrophages, which can lead to the formation of a necrotic core and

advanced atheroma, provided that it occurs after foam cell formation (97).

Another mechanism that links OxPLs to atherosclerosis is through activation of inflammatory
responses in the endothelium (98). Pro-inflammatory effects of the OxPLs were suggested when
it was shown that minimally modified-LDL (MM-LDL) triggered inflammatory reactions in
endothelial cells (98). Later studies revealed that the inflammatory properties of MM-LDL are
mediated by OxPLs in cultured endothelial cells and animal models (99-101).

Endothelial cells

The mechanisms of OxPL-mediated endothelial cell activation are complex and distinct from those
induced by other inflammatory stimuli, such as bacterial lipopolysaccharide (LPS) or TNF-a (81).
For instance, treatment of endothelial cells with bacterial LPS leads to the recruitment of both
monocytes and neutrophils whereas Ox-PAPC stimulates only monocyte recruitment (not
neutrophils) (102). Furthermore, unlike bacterial LPS or TNFa that upregulate the expression of
cell adhesion molecules (such as E-selectin or VCAM-1), Ox-PAPC did not affect the expression

of these cytokines in an in vitro model (103) or a mouse air pouch model of inflammation (102).
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One of the proposed mechanisms is that Ox-PAPC activates the cAMP-dependent R-Ras/PI3-
kinase pathway (104). OxPCs elevate connecting segment-1 (CS-1) fibronectin by increasing
CAMP activated R-Ras proteins, which are small GTPases located at the inner surface of the
plasma membrane (104). Fibronectin acts as a cross-link between a5B1 integrin on endothelial
cells and a4P1 integrin (VLA-4) on leukocytes (306). This mechanism is likely related to the
atherogenicity of OxPCs as activated PB1 integrin and CS-1 fibronectin was reported in
atherosclerotic plaques at the sites of mononuclear cell infiltration (306). Moreover, administration
of peptide mimicking the VLA-4-binding site of CS-1 fibronectin inhibited the formation of
lesions in LDL receptor knockout mice (305). Non-fragmented isoprostane containing OxPC
(PEIPC) was identified as a potent component of Ox-PAPC activating this pathway via
prostaglandin E2 receptor (105).

OxPLs can interact with peroxisome proliferator-activated receptor o (PPAR«) in endothelial cells,
and therefore, stimulating the secretion of monocyte chemotactic protein-1 (MCP-1) and
interleukin-8 (IL-8) (106). MCP-1 is a member of the CC family of chemokines and have a critical
part in monocyte transmigration, whereas IL-8 mediates monocyte arrest to vascular endothelium
(107). Once monocytes are present in an atherosclerotic lesion, they continue to induce
inflammation via stimulation of the Toll-like receptor 2, inducing inflammatory cytokine

production and further macrophage recruitment (108).

Inflammation

Besides the endothelium, OxPLs can also induce pro-inflammatory reactions in mononuclear
leukocytes, such as monocytes, macrophages, and DCs, through activation of the inflammasome
(109). Recent evidence demonstrated that POVPC stimulated activation of procaspase-1 and
generation of mature IL-1p and IL-18 in primary mouse bone marrow-derived macrophage (109).
The proposed mechanism was that POVPC activated the NLRP3 inflammasome by inducing the
generation of mitochondrial ROS (109). The authors confirmed their hypothesis by showing that
suppression of ROS production, using NADPH oxidase inhibitors, resulted in the blockade of
mitochondrial ROS production and the NLRP3 inflammasome (109). Another study showed that
Ox-PAPC in DCs could directly bind to caspase-11 and induced the release of IL-13 (110).
Caspase-11 is an LPS receptor that promotes IL-1p release by noncanonical inflammasomes (110).
Neutrophils are another group of immune cells that can serve as OxPCs targets (111-113). POVPC
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and PAzPC can interact with the PAF receptor, which is highly expressed on neutrophils and

stimulates adhesion, lysosomal enzyme release, and an oxidative burst by neutrophils (111-113).

Coagulation cascade

Besides the inflammatory and atherogenic properties of OxPLs, they also affect the coagulation
cascade (114). It has been shown that treatment of HUVECs with Ox-PAPC upregulates the
expression of tissue factor (TF), a known procoagulant protein, in endothelial cells by increasing
the levels of free cytosolic Ca*? and nuclear factor of activated T cells (NFAT) (114). OxPLs also
modulate TF expression through activation of sterol regulatory element-binding protein (SREBP)
and extracellular signal-regulated protein kinase (Erk1/2) via activation of vascular endothelial
growth factor receptor 2 (VEGFR2) in endothelial cells (115). Moreover, fragmented OXPLs
generated from sn-2 arachidonoyl-, docosahexaenoyl-, or linoleoyl-phospholipids containing sn-1
alkyl or acyl bonds have structural similarities with platelet-activating factor (PAF) and can cause
platelet aggregation by elevating the expression of P-selectin and thus conformational changes in
platelet (116, 117). Moreover, fragmented OxPLs characterized by sn-2 residues containing
terminal y-hydroxy(or 0xo)-a,B-unsaturated carbonyl, such as KODA-PC (1-acyl-2-(9-keto-12-
ox0-10-dodecenoate)-sn-glycero-3-phosphocholine), can bind to bind platelets via CD36 receptor
and stimulated activation of fibrinogen receptor on platelets and induced binding of
fibrinogen (118).

Cell death

OxPLs have been reported to be involved in cell death pathways (119). They can be generated
during apoptosis and can also induce apoptosis in different cell types (119). As a result of
apoptosis, lipid asymmetry in the membrane is lost, causing the exposure of PS on the outer leaflet
of the plasma membrane (119). PS can be oxidized in apoptotic cells by cyt ¢, which is released
into the cytosol during apoptosis, at the inner side of the plasma membrane (119). Both exposed
PS and oxidized PS (OxPS) can be served as a signal for macrophages to phagocytose the apoptotic
cell (120, 121). Oxidation increases the probability of phagocytosis (120, 121). OxPCs also have
been identified on apoptotic cells using the monoclonal antibody E06 (92). E06 antibody can
interfere with phagocytosis of the apoptotic cells, demonstrating that in addition to OxPS, the
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presence of OxPCs on the surface of the apoptotic cell is a crucial factor for macrophage

phagocytosis (122).

OxPCs can induce apoptosis in different cell types (123). Treatment of rat vascular smooth muscle
cells (rVSMCs) with low concentrations of POVPC and PGPC led to DNA laddering, PS exposure
on the cell surface, and reduction of the nuclear volume, which all are apoptotic events (123). In
another study conducted by Ramprecht et al., POPVC and PGPC induced apoptosis in human
melanoma cells isolated from different stages of tumour progression (124). The mechanism that
has been proposed for cell toxicity of POVPC and PGPC in these studies was through the
“sphingomyelinase-MAPK” pathway (124). These fragmented OxPCs can activate
sphingomyelinase, which leads to the formation of ceramide from sphingomyelin (SM) (124).
Ceramide is a lipid messenger that mediates numerous cellular phenomena including apoptosis,
proliferation, cytokine release, and differentiation (125, 126). Ceramide activates mitogen-
activated protein kinases (MAPK) c-Jun N-terminal kinase (JNK) and p38 MAPK, which leads to
caspase activation, PS exposure, and apoptosis (127). The sphingomyelinase-MAPK pathway is

usually activated in conditions associated with oxidative stress (127).

Some studies reported that OxPC species induce apoptosis through mitochondrial damage and the
intrinsic pathway (94). Treatment of promyelocytic HL60 cells and HUVEC with 1-O-hexadecyl-
2-azelaoyl-sn-glycero-3-phosphocholine (HAzPC) induced apoptosis through interacting with
Bcl-2 family proteins, released of mitochondrial cyt c, apoptosis-inducing factor (AIF) and
activated caspase 9 in these cells (94). They also showed that HAzPC induced mitochondria
swelling, cyt ¢ and AIF release, suggesting that exogenous OXPCs target intracellular

mitochondria, in order to activate the intrinsic apoptotic cascade (94).

New evidence shows that OxPLs also have a role in ferroptosis (128). Ferroptosis is an iron-
mediated form of regulated cell death that occurs as a result of depletion of glutathione, inhibition
of GPX4, and thus the accumulation of lipid hydroperoxide (128). It has been reported that
ferroptosis is implicated in the pathology of tumorigenesis, renal failure, I/R injury, nervous
system diseases, and haematological system disease (128). GPX4 enzyme converts the toxic lipid
peroxide to a lipid alcohol by oxidizing GSH to GSSG (129, 130). Inhibition or absence of GPX4

leads to the accumulation of lipid peroxides, which are lethal signals of ferroptosis (131).
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Oxolipidomic analysis of kidneys in Gpx4—/— mice revealed that accumulation of several classes
of phospholipid hydroperoxides such as PC, PE and cardiolipin peroxide in the kidney led to
ferroptosis (132). This data suggests the involvement of mitochondria in the deregulated lipid
peroxidation caused by GPX4 deficiency. However, the exact mechanism is yet to be known (132).

The role of OxPLs in cardiovascular disease (CVD): evidence from experimental studies

Que et al., (133) evaluated the proatherogenic and proinflammatory effects of OxPLs in an in vivo
model. They generated transgenic Ldlr—/— mice that expressed a single-chain variable fragment
of E06 (E06-scFv) (133). E06-scFv can be secreted into the plasma from liver and macrophages
and deactivate endogenously produced OxPLs (133). The E06-scFv antibody can only bind to
OxPLs and does not have the functional effects of an intact antibody (133). In this study,
LdIr"~E06-scFv mice, fed with a hyper-cholesterol diet, had significantly lower atherosclerosis
(calculated by per cent of aortic surface involved by en face analysis) compared to Ldlr " mice
fed the same diet (133). Moreover, necrotic core areas of plaques were significantly smaller and
contained more collagen in Ldlr”~E06-scFv mice compared with size-matched lesion controls
(133). Furthermore, in vivo macrophage uptake and cholesterol content of macrophages of
LdIr""E06-scFv mice were significantly lower compared with Ldlr—/— mice (133). Serum
amyloid A was also significantly lower in Ldlr—/—E06-scFv mice (133). This study suggested that
antibodies against OxPLs can attenuate atherosclerosis and reduce systemic inflammation (133).

Recently, Cherepanova et al., (134) generated a novel IgM autoantibody against POVPC and
PGPC, named10C12, from the spleens of Apoe—/— mice fed a long-term Western diet (134). They
found that treatment with the 10C12 antibody prevented the early inflammatory response and
macrophage accumulation within arteries of Apoe—/— mice fed a short-term Western diet (134).
10C12 antibody administration also reduced atherosclerosis in aged IlgM-/—Apoe—/— mice fed a
standard low-fat diet with modest hyperlipidemia (134). However, it did not change pre-existing
atherosclerotic plaque pathogenesis in hyperlipidemic Apoe—/— mice fed a long-term Western diet
(134). These results suggested that treatment with an anti-OxPL IgM antibody have
atheroprotective effects (134).

Recent data from our lab showed that OxPCs are involved in I/R injury and deactivating them can

prevent cell death during I/R. In the in vitro part of the study, it is shown that OxPCs, namely,
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PONPC, POVPC, PGPC and KOdiAPC were produced following I/R in cultured neonatal rat
cardiomyocytes (NNCM) (135). Furthermore, incubating cultured NNCM with OxPCs species
induced cardiomyocytes cell death in a concentration-dependant pattern (135). Cell death was
attenuated when OxPCs species were co-administered with E06 (135). Next, the changes in OxPCs
were investigated in the rat myocardium during coronary I/R (135). After 1 h of ischemia (induced
by the ligation of the coronary artery) and subsequent 24 h of reperfusion, levels of OxPCs, namely
POVPC, PGPC, PONPC, KOdIiAPC, and PAzPC, were elevated in rat myocardium compared with
control (135). Levels of POVPC and PONPC, but not other identified OXPCs, were elevated in the
mitochondrial ~ fraction of cardiomyocytes and mitochondria ~membrane  (135).
Transgenic Ldlr—/— mice that overexpress a single-chain variable fragment of E06 (Ldlr—/—EQ6-
scFv-Tg) were used to show how inactivating endogenously formed OxPL in vivo can affect
myocardial infarct size (135). It was shown that Ldlr—/—EQ6-scFv-Tg mice had significantly

smaller myocardial infarct size compared with controls (135).

In a recent study by Pluijmert et al., (136) the effects of PC-mAb, which is anti-phosphorylcholine
IgG was assessed in an in vivo model of myocardial I/R injury in hypercholesterolemic mice (136).
MI was induced in 12- to 14-week-old female APOE=*3-Leiden mice by ligation of the left anterior
descending coronary artery (136). Subsequently, 10 mg/kg PC-mAb or NaCl 0.9% w/v (vehicle)
was administered intraperitoneally (every third day until 3 weeks) in the intervention and control
group, respectively (136). Infarct size and LV fibrosis were significantly lower in the PC-mAb
group compared with the control (136). PC-mAb treatment also decreased the post-ischemic
inflammatory response following I/R by reducing inflammatory cytokine CCL2 levels and
circulating Ly-6Chi monocytes, which resulted in reduced myocardial leukocyte infiltration and

preservation of LV wall thickness (136).

The role of OxPLs in ACS: evidence from clinical studies

As mentioned before, Tsimikas et al. developed a method to measure OxPL per apoB-100
(OxPL/poB) in plasma using EO06 antibody (137). They showed that OXPL levels increase
significantly in MI patients after PCI, suggesting that these compounds are released and/or
generated in plasma as a result of plaque rupture (137, 138). Later, prospective studies have shown
that OxPLs levels can be considered as a biomarker to predict the progression of atherosclerosis,

cardiovascular death, MI and stroke (139-143). In a study of 504 patients who underwent
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angiography, levels of oxLDL-E06 (OxPL/apoB) were significantly correlated with lipoprotein (a)
(LP(a)) levels (139). Moreover, both OxPL/apoB and Lp(a) were strongly associated with the
extent of coronary artery disease (CAD) defined as the number of vessels with stenosis of more
than 50% of the luminal diameter (139). In the Bruneck study, 765 Caucasian patients were
followed for 15 years (140). After 10 years of follow-up, it is found that patients with the highest
tertile of OxPL/apoB had significantly elevated cardiovascular events compared with those in the
lowest tertile, after adjustment for traditional risk factors, high-sensitivity c-reactive protein (hs-
CRP) and lipoprotein-associated PLAZ2 activity (140). At 15-year of follow-up, the highest quartile
of OxPL/apoB was associated with having an ischemic stroke, acute CAD and death compared
with the lowest tertile (141). The results of the EPIC-Norfolk study were also in line with the
Bruneck study (142). EPIC-Norfolk study was a prospective, case-controlled study of 763 cases
and 1397 healthy controls followed for 6 years (142). They found that subjects with the highest
tertile of OxPL/apoB had a significantly higher risk of CAD events (142). This association was
independent of the Framingham Risk Score (142). These findings were supported by a study by
Dijk et al., (143). They showed that levels of epitopes of OxPLs recognized by E06 on the
atherosclerotic plaque were elevated in progressive rather than early lesions, demonstrating that
OxPLs were specifically associated with unstable and ruptured plaques (143). Two clinical studies
showed that plasminogen, which has a structural similarity with LP(a), is the second pool of OxPL
in plasma (144-145). In a study by Leibundgut et al., levels of OxPL-Plasminogen increased
acutely over the first month after M1 (144). However, in a recent study by DeFilippis et al., levels
of OxPL-Plasminogen did not change following MI but it was lower in patients with
atherothrombotic MI (Type 1) compared with patients with non-atherothrombotic Ml (Type 2)
(145). They suggested that OxPL-Plasminogen plays a clinically relevant role in clot lysis (145).

Oxylipins: general characteristics

Oxylipins are a group of oxidized lipids that are produced in response to inflammatory conditions,
mainly by the activation of PLA2 (7). Once PLAZ is activated, FAs are released from membrane
PLs into the cytoplasm, resulting in the generation of substrates for downstream enzymes (7).
Released FAs can enter into several oxidation pathways and produce bioactive oxidized lipids
named eicosanoids or oxylipins (Figure 2) (7). Over 100 oxylipins have been identified in human

plasma and many with potent biological activities (7). However, changes in oxylipin levels in
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human myocardial I/R injury is poorly understood. In this section, we describe the important roles

that oxylipins play in inflammatory pathologies and their potential impacts on I/R injury.

Figure 2: Enzymatic oxidation of PAPC, a membrane PL

Membrane Phospholipids

“
PAPC C
();PO
0’0‘
0 r
g R 0
Ao
Phospholipase A2
.
0
Arachidonic Acid (AA) o~ — - ~ 0
Enzymatic Oxidation Pathways
- Y s
COX LOX CYT P450
. Epoxygenase -"| hydroxylase
.J/.. ‘\‘L

Prostanoids Mid chain HETEs  FpET+E HETEs

Fatty acids, such as arachidonic acid, can be released from membrane phospholipids (here PAPC) by a
phospholipase A2 enzyme. Released FA can undergo oxidation through three oxidative pathways including
COX, LOX and CYT P450. Abbreviations: AA: Arachidonic acid, COX: Cyclooxygenase, CTY P450:
Cytochrome P450. HETE: Hydroxyeicosatetraenoic acids, EpETrE: Epoxyeicosatrienoic acids, PAPC:1-
Palmitoyl-2-arachidonyl-sn-glycero-3-phosphatidylcholine, LOX: Lipoxygenase. Solati Z, Ravandi A.
Lipidomics of bioactive lipids in acute coronary syndromes. International journal of molecular sciences.
2019 Jan;20(5):1051(Article is licensed under an open access Creative Commons CC BY 4.0 license).
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Oxylipins biosynthetic pathways

There are several groups of PLA2 enzymes in eukaryotic cells, based on their structure, function,
and co-factor requirement (146). Secreted PLA2s (sSPLA2), cytosolic calcium-dependent PLA2s
(cPLA2) and calcium-independent PLA2s (iPLA?2) are three main groups of PLA2 enzymes (146).
SPLAZ2s are low molecular weight enzymes (13-15 kDa), which contain histidine in the catalytic
site and Ca?* bound in the active site (146). The sPLA2s demonstrate similar preferences to PLs
with different FAs in the sn-2 position (146). It has been shown that they have potent antimicrobial
properties since they can be mobilized to the sites of inflammation and hydrolyze membrane PLs
of gram-positive bacteria (147). Its been also suggested that SPLA2s have pro-inflammatory
activity, not only by releasing AA from PLs but also through binding to integrins avf3, which is
expressed by both endothelial cells and macrophages during inflammation (148). cPLAZ2s are
another group of PLAZ2s that require Ca?* for their activity (149). They contain serine in the active
site and are the only PLAZ2s that have preferences for AA in the sn-2 position of PLs, thus they
play a significant role in inflammatory diseases (149). The second messengers, including
ceramide-1-phosphate and phosphatidylinositol bisphosphate (PIP2), have been reported to
activate the cPLA2 enzymes (150). iPLA2 enzymes do not require Ca*? for their catalytic activities
(150). They also contain a serine in the active site but do not exhibit specificity for an AA in the
sn-2 position (150). Their activities are regulated by ATP binding, caspase cleavage, calmodulin,

and possible ankyrin repeat mediated protein aggregation (150).

Released FAs by PLA2s can be further oxidized through three main enzymatic pathways including
COX, LOX, and CYP450 (151). COX enzymes are present in nearly every cell of the human body
and convert PUFA into prostanoids (i.e. prostaglandins (PGs) and thromboxanes (TXs) (151).
There are two forms of COX enzymes in the human body: COX-1 and COX-2. COX-1 is expressed
in most tissues and demonstrate housekeeping functions under normal conditions (151). COX-2,
however, is not normally expressed or present only in a very low concentration in cells (151). Pro-
inflammatory cytokines (such as IL-1p and TNFa), hormones, growth factors and lipid peroxide
(i.e. 4-hydroxy-trans-2-nonenal (HNE)) increase COX-2 expression (151). Prostaglandin H2
(GH2) is the first AA-derived product produced by COX enzymes, which can be subsequently
converted to other series 2 prostanoids including PGE2, PGI2, PGD2, PGF2a, and TXA2a (151).
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y-linolenic acid (GLA), and EPA are also substate of COX enzymes and precursors of series 1 and

3 of prostanoids, respectively (152).

Prostanoids mediate their biological effects through both cell surface and intracellular receptors,
such as G protein-coupled receptors and PPARy, respectively (152). Prostanoid receptors are
divided into three groups, based on the way of signals transformation: IP (PGl receptor), DP (PGD
receptor), EP2 (PGE receptor), and EP4 mediate signals by increasing the intracellular level of
cAMP and are considered as “relaxant” receptors (152). TP (TX receptor), FP (PGF receptor), and
EP1 elevate intracellular Ca?* and are denoted as “contractile” receptors (152). EP3 induces a

reduction in the intracellular concentration of cAMP and is termed an “inhibitory” receptor (152).

LOX enzymes are the second oxidative pathway oxidizing free FAs (153). There are 8 types of
LOX enzymes in the body, but 3 of them (5/12/15-LOX) are the most studied enzymes (153). 4-
series leukotrienes (LTs) and hydroxyeicosatetraenoic acids (HETE) are derived from the AA from
LOX pathways (153). EPA metabolism is similar to AA, but it is the precursor of 5-series
leukotrienes and hydroxyeicosapentaenoic acids (HEPE) (153). DHA can also be oxidized by LOX
enzymes (153). Similar to COX derived oxylipins, LOX derived oxylipins interact with G protein-
coupled receptors and intracellular effectors to mediate their effects (153).

CYP450 enzymes, the third enzymatic pathways in oxylipin metabolism, are a diverse group of
membrane-bound enzymes present within all cells and initially known for their roles in xenobiotic
metabolism (7). These enzymes have epoxygenase (CYP2C or CYP2J enzymes) or o-hydroxylase
(CYP4A or CYP4F enzymes) activities (7). CYP450 epoxygenases oxidize AA to
epoxyeicosatrienoic acids (EpETrE), which can be converted into the corresponding diols
(dihydroxyeicosatrienoic acids (DIHETrE)) by soluble epoxide hydrolase (sEH) enzyme (7).
11,12- and 14,15- EpETrE constitutes 67-80% of all produced EpETrEs (154). CYP450
epoxygenases oxidize LA to epoxyoctadecenoic acids (EpOME), and EPA/DHA to
epoxyeicosatetraenoic acids (EpETE) /epoxydocosapentaenoic acids (EpDPE), respectively (154).
9,10-EpOME is the main LA-derived epoxide, which is subsequently hydrolyzed by the sEH
enzyme to 9,10-dihydroxyoctadecaenoic acid (9,10-DiIHODE) (155). Plasma concentrations of
9,10-DiHODE are much higher than other PUFA-derived diols in healthy American adults
showing that the western diet is rich in LA (156).
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CYP450 hydroxylases are other groups of enzymes in this pathway that produce HETEs from AA,
HEPEs, and HDoHEs from EPA and DHA, respectively (157). Oxylipins derived from this
pathway mediate their effects via specific receptors or by cross-reacting with other oxylipin
receptors (7). Moreover, they can also enter the cells and modulate transcription factors and ion

channels (7).
Biological properties of oxylipins

Since the identification of oxylipins nearly 80 years ago, numerous physiological and pathological
properties have been attributed to them (158). PGs were the first group of oxylipins discovered in
the early 1930s (158). Since then, many studies have investigated their roles in different conditions,
such as blood pressure, thrombosis, atherosclerosis, etc (158). Prostanoids have pleiotropic
cardiovascular effects (152). For example, PG12, which is mainly produced by vascular endothelial
cells, has potent vasodilatory effects (152). However, TXA2, which is primarily produced by
platelets, demonstrates vasoconstricting actions. Moreover, PGI2 and TXA2 demonstrate
opposite effects in thrombosis through their opposing actions on platelet aggregation (152),
expression of tissue factor (159), and plasminogen activator inhibitor-1 (PAI-1) (160). Inhibition
of COX enzymes using pharmacological drugs also demonstrated contrary results on the
cardiovascular system (161-163). For instance, aspirin, which is a non-steroid anti-inflammatory
drug (NSAIDs) and a COX-1 inhibitor, suppresses TXAZ2 generation and demonstrates
cardiovascular protection (163). However, the results of two epidemiological studies, including
SCOT (161) with 7297 participants and PRECISION (162) with 24,081 patients, confirmed that
other NSAIDs increase the risk of cardiovascular and thrombotic events. It is proposed that all
NSAIDs, except aspirin, increase the risk of a cardiovascular event by as much as 30% (163). The
proposed mechanism for the beneficial effects of aspirin is that it only targets TXA2 production
by permanent inhibition of platelet COX-1, but not the other prostanoids (163). COX-2 inhibition
is associated with decreased levels of PGI2 and increased sensitivity to TXA2 and therefore,
thrombosis (164). Endothelial cells can also produce COX-1 dependent PGI2, but platelet COX-1

dependent TXAZ2 production plays a dominant role in thrombogenesis (164).

Prostanoids are also implicated in atherosclerosis and their roles in atherosclerosis have been
extensively investigated (164). Both inflammatory cytokines secreted by macrophages (namely
IL-6 and TNF-a) and oxidized lipids produced within the macrophages (such as HNE), induce
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COX-2 production at the site of atherosclerotic plague (165). The role of COX-2 in atherogenesis
is complex, as generated prostanoids have both pro and anti-atherogenic effects (166). Among all
COX-derived oxylipins, PGD2, PGE2, TXA2 and PGI2 are most involved with atherosclerosis
(166). PGD2 is mainly produced in leukocytes by PGD synthase, in response to inflammation
(167) and PAF (168), and causes platelet activation (166). However, it is also the precursor of 15-
deoxy-12,14-prostaglandin J2 (15-dPGJ2), which is a ligand for PPARy (166). Activation of
PPARYy impacts atherosclerosis through a variety of mechanisms, such as inhibition of VSMC cell
growth and migration, stimulation of VSMC apoptosis, and modulation of macrophage recruitment
(166).

PGEZ2 is generated within myeloid-lineage derived cells (169). It's reported that PGE synthase-1
colocalizes with COX-2 in a setting of inflammation and its deletion reduces atherogenesis in fat-
fed hyperlipidemic mice (169). Nevertheless, PGE2 has complex biological activities as it can
interact with different receptors (166). For instance, EP-1 and EP-3 receptors mediate PGE2-
induced vasoconstriction, whereas the EP-4 receptor is the primary mediator of the anti-
inflammatory effects of PGE2 (166).

As mentioned before, TX synthase presents mainly in platelets, but it can be expressed in
monocytes and vascular smooth muscle cells as well (170). Previously, it has been shown that
blocking platelet TXA2-dependent formation is associated with primary and secondary prevention
of the wvascular complication of atherosclerosis (170). Furthermore, inhibition of
TXAZ2 biosynthesis or blocking its receptors, led to the suppression of atherosclerosis progress in
mice (171, 172). PGI2, on the other hand, is generated mainly by vascular endothelial cells via the
prostacyclin synthase enzymatic pathway (173). PGI2 also demonstrates anti-atherogenic
activities by decreasing vascular proliferation, remodelling, and hypertension (173). As mentioned
above, the cardiovascular adverse effects of selective inhibition of COX-2 is mechanistically
attributed to the suppression of cardioprotective COX-2-derived prostanoids, especially PGI2
(173).

As mentioned earlier, 5/12/15-LOX are the most studied enzymes in terms of their roles in
inflammation and atherosclerosis (174). LTA4 is the first product produced from AA by 5-LOX.
Subsequently, it can be hydrolyzed or conjugated to generate other forms of LTs (174). LTA4
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hydrolysis leads to the generation of LTB4, whereas conjugation with glutathione (by the action
of LTC4 synthase) results in the production of LTC4, D4, and E4 (174). 5-LOX is expressed
mainly in immune system cells, namely, polymorphonuclear leukocytes (PMNSs),
monocytes/macrophages, dendritic cells, mast cells, and B lymphocytes (175). The role of 5-LOX
in asthma and hay fever is well documented (175). Some studies also suggested that it associates
with low-grade inflammatory diseases, such as cardiovascular, neurodegenerative, metabolic
diseases, and cancer (175). Previous studies also demonstrated 4-series LTs participate in various
stages of atherosclerosis, such as foam cell formation, intimal thickening, advanced atherosclerotic
lesions, and degradation of extracellular matrix and therefore, plaque rupture (174).
Antileukotrienes medications have been proposed for the prevention of atherosclerosis and
treatment of M1 (175). EPA is another substrate for 5-LOX. The EPA-derived 5-LOX products are
less biologically active than AA-derived LTs (176). Since they compete with series-4 LTs to

interact with the receptors, they can be anticipated to act as inhibitors of inflammation (176).

12/15-LOX are the other groups of lipoxygenases that convert AA to 12-hydroperoxy-
eicosatetraenoic acid (12-HpETE) and 15-HpETE, respectively (177). Subsequently, cellular
glutathione peroxidases change them to hydroxy compounds namely12-HETE and 15-HETE,
respectively (177). It has been reported that 12/15-LOX can oxidize LDL, modulate the expression
of Thl cytokine and 1L-12, increase the monocytes adhesion to the endothelial cells by inducing
ICAM-1 (177). HETESs have been implicated in oxidative stress and vasoconstriction. For instance,
Ang Il and endothelin-1 can stimulate 20-HETE production in vascular smooth muscle cells (58).
Furthermore, a cross-sectional study on patients with peripheral artery disease (PAD) showed that
levels 16- HETE was significantly associated with cerebrovascular events (178). LA is another
substrate for 12/15-LOX to produce 13-HODE (177). Regarding their roles in atherosclerosis,
HODEs are the most abundant oxidized lipids in atheroma and present in all advanced lesions
(179, 180). 13-HODE is generated by 15-LOX in the early stage in macrophages as a protective
mechanism (181). 13-HODE by interacting with PPAR-g receptor enhances the clearance of lipid
and lipid-laden cells from the arterial wall (181). In later stages of atherosclerosis, however, 9-
HODE and 13-HODE are generated nonenzymatically and enhance vascular cell apoptosis, which

leads to plaque formation (181). Therefore, increased concentrations of HODE is associated with
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atherosclerosis progression and the risk of clinical events such as myocardial infarction or stroke
(181).

DHA can be converted into 14-hydroxy-DHA and 17-hydroxy-DHA by 12/15-LOX, which are
further metabolized to RvDs and protectin Ds (PDs) (182). Similar to DHA, EPA oxidation by
12/15-LOX generates 12-hydroxy-EPA and 15-hydroxy-EPA, which is further metabolized to
resolving E3 (182). Resolvins produced from both DHA and EPA possess anti-inflammatory
activities (183). They can enhance the generation of NO and prostacyclin, and can also reduce the
production of adhesion molecules and ROS in endothelial cells (183). Taken together, 12/15-LOX
enzymes reveal opposite effects on atherosclerosis (153). Proatherogenic effects are usually
attributed to the role of 12/15-LOX in LDL oxidation. on the contrary, protective effects can be

related to the synthesis of pro-resolving mediators (153).

EpETTEs, which are generated by CYP450 epoxygenases, exert diverse biological properties, such
as vascular vasorelaxation, apoptosis inhibition, and enhancement of proliferation (153).
Vasodilatory effects are mediated through the cAMP/protein kinase A (PKA) signaling pathway,
activated by a receptor coupled to Gas-protein (184, 185) whereas other EpETrE-dependent effects
occur through PI3K/Akt, MAP kinase, or Src kinase pathways (186). EpETESs and EpDPEs affect
many of these processes, and thus, it is likely that they act through a similar receptor-dependent
mechanism (155). EpETrEs and o-3 PUFA epoxides also express anti-inflammatory properties in
the cardiovascular system, which are mediated through attenuation of NF-xB-dependent
inflammatory responses (187). Moreover, inhibition of the SEH enzyme, which is accompanied by
increased levels of EpETrEs, has been associated with decreases in the development of
atherosclerosis and aneurysm (153). On the contrary, the biological effects of EPOME and
DiHOME on the cardiovascular system are more complex (188-194). Some studies suggested that
high concentrations of 12,13-EpOMEs and 12,13-DiHOME:s are toxic to cardiac cells (188, 189).
However, evidence shows that most of the cytotoxic effects attributed to EpOMESs are mediated
by their diol metabolites, DIHOMEs (190-194). For example, some studies suggested that
EpOMEs have cardioprotective effects through maintaining mitochondrial function (190, 191),
whereas high levels of DIHOMEs in the heart are correlated with impaired cardiac function (192,

193). Furthermore, inhibition of sEH, which significantly reduces DIHOME and increases the
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levels of EpPOME, prevented cytotoxic effects suggesting the DiIHOME metabolite was causing

the adverse response (194).

As mentioned before, CYP450 hydroxylases produce HETEs from AA (7). 19 and 20-HETEs are
the most studied CYP450 hydroxylases derived from AA (7). 20-HETE and 19-HETE usually
exert opposite effects (7). 20-HETE is mainly generated in VSMCs (but not endothelial cells in
the vasculature) (195, 196). Myeloid cells (197), neutrophils, and platelets can also produce 20-
HETE (198). Release of 20-HETE by these calls can lead to smooth muscle cell migration,
proliferation, angiogenesis, inflammation, and therefore endothelial dysfunction (199-201).
However, 20-HETE is most well-known for its vasoconstrictive effects through PKC, MAPK, and
c-src-type tyrosine  kinase pathways (202). Endothelin-1, Ang I, atrial  natriuretic
peptide (ANP), serotonin, and NO mediate 20-HETE release and its vasoconstrictive effects in the
vasculature of the heart, brain, and kidney (203). 20-HETE can also stimulate the production of
proinflammatory mediators such as PGE2, TNFa, and IL-8, IL-12, and IL-14 (201). It can also
mediate  cardiac  hypertrophy and fibrosis by increasing inflammatory  cytokines
and chemokine productions (204). Interestingly, 19-HETE has the opposite effects on blood
pressure. For example, it causes vascular vasodilation (205), inhibit 20-HETE-mediated
endothelial dysfunction (199), and Ang IlI-mediated hypertrophy and heart failure (HF) (206, 207).
However, in a retrospective case-control study, patients with ACS had higher levels of 19-HETE
compared to patient controls without coronary heart disease (CHD) (208). But among ACS
patients, higher levels of 19-HETE were correlated with a lower risk of major adverse
cardiovascular events (MACE) following treatment with coronary artery bypass and stenting
(208). Therefore, further research needs to be done on the effects of HETESs in cardiac disease
(204). CYP-hydroxylases convert EPA to 19- and 20-HEPE and DHA to 22-HDoHE, which are
the counterparts of 20-HETE (209). However, since no data are available regarding the biological
role of 20-HEPE and 22-HDoHE in humans, it is not known if these oxylipins share or antagonize
the vasoconstrictor action of 20-HETE (210).

Oxylipin changes during I/R: evidence from experimental studies

Pioneering research has shown oxylipin changes during I/R in various experimental models (211-
215). For example, Kuzuya et al., measured the levels of (12, 15, 5) HETEs, LTB4, and TXB2
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after 90 min of ischemia and 5 hrs of reperfusion in canine myocardial I/R (n=10) (211). HETEs
were measured using HPLC/MS whereas LTB, and TXB2 were quantified by radioimmunoassay
(211). They found increased levels of HETEs and TXB2 in the infarcted area compared with
normal myocardium (211). There were also significant correlations between infarct size (which
was estimated by percentage risk area infarcted) and levels of 12-HETE and TXB2 (211). In
another canine model of I/R, elevated levels of 12-HETE were reported in myocardial tissue after
1 day of reperfusion measured by reverse-phase HPLC (212). However, in this study, 12-HETE
levels reduced during 7 days post-reperfusion (212). Engles et al., examined the effects of various
periods of global ischemia (30, 45, and 60 min of ischemia) and reperfusion (5, 10, 15, 20, 25, 30
mins) on PGs, TXs, and (5, 12, 15) HETE concentrations in isolated, perfused rat hearts (n=5)
(213). Radioimmunoassays (for PGs and TXs) and HPLC (for HETE) were used for oxylipins
analyses (213). They found that levels of 6-keto-PGF1a were elevated by increasing the time of
ischemia in isolated hearts (213). Following reperfusion, its concentrations increased further and
reached the highest levels at 5 mins of reperfusion but decreased gradually over 30 min post-
reperfusion in myocardial tissue (213). TXB2, conversely, produced only after 60 mins of
ischemia, but similar to 6-keto-PGF1a, its levels reduced during 30 min of reperfusion (213). In
another study, Hughes et al., assessed the oxylipin changes in rabbit myocardium after 45 min
ischemia and 3 hrs of reperfusion using gas chromatography-mass spectrometry (GC-MS) (n=6)
(214). Significantly elevated levels of LTB4, 5-HETE and 12-HETE were detected in the ischemic
myocardium of rabbit compared with non-ischemic controls (214). Nithipatikom et al. assessed
the levels of CYP450 metabolites of AA following I/R in canines (n=8) (215). Levels of 5,6-, 8,9-
, 11,12-, and 14,15- EpETTEs, their corresponding DIHETTES, and 20-HETE were measured using
GC-MS in coronary venous plasma samples (215). Total levels of EpETrEs, 14,15- DIHETTE, and
20-HETE elevated significantly at 60 mins of reperfusion in coronary venous plasma compared
with controls (215). Their levels remained elevated until 60 min of reperfusion but decreased at
120 min of reperfusion (215). Recently, Horii et al. showed increased levels of 5-HETE, 11-HETE,
12-HETE, and 15-HETE in the infarct area of mouse heart at day-3 after M1 compared to the non-
infarct area and sham group using HPLC-MS/MS (216).
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Role of oxylipins in ACS: evidence from clinical studies

Plasma concentrations of AA-derived oxylipins, including TXB2, 6-keto-PGF1la, LTB4, LTC4,
LTD4, and LTE4 were measured in 19 patients with M1 using radioimmunoassay (217). Plasma
levels of TXB2 and LTB4 increased significantly at 24 hrs following reperfusion compared with
healthy control but decreased to baseline levels at 30 days of reperfusion (217). In another study
changes in LTC4 levels in arterial and pulmonary artery blood were measured in patients with
chronic stable angina (n=14) and Ml (n=14) using radioimmunoassay (218). They found that LTC4
concentrations were significantly elevated in patients with AMI in both arterial and pulmonary
artery blood in the acute phase compared with patients with chronic stable angina (218).
Previously, 8-iso-prostaglandin F2a was measured in 3 groups of patients, including patients with
no or minimal CAD (n =15), stable CAD (n =31) and AMI (n =13) using the enzyme immunoassay
(219). The blood samples in patients with MI and stable CAD were collected at a median time of
40 hrs and 72 hrs after the start of chest pain, respectively (219). They found significantly elevated
plasma levels of 8-iso-prostaglandin F2a in patients with MI compared with patients with or
without CAD, even after correcting for coronary atherosclerosis risk factors, age, the extent of
atherosclerosis, and CRP levels (219). Strassburg et al. developed an analytical method to measure
oxylipins in patients who underwent cardiac surgery (220). Blood samples were collected at
baseline and 24 h post-reperfusion in 5 patients (220). They found that elevated levels of 12-HETE
and 5-HETE after surgery compared with baseline values (220). Metabolites of COX and CYP450

were not significantly different in their study participants before and after surgery (220).

A retrospective nested case-control study, comprised of 470 patients with ACS and 39 subjects
without CHD (as a control group), was conducted in the Chinese population (208). In this study,
LTB4, 8-HETE, 11-HETE, 12-HETE, and 15-HETE were significantly elevated in ACS patients
compared with controls (208). In addition, levels of 5-HETE and 9-HETE were significantly
higher in the ACS group with events compared with controls suggesting the potential diagnostic
value of these oxylipins in ACS (208). The level of the 20-HETE level was also significantly
elevated in the STEMI group comparing with the non-STEMI group (208). In a prospective study
by Sun et al., (221) the association between oxylipins and incidence of MI was investigated in 744
AMI cases and 744 matched controls aged 47—83 years within the Singapore Chinese Health Study
(221). They found inverse correlations between pro-thrombotic TXB2 and AMI risk. They
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suggested that this unexpected association would be more related to sample collection, processing,
and storage conditions rather than biological differences (221). Moreover, in this study, only 19
oxylipins that had potential roles in inflammation, blood pressure, and platelet degranulation were
measured not the full spectrum (221). In a study by Caligiuri et al., the role of oxylipins in odds of
cardiovascular/cerebrovascular events was assessed in patients with peripheral artery disease
(PAD) (178). Among 98 patients with PAD, there were 24 patients with ACS defined as STEMI,
non-STEMI and unstable angina (178). They found that elevated levels of 16-HETE, TXB2, and
11,12-DIiHETrE are significantly associated with increased odds of
cardiovascular/cerebrovascular events in patients with PAD (178). In this study, the odds of ACS
increased by 92-fold in patients who had higher levels of plasma 8,9-DIHETrE (178). A large
prospective study investigated the prognostic impacts of oxylipins on clinical outcomes in CAD
in 2,239 patients with stable CAD (222). After 2 years of follow-up, 25 patients presented with a
new onset of acute M1 (222). Gender and age-matched patients with CAD (n=50) without clinical
cardiovascular events were also recruited as a control group (222). They found that the baseline
concentrations of AA-derived metabolites were significantly elevated in patients with subsequent
AMI compared with controls (222). The incident of future MI was associated with elevated
baseline levels of 8-HETE, 9-HETE, 11-HETE, 12-HETE, 15-HETE, 19-HETE, 20-HETE, 5,6-
EpETTE, 8,9- EPETrE, 11,12- EpETrE, or 14-15- EpETrE (222). These data suggested that HETE
and EPETREs levels can be potential targets for secondary prevention in clinically stable CAD

patients (222). In a recent prospective observational study, specialized pro-resolving mediators
(SPM) were quantified in patients with STEMI (n=15), stable CAD (n=10), and healthy controls
(n=10) (223). They found that levels of DHA-derived oxylipins generated through the LOX
pathway, namely, protectins, increased significantly after the onset of STEMI compared with both
CAD and control groups (223).

IV. Oxidized lipids analyses in biological samples

A part of this chapter is published in:

Lipidomics of bioactive lipids in acute coronary syndromes. International journal of molecular

sciences. 2019 Jan;20(5):1051. Zahra Solati, Amir Ravandi
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Oxidative lipidomics

As discussed in the previous section, it’s well documented that products of both enzymatic and
non-enzymatic lipid oxidation are bioactive which can interact with several cell-surface receptors
and immune cells (224). Lipid oxidation usually generates a massive variety of oxidized products
(224). Hence, analytical techniques that can provide molecular-level detail, such as MS, are
required to distinguish heterogeneous mixtures of oxidized lipids in different biological samples
(224).

One of the challenges in oxidized lipid analysis is the diversity of products of lipid oxidation (81).
For example, during PL oxidation, unsaturated FA in the sn-2 position and headgroup can be
oxidized by oxidants (81). PUFA, such as AA or PA, are more vulnerable to free radical attack
whereas monounsaturated FA (MUFA) and reactive headgroups in PLs, such as PE or PS, are
more susceptible to reactive nitrogen species and hypohalous acids (derived from myeloperoxidase
and eosinophil peroxidase) (81). The possible products include the full-length and short-chain
oxidized PLs that are esterified to the glycerol backbone of PL and called non-fragmented and
fragmented OxPL (81). The non-fragmented oxidized products can differ from products with
simple oxidative alteration, such as hydroperoxide, hydroxide, etc, to more complex forms such
as isoprostane-like structures or isolevuglandins (81). Fragmented OxPLs contain an aldehyde or
carboxyl groups in their structures (81). PL oxidation also produce fragments of the oxidized fatty
acyl chains, which are not esterified to the glycerol backbone, such as malondialdehyde (MDA)
and 4-HNE (81).

Similar to PLs, oxidation of free FAs released from PLs give rise to diverse groups of products,
which is the consequence of a large number of existed FAs and oxidative pathways (7). N-6 (such
as AA and LA) and n-3 FAs (such as EPA and DHA) can enter into three main oxidative pathways
including COX, LOX, and CYP450 (7). Prostanoids (namely prostaglandin and thromboxanes)
are generated through the COX pathway (7). LOX enzymes catalyze the generation of short-chain
hydroxy FAs (7). CYP450 enzymes have epoxygenase or o-hydroxylase activities, which produce
epoxides and long-chain hydroxy FAs, respectively (7). Smaller portions of oxylipins can be

produced from non-enzymatic oxidation (7).
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Oxidized lipid: method of detection of

Given that the first product of lipid oxidation by radicals contains carbon-centred or oxygen-
centred radicals, lipid peroxidation products can be detected by spin traps (224). Electron spin
resonance spectroscopy (ESR or EPR) is one of the analytical methods to analyze oxidized lipids
generated by free radical oxidation (224). For instance, -(4-pyridyl-1-oxide)-N-tert-butyl nitrone
(POBN) was used to interact with radical produced from DHA by ESR (226). However, this
method is not suitable for measuring non-radical compounds (225). Colourimetric or fluorimetric
assays have been applied for non-radical forms of oxidized lipids (227-233). To perform these
analyses, oxidized lipids are required to react with compounds to generate chromophores or
fluorophores. For instance, iodometric titration (227), ferrous oxidation-xylenol orange (FOX)
assays (228), and isoluminol-dependent assays (229, 230) have been used for the detection of
hydroperoxide groups. Other examples include using 2,4-dinitrophenyl hydrazine (231, 232),
cyclohexanedione, or pentafluorobenzyl hydroxylamine (231, 233) for detecting lipid aldehyde or
ketones in biological samples. The main drawback of these assays is that they can detect a class of
oxidized lipid rather than an individual compound. However, applying a separation technique
before detection can minimize this problem (224).

Thin-layer chromatography (TLC) is one of the basic separation methods that has been applied for
lipid analysis (225, 234, 235). It is a technique that separates metabolites based on their polarity
differences (236). It is composed of a stationary phase, which is usually a silica gel and a mobile
phase (236). In normal-phase TLC, a non-polar mobile phase, such as hexane or chloroform, is
used while in reverse phase TLC, The mobile phase is polar (such as methanol) (236). TLC is a
convenient, simple inexpensive method compared with other methods of separation. However,
lipid oxidation can occur (236). GC has been used for the separation of epoxy FAs from hydroxy
and non-oxidized FAs (237). In this method, metabolites are separated based on their boiling
point/vapour pressure and polarity using a gaseous mobile phase and a solid or liquid stationary
phase (237). For GC analysis, the metabolite is required to be volatile and thermally stable.
Therefore, derivatization is required for oxylipins to elevate their metabolites volatility (237). For
example, N, O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) have been used for oxylipin
derivatization (238). GC can be coupled to MS which increases the sensitivity and specificity of

analysis (233). The ionization technique used in GS-MS is high energy electron ionization (hard
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ionization) or chemical ionization. GC-MS usually use for the quantification of isoprostanes (239,
240) hydroperoxides and hydroxides forms of FAs (233). However, this method is not suitable for
OxPL analysis (224). HPLC is the main separation method that has been used for OxPL analysis
which can be also readily coupled with soft ionization MS (224). The most common used HPLC
columns are normal-phase and reverse-phase columns, although other column types have also been
used (224). The normal-phase column separates lipids based on their class or headgroup, while the
reverse-phase column separates lipids based on chain polarity and thus can be used for separating
oxidized forms from unoxidized lipids (224).

Immunoassays including enzyme immunoassay (EIA) and radioimmunoassays (RIA) are very
sensitive approaches for oxidized lipid analysis but rely on the availability of antibodies (224). For
example for OxPL analysis, E06, which is a natural antibody of IgM class can recognize PC in
OxPC and OxPC adducts to proteins, such as lipoprotein (a) and oxidized LDL (224). This method
has been extensively used to study PL oxidation in cardiovascular diseases (242). The advantage
of this method is a high speed, sensitivity and cost-effectiveness (224). However, this method is
not able to identify specific OXPC species, which is necessary to understand the biological
properties of individual OXPC species (224). EIA and RIA have been widely used for oxylipin
analysis as well (224). For instance, RIA has been developed to measure IsoPs (8-iso-PGF2)
(243),15-keto-dihydro-PGF2 (244), Prostaglandin E2 (PGE2) and LTB4 (240), PGE2 (245, 246),
PGE2, PGF2, PGI2, 6-0x0-PGF2, TXA2, TXB2 (247) in biological samples. EIA, however, is not
a suitable method for oxylipin analysis due to the structural similarity of oxylipins that makes it
unlikely for an antibody to differentiate between them (248). Moreover, plasma proteins can be
also attached to oxylipins (249). To overcome this challenge, separation techniques can be applied
to separate oxylipins from plasma protein (249). Thus, due to these challenges of immunoassay,
HPLC-MS/MS has been extensively applied for oxylipin analysis.

Oxidized lipids analysis by HPLC-MS/MS
Sample preparation

The first step in preparing samples for lipidomic analysis is extracting the lipids from the biological
samples (cell/tissue/plasma) (250). Conventional liquid-liquid extraction has been widely used for

the extraction of OxPLs (250). Folch extraction, which uses chloroform/methanol, is one of the
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most common extraction approaches for OxPLs extraction (251). Adding antioxidants, such as
BHT, is recommended to minimize further oxidation during extraction (251). Recently, it has been
suggested that enrichment strategies such as using gold nanoparticles (GNP) and/or antibodies on
a crude sample or lipid extract increases the efficacy of OxPL analysis (252-253). Hinterwirth et
al. (252) used GNPS with four different Ox-LDL antibodies, namely E06 antibody, Cu Ox-LDL
antibody, MDA-LDL antibody, and carboxymethyl lysine-LDL antibody, to increase the
sensitivity of OxPL detection in plasma. Stibiger et al., (253) also shown that adding 2-
aminobenzoic acid (2-AA) as the reagent with GNP, elevated the carbonyl-containing OxPC

identification at sub-nanomolar concentrations, with up to 90% recoveries.

Oxylipins can be extracted using liquid-liquid extraction and/or solid-phase extraction procedures
(6). The use of chloroform/methanol mixtures, according to Bligh and Dyer, is the most common
liquid-liquid extraction protocol for oxylipins (254). In this method, oxylipins are suspended in
organic solvents, but hydrophilic materials, such as proteins, are eliminated following phase
separation (254). However, the main drawback of the Bligh and Dyer protocol is that most lipid
groups including non-oxidized lipids (cholesterol, triacylglycerols and phospholipids), which
usually present in very high concentrations, are also extracted and can interfere with oxylipin
analysis (255). Solid-phase extraction can be conducted using commercial columns pre-packed
with various sorbents (256). SPE separates different metabolites between the liquid and the solid
phase (255). Thus, it removes the unwanted compounds that can cause matrix effects during the
analysis and increases the concentrations of target analytes. This leads to higher sensitivity and

improves the limits of detection (255).

Separation of oxidized compounds using liquid chromatography (LC)

To separate the OxPLs species, reverse-phase HPLC with C8 or C18 columns with either isocratic
or gradient elution has been widely used (238). OxPLs are separated on the HPLC column based
on their polarity and molecular weights before interfacing with the MS, which increases the
sensitivity of the assessment (238). Reverse-phase mobile phases are usually a mixture of water,
methanol, or acetonitrile (257). Hexane or isopropanol can also be applied as co-solvents (257).
Ammonium acetate, ammonium formate, or acetic or formic acid can also be added to the solvents
to facilitate ionization in MS. There are no deuterated internal standards for OxPLs analysis (257).
Non-oxidized PLs and lyso-PL, such as PI (31:1) for OxPI analysis and PC (9:0)/LPC(17:0) for
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OxPC analysis, have been used as internal standards (257). These PLs have the same structures
and fragmentation patterns and are not produced in the body. Therefore, they can be used as
internal standards to assess the extraction efficacy and instrument response (257). Reverse-phase
HPLC or ultra-performance LC (UPLC) with a C18 column or has been used widely to separate
oxylipins (208, 256, 258). The UPLC column has better resolution, lower detection limits, and a
shorter chromatographic run in comparison with HPLC (257). Besides, UPLC can also decrease
ion suppression caused by co-eluting lipids, and isobaric and isomeric metabolites interferences
(256). Gradient elution is usually applied for oxylipins LC separation (256). Solvent A is
composed of 0.1% acetic acid or 0.1% formic acid in water (v/v) (256). Solvent B can consist of
different solvents, namely, acetonitrile, isopropanol, methanol, individually or mixed in different
proportions (256). For instance, acetonitrile/isopropanol (90/10 or 70/30, or 50/50) (256).
Deuterated oxylipins are commercially available, which are used as internal standards (257). These
standards are matched with groups of endogenous oxylipin species in terms of chemistry, retention
time, and ionization efficiencies (257). As mentioned previously, internal standards are needed to

assess the extraction efficacy and instrument response (257).

MS and oxidative lipidomics

Considering all the above-mentioned challenges of conventional analytical methods, MS has been
extensively applied for OxPLs and oxylipin analysis (224). Electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI) are two forms of low energy (soft) ionization
approaches that have been used for labile compounds, such as PLs (259, 260). The main advantage
of soft ionization is that unlike GC-MS, it does not require chemical manipulation (to release FA)
and derivatization (to make volatile compounds) (224). Therefore, it’s a simpler method, handling
is minimized and PL structure remains untouched (224). ESI and MALDI are able to ionize several
species in the sample simultaneously (224). Thus, samples can be introduced into the mass
spectrometer without prior separation, which is called shotgun lipidomics (224). This method is
not a desirable technique for oxidized lipids analysis, as the concentrations of oxidized compounds
in a sample are considerably lower compared with non-oxidized metabolites (224). Using
separation techniques, such as HPLC, prior to MS prevents the ion-suppression caused by highly
abundant molecular ions (224). MS has advanced vastly from 15 years ago, in respect to sensitivity,
resolution, scanning speed and identifying fragmentation patterns (261). This has made MS the
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desirable approach for OxPC and oxylipin analyses (261). ESI has been used more extensively in
the lipidomics area compared with MALDI, as MALDI needs co-crystallization of a matrix with
the sample, which affects the signal and thus absolute quantification (261). However, some studies
have applied MALDI for oxidized or chlorinated PLs and cardiolipin (243, 262-265). The
advantages of MALDI over ESI is that, unlike ESI, it does not need cleanup samples and tolerates
salts or detergents in the samples (224). Moreover, it can be used for MS imaging which provides
information on spatial distributions of molecular species across tissues, while ESI needs tissue
extraction (224). The schematic steps of soft ionization by ESI versus MALDI are summarized in
Figure 3.

Figure 3: Soft ionization mass-spectrometry: ESI versus MALDI
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In triple quadrupole mass spectrometers, metabolites are ionized in the ion source. Subsequently, the ion
with the specific mass/charge ratio crosses a first mass analyzer (Q1). Then the selected ion (precursor or
parent ion) enters into the collision chamber and is fragmented by gas (He, N2, or Ar) to the
product/daughter ion. A particular product ion is then selected in the Q3 analyzer. The metabolite is
identified in the detector. B: Matrix-assisted laser desorption/ionization (MALDI): Samples are coated with
a solution of an organic, energy-absorbent compound, called matrix. The sample inside the matrix is ionized
with a laser ray. Electric field increases the detection of ions within the matrix. lons identified based on the
time to reach the detector (TOF). Small ions reach the detector faster than large ones.

Soft-ionization technique in MS

Mass spectrometers are comprised of mass analyzers, which differentiate ions based on their mass-

to-charge (m/z) ratio (224). A tandem mass spectrometer (MS/MS) has two analyzers and a
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collision cell connecting two analyzers. The first analyzer selects a precursor (parent) ion molecule
(224). In collision cells, the precursor ion breaks down to fragment (daughter) ions by an inert gas
(He, N2, Ar, etc) (224). Fragment (daughter) ions are then identified in the second analyzer (224).
Quadrupole mass analyzer is the most common analyzer in tandem mass spectrometers, which
contains four parallel rods of a circular or hyperbolic cross-section, which are supplied with radio-
frequency (RF) and direct-current (DC) voltages (224). lons are scanned by varying the DC/Rf
quadrupole voltages, thus only ions with the selected mass to charge ratio will have the correct
oscillatory pathway in the Rf field (224). Finally, each ion that reaches the detector, makes a unique
signal in the spectrum. To differentiate ions with similar mass (isobaric compounds), high-
resolution mass instruments are needed with a mass resolution of 40-100 k and mass accuracies
of 0.5-5 ppm (224). On the other hand, to identify compounds that have the same elemental
composition but different structures (isomeric compounds), fragmentation or separated
chromatographically can help to differentiate them in a mass spectrometer (224). lon mobility MS
(IMS) can also separate isomeric compounds as it separates ions based on their shape (collisional
cross-section) (224). IMS also remove chemical background from the mass spectra which makes
the assignment and detection more sensitive. IMS has been also used in mass spectrometric
imaging (224).

Modes of scanning in MS

There are three main methods for targeted analysis with different levels of selectivity, which are

presented in Figure 4.
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Figure 4: Mass-spectrometry fragmentation routines
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This figure was remade from “Spickett CM, Pitt AR. Oxidative lipidomics coming of age: advances in the

analysis of oxidized phospholipids in physiology and pathology. Antioxidants & redox signaling. 2015 Jun
20;22(18):1646-66". (Free accsess article).

Precursor ion scanning recognizes parent ions that give rise to desired fragment ion (daughter ion)
by scanning through the masses in the first analyzer (266). The second analyzer is set to identify
the m/z of the daughter ion (266). Neutral loss scanning recognizes precursors that fragment by
loss of a specific uncharged fragment, regardless of the mass of the parent ion (266). In this
approach, scanning occurs in the first and second mass analyzers with a fixed mass offset between
them corresponding to the mass of the neutral fragment lost (266). These two methods can be
applied when the identification of a group of compounds containing a specific group is desired
(266). For instance, precursor ion scanning for m/z 184 recognizes phosphocholine-containing
lipids such as sphingomyelin (SM) or PC (266) or the neutral loss of 18 atomic mass unit (amu)
corresponds to water, showing the presence of a hydroxyl group (267). Combining neutral loss
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and precursor ion scanning has been used for MS-based shotgun lipidomics, in which different
classes of lipids can be identified without prior separation (267). However, the main limitation is
ion-suppression and a difficulty in differentiating isomeric and isobaric lipid molecular species
(268). On the contrary, when a single metabolite is to be identified, selected single reaction
monitoring (SRM) is applied (224). Thus, the m/z of the parent ion in the first analyzer and m/z of
the daughter in the second analyzer is set (224). The specificity of this method can increase by
repeating multiple “transitions’’ from precursor to fragment ions, which is called multiple reaction
monitoring (MRM) (224). The sensitivity of SRM and MRM is higher compared with scanning

approaches which makes the desired approach for the targeted quantification of compounds (224).

Identification and quantification of oxidized lipids by MS

Although MS has been used for several years for lipid analysis, the application of MS to measure
oxidized lipids, particularly OxPL and oxylipins, has been initiated recently after the emerge of
soft ionisation techniques (224). In the field of PL analysis, most of the studies have focused on
PC, as it is the most abundant PLs. Mass to charge ratio of 184.1, which corresponds to PC
headgroup, can be used to identify PC and SM (as it has PC in its structure) in either precursor ion
scan or SRM/MRM (224). Gruber et al. (269) provided an extensive list of OxPC transitions that
applied to quantify OxPCs in human dermal fibroblasts subjected to UVA irradiation using
reversed-phase HPLC-MS/MS analysis (269). PL standards including PAPC, PLPC, SAPC, and
SLPC were exposed to dry air (for 48 hrs) to be oxidized and then were injected into HPLC-
MS/MS system to estimate retention time of non-oxidized PCs and OxPCs (269). As OxPCs elute
from the column earlier than non-oxidized forms, they can be separated well from the unoxidized
PCs (269). Using this method, they were able to identify 97 OxPC compounds in human dermal
fibroblasts subjected to UVA irradiation (269). In another study by Stubiger et al. (270) also
developed a method using PL autooxidation to identify OxPCs in the plasma and lipoproteins of
patients with familial hypercholesterolemia and normolipidemic individuals using reverse-phase
HPLC-MS/MS (270). They were able to quantify 10 OxPCs derived from PAPC, PLPC, SAPC
and SLPC in the plasma of their participants (270). They also confirmed their results by using
MALDI-QTOF-MS/MS (270).
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Our lab has previously identified OXPC species in patients that have undergone percutaneous
coronary and peripheral procedures using normal phase HPLC/MS (271). In this study, six of the
most abundant OxPCs, including POVPC, PONPC, PGPC, PAzPC, KOdIiAPC and KDdiAPC
were quantified in embolized material captured by distal protection filter devices (271).
Commercially available OxPC standards were used for OXPC species identification in MS by
MRM (271). We also previously measured the levels of OxPl in Ox-LDL and human
atherosclerotic plaque by using reversed-phase HPLC-MS/MS (272). To generate OXPI species,
bovine liver Pls were subjected to non-enzymatic and lipoxygenase-catalyzed oxidation (272).
After finding the retention times for OxPI species and using the MRM method, we were able to
quantify 23 OxPI species in human Ox-LDL and atherosclerotic plaque (272). Recently, Ademowo
etal., (273) have measured 10 OxPC species in the plasma of patients with chronic kidney disease
and periodontitis and healthy controls. They oxidized PL standards, including PAPC, PLPC, SAPC
and SLPC, using Fenton reaction between H202 and FeCl2, to generate OXPC species (273).
Similar to previous studies, HPLC-MS/MS was applied for OxPC identification and
quantification. As there is no deuterated standard for OxPL analysis, non-oxidized PLs and lyso
PL (LPL, such as PI (31:1), PC (9:0), and LPC (17:0), have been used for OxPL quantification in
MS (273).

MS has been also widely used for targeted oxylipin analysis (257). One of the factors that makes
oxylipin analysis more accurate using MS is that deuterated oxylipins are commercially available
which can be used as internal standards (257). These standards are matched with groups of
endogenous oxylipins species in terms of chemistry, retention time, and ionization efficiencies
(257). A recent review by Liakh et al, (238) mentioned that more than 30 studies were cited that
used HPLC-MS/MS for oxylipin analysis in cells, tissue and human serum/plasma. For instances,
some recent studies investigated the role of oxylipins in the diagnosis and prognosis of ACS using
HPLC-MS/MS (238). In a prospective study by Sun etal., (221), the association between oxylipins
and incidence of MI was investigated in patients with myocardial infarction (MI) and controls
within the Singapore Chinese Health Study. In this study, only 19 oxylipins which had potential
roles in inflammation, blood pressure, and platelet degranulation were measured not the full
spectrum (221). In a study by Caligiuri et al., (178) the effects of oxylipins on odds of
cardiovascular/cerebrovascular events were assessed in patients with peripheral artery disease

(PAD) (178). Seventy-eight oxylipin metabolites were quantified in the plasma of their participants
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using LC/MS/MS (178). A large prospective study investigated the prognostic impacts of oxylipins
on clinical outcomes in patients with stable cardiovascular disease (CAD) and 45 oxylipin
metabolites were quantified in the plasma of study participants using HPLC-MS/MS (222). In a
recent prospective observational study, specialized pro-resolving mediators (SPM) were quantified
in patients with STEMI, stable CAD, and healthy controls. In this study, 24 oxylipin species
derived from DHA and EPA were measured in the plasma of their participants using HPLC-
MS/MS (223).

In summary, among the available analytical methods for oxidized lipid analysis, tandem MS/MS
instruments have recently become the most common approach (6). MS is a powerful tool that
provides another layer of the detailed molecular levels of oxidized lipid assessments (6). Using
this approach, several groups of compounds can be assessed at the same time in a targeted and
non-targeted fashion (6). Coupling LC to MS increases the selectivity and sensitivity of the

oxidized lipid analysis (6). The steps of oxidized lipid analysis are summarized in Figure 5.

Figure 5: Steps of oxidized lipid analysis by HPLC-MS/MS
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Conclusion

It is well documented that I/R results in the generation of ROS which leads to the activation of
both non-enzymatic and enzymatic lipid oxidations. Products of lipid oxidations, such as OxPLs
and oxylipins are biologically active and can initiate inflammatory responses and cell death
pathways. In order to identify and quantify oxidized lipids in biological samples, sophisticated
analytical systems are needed, considering that they are a heterogeneous group of compounds in
low abundance. Given that their roles in I/R injury are still poorly understood, we aimed to describe

the first detailed oxolipidomic analysis during IR injury.
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CHAPTER Il - METHODS AND RESULTS
i Role of oxidized phosphatidylcholines (OxPCs) in renal ischemia/reperfusions (I/R) injury

Previous data from our laboratory revealed that oxidised phosphatidylcholines (OxPCs) are
produced in cultured neonatal rat cardiomyocytes (NNCM) following I/R. However, it’s unknown
if OXPC species are also produced at the tissue levels during I/R. It has been reported that 50% of
kidney lipid mass is composed of phospholipids (PLs) and PCs account for 35% of the total PL
content of kidneys. Given that fragmented OxPCs are potent apoptotic molecules, changes in
OxPCs concentrations can contribute to renal I/R injury. Therefore, the current objectives of the

following study include:

To examine if OXPC molecules are generated following renal I/R at the tissue level.

To identify groups/individual OxPCs species that experience significant alteration during I/R.

To investigate if increasing the time of reperfusion affects the OxPCs levels.

To understand if changes in tissue levels of OxPCs are correlated with the marker of tissue injury.

The hypotheses of the current study are: both fragmented and non-fragmented OxPCs are produced
during renal I/R. Fragmented OxPCs become dominant molecules by increasing the time of
reperfusion. Changes in OxPCs concentrations are correlated with the creatinine levels, which is a

marker of kidney injury.
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Abstract

Background: The aim of this study was to determine the individual oxidized phosphatidylcholine
(OxPC) molecules generated during renal ischemia/reperfusion (I/R) injury.

Methods: Kidney ischemia was induced in male Sprague—Dawley rats by clamping the left renal
pedicle for 45 min followed by reperfusion for either 6h or 24h. Kidney tissue was subjected to
lipid extraction. Phospholipids and OxPC species were identified and quantitated using liquid
chromatography coupled to electrospray ionization tandem mass spectrometry using internal

standards.

Result: We identified fifty-five distinct OxPC in rat kidney following I/R injury. These included
a variety of fragmented (aldehyde and carboxylic acid-containing species) and non-fragmented
products. 1-stearoyl-2-linoleoyl-phosphatidylcholine (SLPC-OH), which is a non-fragmented
OxPC and 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PAzPC), which is a fragmented
OxPC, were the most abundant OxPC species after 6h and 24 h I/R respectively. Total fragmented
aldehyde OxPC were significantly higher in 6h and 24h I/R groups compared to sham-operated
groups (p=0.03, 0.001, respectively). Moreover, levels of aldenyde OxPC at 24h I/R were
significantly greater than those in 6h I/R (p=0.007). Fragmented carboxylic acid increased
significantly in the 24h I/R group compared with sham and 6h I/R groups (p=0.001, 0.001).
Moreover, levels of fragmented OxPC were significantly correlated with plasma creatinine levels
(r=0.885, p=0.001). Among non-fragmented OxPC, only isoprostanes were elevated significantly
in the 6h I/R group compared with the sham group but not in the 24h I/R group (p=0.01). No
significant changes were observed in other non-fragmented OxPC including long-chain products

and terminal furans.

Conclusion: We have shown for the first time that bioactive OXPC species are produced in renal
I/R and their levels increased with increasing time of reperfusion in a kidney model of I/R and
correlated with the severity of I/R injury. Given the pathological activity of fragmented OxPCs,

therapies focused on their reduction can be a mechanism to attenuate renal I/R injury.

Keyword: Kidney, ischemia/reperfusion, phospholipids, oxidized phosphatidylcholine, mass-

spectrometry
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Introduction

Renal ischemia/reperfusion (I/R) injury is the leading cause of acute kidney injury (AKI) affecting
13.3 million patients every year (1). AKI is considered to be the main risk factor for acute renal
failure in conditions such as kidney transplantation, renal surgery, contrast media-induced
nephropathy, sepsis, aortic bypass surgery and cardiopulmonary surgery (2). It is accompanied by
rapid kidney dysfunction resulting in an abrupt increase in plasma creatinine as a result of kidney
injury. The exact mechanisms underlying renal injury are complex and yet to be fully understood.
Reduced supply of blood during renal ischemia leads to decreased oxygen in peripheral tissue,
depletion of ATP and activation of enzymes such as phospholipases and protease (3). However,
during reperfusion, there is a rapid influx of blood and oxygen to the injury site that is accompanied
by robust inflammatory and oxidative stress responses resulting in abrupt kidney dysfunction (1).
Previous evidence has shown that renal I/R injury is a final consequence of various pathological

events including inflammation, oxidative stress, apoptosis and fibrosis (4).

One of the most abundant membrane phospholipids in renal tissue is phosphatidylcholine (PC).
Aside from being a part of the membrane bilayer, membrane phospholipids (PL) have roles in
energy storage and cell signaling (5). Previous evidence also demonstrated that phospholipids (PL)
such as phosphatidylethanolamine (PE), PC, and phosphatidylinositol (PI) are potential markers
of kidney disease (6).

Oxidative stress is the key meditator of I/R injury due to the inability of the innate antioxidant
defense system to buffer the large burst of free radicals, which ultimately results in membrane lipid
peroxidation (4). Polyunsaturated fatty acids in the Sn-2 position of membrane PLs can be oxidized
by reactive oxygen species (ROS), forming heterogeneous pools of end products, particularly
fragmented and non-fragmented oxidized phospholipids (OxPLs) (7). Fragmented OxPCs are
biologically active compounds that can be recognized by the innate immune system through
interaction with Toll-like receptors (8, 9), scavenger receptors (10-12), and natural antibodies (13,
14). They have also been implicated in many disease states such as atherosclerosis and calcific
aortic valve stenosis (15, 16). OxPLs participate in the pathophysiology of atherosclerosis (17) via
induction of vascular inflammation (18) and apoptosis in foam cells (19). In addition, patients with
peripheral artery disease (20), and acute coronary syndromes (21) have elevated OxPL plasma

levels. Epidemiological studies also reveal that OxPC can predict the occurrence of cardiac death,
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myocardial infarction (MI) and stroke (22-24). We have recently shown that during cardiomyocyte
I/R injury, there is a significant increase in fragmented oxidized phosphatidylcholine (OxPC)
leading to cell death and pretreatment of cardiomyocytes with alpha-linolenic acid (ALA) can
reduce OxPC levels and improve cell survival during I/R (25).

Considering that PLs constitute 50% of total kidney lipid mass (26), their changes during I/R can
contribute to I/R injury. Given that fragmented OxPCs are potent apoptotic molecules, the aim of

this study was to identify and measure these compounds during renal I/R injury.

Material and methods
Chemicals

HPLC grade solvents were obtained from VWR International (Mississauga, Ontario, Canada). The
standard  phospholipids;  1,2-dinonanoyl-sn-glycero-3-phosphocholine  (09:0 PC), 1-
heptadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (17:0 LPC), 1-palmitoyl-2-linoleoyl-sn-
glycero-3-phosphocholine  (PLPC), 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine
(PAPC), 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (SLPC), 1-stearoyl-2-arachidonoyl-
sn-glycero-3-phosphocholine (SAPC), 1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-
phosphocholine (PDHPC), 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine
(POVPC), 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PAzPC) and 1-palmitoyl-2-(9'-
oxo-nonanoyl)-sn-glycero-3-phosphocholine (PONPC) were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC), 1-palmitoyl-
2-(5’-keto-6’-octenedioyl)-sn-glycero-3-phosphocholine (KOdiA-PC) and 1-palmitoyl-2(4°-keto-
dodec-3’-ene-dioyl)-sn-glycero-3-phosphocholine (KDdiA-PC) were purchased from Cayman
Chemicals (Ann Arbor, Michigan, USA). All other chemicals were purchased from Sigma Aldrich
(St. Louis, Missouri, USA).

Renal ischemia-reperfusion (I/R)

Kidney ischemia was induced in 8 male Sprague—Dawley rats (250-300 g) by clamping the left
renal pedicle for 45 min followed by reperfusion for 24h (n=4 in each group). In brief, rats were
anaesthetized by 3% isoflurane/oxygen gas prior to surgery. Surgery was performed when rats

reached stage 3 anaesthesia. During surgery, 1-2% isoflurane/oxygen gas was maintained via
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inhalation. Rats were kept on a heating pad and the rectal temperature was maintained at 37°C
throughout the experimental procedure. To prevent decreases in body temperature, rats were
placed in a warm incubator for 12h after surgery. As a control, a sham-operated group of rats were
subjected to the same surgical procedure, but without inducing I/R, and were euthanized at
corresponding time points. A blood sample was collected and plasma was separated by
centrifugation at 3,000 g for 20 min at 4°C. A portion of kidney tissue was used for lipid extraction
and the other portions were used for staining. Kidney sections were stained with hematoxylin and
eosin (HE) staining kit (Baibo Biotechnology Co., Ltd., Shandong, China).

All procedures were performed in accordance with the Guide to the Care and Use of Experimental
Animals published by the Canadian Council on Animal Care and approved by the University of
Manitoba Protocol Management and Review Committee (permit number: B2015-039). Plasma
creatinine concentrations were measured using a commercial assay kit (Genzyme Diagnostics,
Canada). Harvested kidneys were rinsed in ice-cold potassium phosphate buffer and then were
snap-frozen in liquid nitrogen and kept in a -80 freezer to be used for analysis. Then, at the time
of lipid extraction, they were pulverized in liquid nitrogen. Creatinine levels in plasma were

measured using the Cobas C111 Analyzer (Roche, Laval, QC, Canada).

Phospholipid extraction from renal tissue

Frozen renal tissue was thawed on ice. Rat kidney was pulverized in liquid nitrogen until a fine
powder was obtained. A portion of each sample (30-50 mg) was weighed and subjected to lipid
extraction with 2:1 (vol/vol) chloroform: methanol using the method described by Folch et al (27).
An internal standard mixture of 09:0 PC (0.1 pg/ml), 20:0 PC (1 pg/ml), 17:0 PC (LPC) (0.1
pg/ml), 17:0 PE (1 pg/ml), 16:0 PS (1 pg/ml), 14:0 CL (2 pg/ml), 14:0 PtG (1 pg/ml), and 17:0-
14:1 P1 (1 pg/ml) was added to each sample prior to lipid extraction. A portion of lipid extract was

reconstituted in the mobile phase prior to injection on the HPLC-MS/MS system.

Reverse-phase HPLC

Separation of OxPC species was done as described previously (25). Briefly, 30 uL of sample
extracts, reconstituted in reverse phase solvent, were injected onto an Ascentis Express C18 HPLC
column (15 cm x 2.1 mm, 2.7 um; Supelco Analytical, Bellefonte, Pennsylvania, USA) using a
Prominence HPLC system (Shimadzu Corporation, Canby, Oregon, USA). Elution was performed
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by a linear gradient of solvent A (acetonitrile/water, 60:40 vol/vol) and solvent B
(isopropanol/acetonitrile, 90:10, vol/vol) both solvents containing 10 mM ammonium formate and
0.1% formic acid. The time program used was as follows: initial solvent B at 32%, increased to
45% B until 4.00 min; 5.00 min 52% B; 8.00 min 58% B; 11.00 min 66% B; 14.00 min 70% B;
18.00 min 75% B; 21.00 min 97% B; 25.00 min 97% B; 25.10 min 32% B until the elution was
stopped at 30.10 min. A flow rate of 0.26 ml/min was used for analysis. The temperature of the

column oven and sample tray was maintained at 45 and 4°C, respectively.

Normal-phase HPLC

For the separation of non-oxidized phospholipids, 10uL of sample extract reconstituted in normal
phase solvent was injected onto an Ascentis Si HPLC column (15 cm x 1mm, 3 um; Supelco
Analytical, Bellefonte, Pennsylvania, USA) (28). Elution was performed by linear gradient of
solvent A (chloroform/methanol/ammonium hydroxide, 80:19.5:0.5 vol/vol/vol) and solvent B
(chloroform/methanol/water/ammonium hydroxide, 60:34:5.5:0.5 vol/vol/vol/vol). The normal
phase time program used was initial solvent B at 0%; ramped to 100% B at 14.00 min; held until
24.00 min at 100% B; then dropped at 24.10 min to 0% B until the elution was stopped at 30.10
min. A flow rate of 0.070 ml/min was used for analysis. The temperature of the column oven and

sample tray was maintained at 25 and 4°C, respectively.

Mass spectrometry

The HPLC system was coupled to a 4000 QTRAP® triple quadrupole linear ion trap hybrid mass
spectrometer system equipped with a Turbo V electrospray ion source (AB Sciex, Framingham,
Massachusetts, USA)(16). OxPC, PC, LPC (lysophosphatidylcholine), and SM (sphingomyelin)
species were detected in positive ion mode via Multiple Reaction Monitoring (MRM) using the
product ion 184.3 m/z, Da corresponding to the fragmented phosphatidylcholine head group. Pl
(Phosphatidylinositol), PtG (phosphatidylglycerol), and PE (phosphatidylethanolamine) were
detected in negative ion mode via MRM using the product ions 241, 170, and 139.8 m/z, Da,
respectively. The mass spectrometer settings for positive ion mode analyses were as follows:
electrospray ionization (ESI), 5500 V; declustering potential (DP), 125 V; entrance potential (EP),
10 V; collision energy (CE), 53 V; collision cell exit potential (CXP), 9V; curtain plate (CP), 26
psi; ion source gas 1 (GS1), 40 psi; ion source gas 2 (GS2), 30 psi, a retention time window of 50
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msec was used and the temperature of the ion source was 500°C. The mass spectrometer settings
for negative ion mode analyses were: ESI, -4500 V; DP, -80 V; EP, -10 V; CE, -60 V; CXP, -20V;
CP, 20 psi; GS1, 30 psi; GS2, 30 psi, a retention time window of 100 msec and the temperature of
the ion source was 500°C. Data were collected utilizing Analyst® Software 1.6 (AB Sciex).
MultiQuant® Software 2.1 (AB Sciex) was used to compare peak areas of specific phospholipid
compounds with their respective internal standard. Relative amounts of each phospholipid or
oxidized phospholipid were then calculated based upon the amount of internal standard added.
Final results are presented as the amount of phospholipid detected per mg of renal tissue extracted.

Statistical analysis

One-way analysis of variance (ANOVA) with a Tukey post-hoc test for multiple comparisons was
used to determine statistically significant differences between the three groups using a P-value <
0.05 (SPSS Software version 24, IBM Corporation, Armonk, NY, USA). Pearson’s correlation
analysis was used to determine significant associations between study variables. All data are

presented as mean = SEM.

Results
Creatinine concentrations, histological analysis, and I/R injury

Plasma creatinine concentration, a marker of acute kidney injury, was assessed in each of the three
experimental groups. Levels in plasma significantly increased both 6 and 24h after reperfusion
(p<0.05) relative to the sham group (Figure 6A). Creatinine concentrations were statistically
greater at 24h I/R compared to 6h I/R (p=0.001). Hematoxylin and eosin (H&E) staining revealed
that kidneys in the I/R groups showed interstitial congestion compared with the sham group
(Figure 6B).
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Figure 6: Markers of acute kidney injury measured in (A) plasma and (B) renal slices from
sham, 6 and 24h I/R groups
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A Plasma creatinine concentrations from sham, 6 and 24h 1/R groups.

Values are means £ SEM (n=4 in each group). * Significant difference compared to sham, p<0.05. §
Significant difference between I/R groups, p<0.05. B Hematoxylin and eosin (H&E) staining of renal tissue
in sham, 6 and 24h I/R groups. The left kidney of rats was subjected to 45 min ischemia followed by 6h or
24h of reperfusion (I/R). As a control, rats were subjected to a sham-operation without inducing ischemia
(Sham). The gross appearance of a mid-transverse plane of the kidney was examined by H&E staining and
analyzed at X100 magnification. Kidneys in the I/R group followed by 6h or 24h of reperfusion (b and c)
showed interstitial congestion (arrow) compared with the Sham group (a).

OXPC:s levels in rat renal tissue following I/R injury

Mass spectral analysis of kidney lipid extracts identified fifty-five distinct OXPC in rat kidney
following I/R injury. These included a variety of fragmented (aldehyde and carboxylic acid-
containing species) and non-fragmented (terminal furans, isoprostanes, and long-chain products)
OxPC derivatives. Representative chromatograms of four prominent OXPC species detected in
renal tissue from sham (dashed line) and 24h I/R (solid line) are presented in Figure 7. These
include the fragmented species POVPC (A), PAzPC (B), and PONPC (C) as well as the non-
fragmented OxPC, SLPC-OH. For each OxPC identified, there was a significant increase in

relative intensities in the I/R group relative to sham.
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Figure 7: Fragmented and non-fragmented OxPC identified in rat renal tissue in sham-
operated and 24h I/R groups by HPLC-MS/MS

— /R 24h
(A) (B) ----Sham
o POVPC PAzPC
g 16e4 N m/z594.6 g 5065 m/z 666.6
Fa RT 4.24 min o RT 4.82 min
>
£ 8000 £ 3.0e5
= s "
£ 1.0e5 )
0.0 - 0.0
(€) (D)
v 1.4e5
S 3.0e4 U,
= a SLPC-OH
@ 2 7.0e4 m/z 802.6
o 2 RT 11.03 min "
E 1.0e4 5 |
= 3
0.0 2 4 6 8 10 12 0.0 > 4 6 8 10 12
Retention Time, min Retention Time, min

MRM chromatogram of (A) POVPC, (B) PAzPC, (C) PONPC and (D) SLPC-OH in renal tissue in I/R 24h
(black line) and sham (dotted line) groups as measured by reverse-phase HPLC-MS/MS. Abbreviations:
POVPC:1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine, PAzPC: 1-palmityl-2-azelayl-sn-
glycero-3-phosphocholine, PONPC:  1-palmitoyl-2-(9'-0xo-nonanoyl)-sn-glycero-3-phosphocholine,
SLPC-OH: 1-stearoyl-2-linoleoyl-phosphatidylcholine.

Total OxPC levels significantly increased following both 6h (p=0.01) and 24h (p=0.001)
reperfusion when compared to the sham group. There was a trend towards an increase in total
OXxPC levels at 24h I/R compared to 6h I/R, but it did not reach statistical significance (p=0.06)
(Figure 8).
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Figure 8: Total OxPC levels during renal I/R injury including fragmented and non-
fragmented OxPC species measured in renal tissue in sham (light grey bar), 6h I/R (dark

grey bar), and 24h I/R (black bar) groups
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Abbreviation: Values are means = SEM (n=4 in each group), * Significant difference compared to sham,
p<0.05. OxPC: Oxidized phosphatidylcholine.

A significant positive correlation was observed between total OXPC levels and severity of AKI as
measured by creatinine levels (r=0.863, p=0.001) (Figure 9A). Similar associations were observed
for the OxPC subspecies, total fragmented (9B), aldehydes (9C) and carboxylic acids (9D), with
the exception of total non-fragmented OxPCs (9E).
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Figure 9: Correlations between tissue OxPC species and plasma creatinine levels
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Correlations between (A) total OxPC (r=0.863, p=0.001), (B) fragmented OxPC (r=0.885, p=0.001), (C)
aldehyde (r=0.888, p=0.001) and (D) carboxylic acid containing OxPCs (r=0.821, p=0.001), non-
fragmented OXPC (r=0.324, p=0.305) and creatinine levels. n=4 in each group. Abbreviation: OxPC:
Oxidized phosphatidylcholine.

To investigate which groups of OxPCs contributed most to the overall change in OxPC levels in
each of the sham, 6h and 24h study groups, compounds were subdivided into fragmented and non-
fragmented species. Percentages of total fragmented and non-fragmented OxPC in all groups are
shown in Figure 10.
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Figure 10: Percent of total OxPC in rat kidney in sham and I/R groups
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Values represent the average relative percentage of a particular OXPC species compared to the total
OxPC. n=4 in each group. Abbreviation: OxPC: Oxidized phosphatidylcholine.

Total fragmented OxXPC increased significantly in the 24h I/R experimental group when compared
to both sham-operated and 6h I/R groups (8.74+1.83 versus 1.08+0.07 and1.75+0.44 ng/mg of
renal tissue, p=0.001) (Figure 11A). However, no significant differences were observed between
sham and 6h I/R groups. When correlated with creatinine levels to assess AKI severity, a strong
positive correlation was observed between total fragmented OXPC levels and creatinine levels
(r=0.885, p=0.001) (Figure 9B).
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Figure 11: OxPC subgroups classified by fragmentation pattern and species in sham, 6h, and
24h 1/R groups
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Total fragmented OxPC (A), non-fragmented OxPC (B) and OxPC by species (C) in sham (light gray bar),
6h I/R (dark gray bar) and 24h I/R (black bar) groups. Values are means + SEM. * Significant difference
compared to sham, p<0.05. 8 Significant difference between I/R groups, p<0.05.

Abbreviation: OxPC: Oxidized phosphatidylcholine.
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The most abundant fragmented OxPC measured in renal tissue after 6 and 24h I/R were PONPC
and PAzPC. Average amounts consisted of 0.25+0.09 and 0.24+0.03 ng/mg after 6h and 0.57+0.02
and 6.37+1.99 ng/mg of renal tissue after 24h, respectively (Table 1). All fragmented OxPC
species identified in rat kidney tissue are presented in Table 1.

Table 1: Identified fragmented OxPC species in kidney tissue in sham and I/R groups

Fragmented OxPC Sham (ng/mg of tissue) 6h I/R (ng/mg of tissue) | 24h I/R (ng/mg of tissue)
4-oxo-butyryl-PC 0.04+0.00 0.06+0.02 0.09+0.007¢
POVPC 0.1+0.02 0.18+0.07 0.27+0.01"
Succinoyl-PC 0.03+0.00 0.07+0.01" 0.08+0"
PGPC 0.02+0.01 0.03+0.01 0.07+0.01"
SOVPC 0.17+0.04 0.31+0.11 0.36+0.06"
Furylbutanoyl-PC 0.01+0.00 0.01+0.00 0.02+0.00
KOHA-PC 0.01+0.00 0.01+0.00 ND
8-oxo-octanoyl-PC 0.04+0.00 0.07+£0.03 0.11+0.01"
SGPC 0.060.00 0.06+0.04 0.07+0.02
KOOA-PC ND 0.01+0.01 0.04+0.01"
PONPC 0.13+0.02 0.25+0.09" 0.57+0.02"
Furylbutanoyl-SPC 0.01+0.00 0.02+0.01 0.03+0.02
KOdiA-PC 0.04+0.01 0.07+0.03 0.10+0.02"
PAzPC 0.21+0.08 0.24+0.03 6.37+1.99"¢
KOOA-SPC ND ND 0.01+0.00"
SONPC 0.06+0.01 0.16+0.06" 0.28+0.02"
Furyloctanoyl-PC 0.01+0.00 0.00+0.00 0.01+0.00
SAzPC 0.08+0.02 0.10+0.01 0.29+0.13"
HODA-PC 0.002+0.00 0.003+0.00 0.007+0.00"8
HDdiA-PC ND ND 0.01+0.00"

Values are means + SEM. * Significant differences compared with the sham group. $Significant differences
compared with 6h I/R group, p<0.05. Abbreviations: HDdIA-PC: 1-palmitoyl-2-(9-hydroxy-11-
carboxyundec-6-enoyl)-sn-glycero3-phosphocholine, HODA-PC: 9-hydroxy-12-oxododec-10-enoic acid
ester of 2-lysophosphatidylcholine, KOdiA-PC: 1-palmitoyl-2-(5’-keto-6’-octenedioyl)-sn-glycero-3-
phosphocholine, PAzPC: 1-palmityl-2-azelayl-sn-glycero-3-phosphocholine, KOHA-PC: 1-palmityl-2-(4-
0x0-7-oxohept-5-enoyl)-sn-glycero-3-phosphoserine, KOOA-PC: 1- stearoyl-(5-keto-8-0xo0-6-octenoyl)-
sn-glycero-3-phosphocholine, KOOA-SPC: 1-palmitoyl-(5-keto-8-ox0-6-octenoyl)-sn-glycero-3-
phosphocholine, PGPC: 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine, PONPC: 1-palmitoyl-2-(9'-
oxo-nonanoyl)-sn-glycero-3-phosphocholine, POVPC: 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-
phosphocholine, SAzPC: 1-stearoyl-2-azelaoyl-sn-glycero-3-phosphocholine, SGPC : 1-stearoyl-2-
glutaroyl-sn-glycero-3-phosphocholing, SONPC: 1-stearoyl -2-(9-oxo-nonanoyl)-snglycero-3-
phosphocholine, SOVPC: sn-1-stearoyl-2-oxovaleroyl-PC.
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Fragmented OxPC were then classified into two groups: aldehyde and carboxylic acid-containing
OxPC. Total aldehydes were significantly higher in the 6h and 24h I/R groups in comparison to
the sham group. Moreover, levels of aldehyde OxPC at 24h I/R were significantly greater than
those in 6h I/R (p=0.007) (Figure 11C). Significant correlations were also observed between levels
of aldehyde containing OXPC and plasma creatinine levels (r=0.888, p=0.001) (Figure 9C). For
total fragmented carboxylic acids, significant increases were observed in the 24h I/R group
compared with both sham and 6h I/R group (6.91+1.92 versus 0.18+0.09 and 0.53+0.01 ng/mg of
renal tissue, p=0.001) (Figure 11C). No significant changes were identified between the sham-
operated and 6h I/R group. Similar to aldehyde containing OxPC, levels of a carboxylic acid-
containing OxPC were positively correlated with the severity of I/R injury as measured by
creatinine levels (r=0.821, p=0.001) (Figure 9D).

Non-fragmented species also had significant changes as a result of I/R injury (Figure 11B). The
most abundant non-fragmented OxPC after 6h and 24h I/R was SLPC-OH (2.49+1.62 and
1.87+0.41 ng/mg of tissue) (Table 2). Total non-fragmented OxPC concentrations in the 6h I/R
group were significantly greater than the sham group, but not at 24h I/R (Figure 11B). This is
likely attributed to the high prevalence of isoprostanes after 6h I/R (Figure 11C). IsoPG (E2, 12,
D2)-SPC, the most prevalent isoprostane identified in renal tissue after 6h I/R, was detected at
concentrations of 0.46+0.19 ng/mg tissue with 0.071+0.02 ng/mg tissue in sham tissue. Although
non-fragmented isoprostanes increased significantly in the 6h I/R group compared with the sham
group, their levels dropped significantly at 24h I/R when compared to the 6h group (p=0.02) and
were unchanged compared to control (P =0.488) (sham: 0.57+0.10, 6h I/R: 2.24+0.04 and 24h I/R:
1.16£1.03 ng/mg of renal tissue). Non-fragmented OXPC derivatives including long-chain
products and terminal furans were unchanged in any of the I/R groups (Figure 11C). Interestingly,
no significant correlations were observed between any of the non-fragmented OxPC (including
total non-fragmented OxPC, terminal furans, isoprostanes, and long-chain products) with
creatinine levels (r=0.324, p=0.305). All non-fragmented OxPC species identified are presented
in Table 2.
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Table 2: Identified non-fragmented OXxPC species in Kidney tissue in sham and I/R groups

Non-Fragmented OxPC

Sham (ng/mg of tissue)

6h I/R (ng/mg of tissue)

24h 1/R (ng/mg of tissue)

PLPC-keto 0.19+0.04 0.4+0.14 0.53+0.246"
PLPC-OH 0.19+0.05 0.32+0.10 0.27+0.158
PLPC-epoxy 0.12+0.04 0.31+0.15 0.2+0.053
PLPC-OOH 0.09+0.03 0.18+0.07 0.14+0.101
PAPC-keto 0.16+0.05 0.42+0.20 0.36+0.185
PAPC-OH 0.09+0.02 0.28+0.22 0.17+0.093
SLPC-keto 0.18+0.06 0.51+0.21" 0.35+0.134
SLPC-OH 1.73+0.56 2.49+1.62 1.87+£0.417
PLPC-OOH 0.01+0.00 0.01+0.01 0.01+0.011
PLPC-OOH 0.11+0.08 0.12+0.05 0.14+0.07
PLPC-diOH 0.06+0.10 0.05+0.06 0.02+0.00
iSOPG(A2,J2)-PC 0.05+0.02 0.17+0.05" 0.08+0.05
PAPC-OOH 0.04+0.03 0.06+0.06 0.02+0.01
SLPC-epoxy 0.10+0.03 0.25+0.07" 0.24+0.08
SLPC-OOH 0.05+0.03 0.09+0.03 0.06+0.04
PGJ2-SPC 0.06+0.01 0.17+0.05 0.29+0.10"
SAPC-keto 0.10+0.03 0.30+0.06" 0.35£0.13
SAPC-OH 0.53+0.24 0.73+0.46 0.43+0.11
PEIPC 0.03+0.02 0.10+0.06 0.06+0.02
isoPG(E2,12,D2)-PC 0.09+0.05 0.16+0.10 0.08+0.05
isoPGF2a-PC 0.04+0.02 0.18+0.03" 0.09+0.04
SAPC-OH 0.53+0.24 0.73+0.46 0.43+0.11
SLPC-OOH 0.05+0.03 0.09+0.03 0.06+0.04
SLPC-triOH 0.04+0.01 0.08+0.02" 0.05£0.01
SECPC 0.05+0.00 0.23+0.05" 0.12+0.04
iSoPG(A2,J2)-SPC 0.03+0.00 0.17+0.05" 0.10+0.06
SAPC-OOH 0.05+0.01 0.38+0.15" 0.26+0.13
SEIPC 0.07+0.01 0.27+0.02" 0.11+0.04
iSoPG(E2,12,D2)-SPC 0.07+0.02 0.46+0.19" 0.18+0.12
isoPGF2a-SPC 0.02+0.00 0.15+0.07" 0.05+0.02
SLPC-OOH,OH 0.01+0.00 0.05+0.03 0.04+0.03
SLPC-triOH 0.05+0.00 0.23+0.05 0.12+0.04
SECPC 0.03+0.00 0.17+0.05 0.12+0.06
iSoPG(A2,J2)-SPC 0.05+0.01 0.38+0.15 0.26+0.13
SAPC-OOH 0.07+0.01 0.27+0.02 0.11+0.04
SEIPC 0.07+0.02 0.46+0.19 0.18+0.12
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iSoPG(E2,12,D2)-SPC 0.02+0.00 0.15+0.07 0.05+0.02
isoPGF2a-SPC 0.05+0.00 0.23+0.05 0.12+0.04
SAPC-OOH,diketo 0.02+0.00 0.04+0.00" 0.02+0.01
SAPC-OOH,OH,keto 0.04+0.01 0.08+0.02" 0.05+0.02
SAPC-diOOH 0.05+0.00 0.17+0.01" 0.08+0.04
Isofuran-SPC 0.01+0.00 0.12+0.08" 0.05+0.03
SAPC-OOH,OH,epoxy 0.00+0.00 0.00+0.00" 0.01+0.00
SAPC-diOOH,0H 0.02+0.00 0.07+0.03 0.04+0.02
SAPC-triOOH 0.02+0.00 0.03+0.00 0.03£0.01

Values are means £ SEM. *Significant differences compared with sham group. § Significant differences
compared with 6h I/R group, p<0.05. Abbreviations: isoPG: isoprostanes, OH: hydroxyl, OOH:
hydroperoxyl, PAPC: 1-palmitoyl-2-arachidonoyl-snglycero-3-phosphocholine, PEIPC: 1-palmitoyl-2-
(5,6-epoxyisoprostane  E2)-sn-glycero-3-phosphocholine, PGJ2-SPC : prostaglandin J2- stearoyl
phosphocholine, PLPC: 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine, SAPC: 1-stearoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine, SEIPC: 1- stearoyl -2-(5,6-epoxyisoprostane E2)-sn-glycero-
3-phosphaocholine, SLPC: 1-stearoyl-2-linoleoyl-sn-glycero-3- phosphocholine.

Non-oxidized phospholipids in rat renal tissue following I/R injury

PC and sphingomyelin (SM) were the most abundant PLs in the sham group (25.78+1.94 and
7.27+£0.69 pg/mg of tissue, respectively), followed by Pl (0.55+0.12 pg/mg of tissue) and PE
(0.87+0.20 pg/mg of tissue), then PS (0.43+0.08 pg/ mg of tissue) and PtG (0.025+£0.003 pg/mg
of tissue). Average concentrations of total PC content in renal tissue for each of the experimental
groups are represented in Figure 12A. Although there were no changes in total PC levels after 6h
I/R compared to sham, PC levels significantly increased after 24h I/R when compared to both sham
and 6h I/R groups (3.36+4.80 versus 2.57+1.94 and 2.37+2.41 pg/mg of renal tissue respectively
p=0.015, 0.004) (Figure 12A).
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Figure 12: Representative amounts of non-oxidized lipids in renal tissue from sham, 6h,
and 24h I/R groups
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Average (A) PC, (B) SM, (C) PI, (D) PtG, (E) PE and (F) PS concentrations in rat renal tissue in sham
and 6 and 24h I/R groups (n=4 in each group). Values are means + SEM. * Significant difference
compared to sham, p< 0.05. § Significant difference between I/R groups, p<0.05.

Abbreviations: PC: Phosphatidylcholine, SM: Sphingomyelin, PI: Phosphatidylinositol, PtG:
Phosphatidylglycerol, PE: Phosphatidylethanolamine, PS: Phosphatidylserine.

Thirty-six PC species were identified in renal tissue in all three experimental groups. Of these, PC
(36:4) was the most abundant (Table 3). There were no significant increases in any PC after only
6h I/R; however, after 24h I/R, of the 36 individual PC compounds identified, 29 and 27 were
significantly greater than those in the sham and 6h I/R groups, respectively. Of these, the top 10
PC compounds after 24h I/R, beginning with the most abundant, were PC (34:1)> PC (34:2)> PC
(38:4)> PC (36:2)> PC (38:5)> PC (36:1)> PC (34:0)> PC (38:3)> PC (32:1)> PC (40:6) (Table
3). Of interest, three PC compounds were significantly reduced after 6h I/R compared to the sham
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group, including PC (34:2), PC (34:3), and PC (36:5). All identified PC species in kidney tissue

are presented in Table 3.

Table 3: Identified PC species in kidney tissue in sham and I/R groups

Sham (ug/mg of tissue) 6h I/R (ug/mg of tissue) 24h 1/R (ug/mg of tissue)
PC(28:0) 0.006+0.00 0.007+0.00 0.01+0.00
PC(30:0) 0.24+0.05 0.25+0.06 0.42+0.117%
PC(32:0) 3.23+0.24 2.98+0.32 3.51+0.33
PC(34:0) 0.47+0.06 0.56+0.04 0.93+0.14°%
PC(36:0) 0.08+0.00 0.12+0.01 0.18+0.05°¢
PC(30:1) 0.01+0.00 0.01+0 0.02+0.00"
PC(32:1) 0.40+0.05 0.34+0.04 0.66+0.03"
PC(32:2) 0.04+0.00 0.05+0 0.09+0.01"
PC(34:1) 2.92+0.23 2.79+0.43 4.42+0.71°%
PC(34:1 p) 0.14+0.01 0.14+0.02 0.22+0.02%
PC(34:2) 3.68+0.32 2.88+0.37" 4.31+0.39"
PC(34:2p) 0.1+0.01 0.09+0.01 0.14+0.017
PC(34:3) 0.15+0.02 0.12+0.00" 0.25+0.01"
PC(36:1) 0.48+0.05 0.56+0.09 0.95+0.24"%
PC(36:1p) 0.05+0.00 0.05+0.00 0.08+0.01"
PC(36:2) 1.63+0.16 1.56+0.23 2.35+0.36"
PC(36:2p) 0.06+0.00 0.05+0.01 0.09+0.01°
PC(36:3) 1.20+0.15 0.99+0.10 1.47+0.16
PC(36:4) 4.52+0.33 3.79+0.45 4.72+0.80
PC(36:4p) 0.33+0.04 0.37+0.04 0.47+0.14
PC(36:5) 0.31+0.04 0.21+0.02" 0.24+0.03"
PC(36:6) 0.01+0.00 0.01+0.00 0.02+0.00
PC(38:2) 0.06+0.00 0.07+0.01 0.11+0.02°¢
PC(38:3p) 0.005+0.00 0.005+0.00 0.009+0.00"
PC(38:3) 0.44+0.04 0.5+0.03 0.65+0.125"
PC(38:4) 2.35+0.17 2.59+0.22 3.47+0.67°%
PC(38:5p) 0.01+0.00 0.02+0.00 0.03+0.01°%
PC(38:5) 0.89+0.08 0.75+0.08 1.160.117
PC(38:6) 1.23+0.15 0.99+0.12 1.32+0.198
PC(40:2) 0.00+0.00 0.00+0.00 0.01+0.00"
PC(40:3) 0.00+0.00 0.01+0.00 0.02+0.00"
PC(40:4) 0.03+0.00 0.05+0.01 0.1+0.02°8
PC(40:5) 0.09+0.00 0.13+0.02 0.25+0.05"
PC(40:6) 0.22+0.00 0.3+£0.03 0.5+0.12"8
PC(40:7) 0.09+0.00 0.09+0.01 0.14+0.01°
PC(40:8) 0.14+0.01 0.13+0.02 0.14+0.02

Values are means + SEM. * Significant differences compared with the sham group. §Significant differences
compared with 6h I/R group, p<0.05. Abbreviation: PC: Phosphatidylcholine.
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Thirteen LPC compounds were detected in all groups. LPC (18:0) was the most abundant LPC
species in all groups with average values representing 116.07+15.69, 118.35 +5.30 and
108.56+16.26 ng/mg of tissue for sham-operated, 6h and 24h I/R groups, respectively (Table 4).
No significant changes were detected in total LPC levels amongst any of the study groups (data
not shown). However, LPC (16:0p) dropped significantly in 24h I/R group compared with 6h I/R
group. LPC (20:3) decreased significantly in 24h 1/R group in compared with sham and 6h I/R
groups (p=0.014, 0.005 respectively). There were also significant reductions in LPC (22:6) levels
in 24h I/R group when compared to 6h I/R group (p=0.019). On the contrary, LPC (22:5) levels
were elevated significantly in 6h I/R group compared to operated group (p=0.012), but no change
was observed following 24h I/R. All identified LPC species in kidney tissue are presented in Table
4,

Table 4: Identified LPC species in kidney tissue in sham and I/R groups

Sham (ng/mg of tissue) 6h I/R (ng/mg of tissue) 24h 1I/R (ng/mg of tissue)
LPC (14:0) 0.06+0.00 0.08+0.02 0.06+0.02
LPC(16:0) 94.73+8.7 92.64+7 78.29+14.6
LPC(16:0 Alkenyl) 0.3240.10 0.42+0.17 0.24+0.07
LPC(16:0p) 1.19+0.12 1.23+0.19 0.91+0.158
LPC(16:1) 1.01+0.12 0.94+0.20 0.85+0.08
LPC(18:0) 116.07+15.69 118.35+5.30 108.56+16.26
LPC(18:1) 11.26+0.83 12.26+2.54 9.75%£1.43
LPC(18:2) 11.09+0.70 11.24+2.71 9.41+1.64
LPC(18:3) 0.22+0.05 0.18+0.01 0.15+0.02
LPC(20:3) 1.27+0.00 1.38+0.30 0.75+0.158
LPC(22:5) 0.45+0.00 0.730.12" 0.55+0.11
LPC(22:6) 1.92+0.18 2.53+0.43 1.60+0.46%

Values are means + SEM. * Significant differences compared with the sham group. 8 Significant
differences compared with 6h I/R group, p<0.05. Abbreviation: LPC: Lysophosphatidylcholine.

SM was the next most prevalent PL species identified in renal tissue of sham and I/R groups. Mean
total concentrations of SM increased with increasing I/R time; however, levels in the 24h I/R group
(11.18+0.14 pg/mg tissue) were significantly greater than those in the sham-operated (7.27+ 0.69
pg/mg of tissue; p=0.002) and 6h I/R groups (8.79+ 1.15 pg/mg of tissue, p=0.029) (Figure 12B).
No significant differences were detected between sham and 6h I/R groups. Of the 40 SM
compounds identified, SM (34:1), SM (42:1) and SM (42:2) (Table 5) were the three most
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abundant SM compounds in all groups. All identified SM species in kidney are presented in Table

5.

Table 5: SM species identified in rat kidney following I/R

Sham (ug/mg of tissue)

6h I/R (ug/mg of tissue)

24h I/R (ug/mg of tissue)

SM 31:0 ND ND 0.001:+0.00%"
SM 33:0 0.002+0.00 0.002+0.00 0.002+0.00
SM 34:0 0.30+0.01 0.39+0.05 0.43+0.06"
SM 35:0 0.009+0.00 0.01+0.00 0.005+0.00
SM 36:0 0.02+0.00 0.02+0.00 0.031+0.00
SM 38:0 0.03+0.02 0.01+0.00 0.014+0.00
SM 40:0 0.02+0.00 0.03+0.00 0.091+0.02"
SM 44:0 0.003+0.00 0.005+0.00 0.011+0.00"
SM 32:2 0+0.00 0+0.00 0.001+0.00
SM 32:1 0.01+0.00 0.01+0.00 0.01+0.00
SM 32:2i 0.001+0.00 0.001+0.00 0.001+0.00
SM 31:2 0.001+0.00 0.002+0.00 0.002+0.00
SM31:1 0.02+0.00 0.03+0.00 0.03+0.00
SM 34:2 0.14+0.01 0.19+0.03 0.23+0.02"
SM 34:1 2.99+0.22 3.36+0.58 3.53+0.53
SM 35:1 0.04+0.00 0.05+0.00 0.06+0.01
SM 36:3 0+0.00 0£0.00 0.001+0.00
SM 36:2 0.02+0.00 0.03+0.00 0.04+0.01
SM 36:1 0.18+0.02 0.25+0.03 0.33+0.06"
SM37:1 0.006+0.00 0.007+0.00 0.01+0.00"
SM 38:3 0+0.00 0+0.00 0.001+0.00
SM 38:1 0.14+0.05 0.15+0.01 0.22+0.04"
SM 39:2 0.001+0.00 0.001+0.00 0.001+0.00
SM 39:1 0.009+0.00 0.01+0.00 0.01+0.008"
SM 40:3 0.02+0.03 0.01+0.00 0.01+0.003
SM 40:2 0.05+0.01 0.07+0.00 0.1+0.00"
SM 40:1 0.29+0.06 0.36+0.05 0.55+0.10"
SM 41:3 0.006+0.00 0.007+0.00 0.01+0.00
SM 41:2 0.02+0.00 0.03+0.00 0.04+0.00"
SM41:1 0.07+0.01 0.09+0.01 0.15+0.02"
SM 42:4 0.02+0.00 0.03+0.00 0.05+0.00"
SM 42:3 0.31+0.08 0.35+0.04 0.57+0.098"
SM 42:2 1.10+0.23 1.42+0.11 1.95+0.218"
SM 42:1 1.24+0.24 1.64+0.217 2.35+0.258"
SM 43:3 0.002+0.00 0.00+0.00 0.004+0.00%"
SM 43:2 0.01+0.00 0.01+0.00 0.02+0.008"
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SM 43:1 0.02+0.00 0.03+0.00" 0.05+0.008"
SM 44:3 0.006+0.00 0.00+0.00 0.01+0.008"
SM 44:2 0.02+0.00 0.03+0.00 0.05+0.008"
SM 44:1 0.03+0.00 0.04+0.00 0.08+0.018"

Values are means + SEM. * Significant differences compared with the sham group. Significant
differences compared with 6h I/R group, p<0.05. Abbreviation: SM: Sphingomyelin, ND: not detected.

Total concentrations of Pl followed a similar pattern as that observed for SM with concentrations
significantly elevated in the 24h I/R group (1.52+0.20 pg/mg of tissue) compared to sham
(0.55+0.12 pg/mg of tissue p=0.001) and 6h I/R groups (0.82+0.10 pg/mg of tissue, p=0.001)
(Figure 12C). Twenty Pl compounds were also identified in renal tissue in all groups. Of these,
only 9 species increased significantly following 6h I/R, but all 20 PI species increased
significantly following 24h 1/R compared with the sham-operated group (Table 6). The most
abundant Pl compound was P1 (38:4) with average values representing 0.31+0.07, 0.38+0.95 and
0.68+0.12 pg/mg of tissue in sham, 6h and 24h IR groups, respectively (Table 6).

Table 6: Pl species identified in rat kidney following I/R

Sham (pg/mg of tissue) 6h I/R (ung/mg of tissue) 24h 1/R (ung/mg of tissue)
P130:0 ND ND 0.003+0.00%"
Pl 32:0 ND ND 0.05+0.00%
Pl 32:1 0.00+0.00 0.00+0.00 0.006+0.00"
P134:0 ND ND 0.05+0.00%
Pl 34:1 0.02+0.00 0.05+0.00" 0.06+0.01"
Pl134:2 0.02+0.00 0.04+0.00" 0.05+0.00"
P136:0 ND ND 0.004+0.00
P136:1 0+0.00 0.01+0.00" 0.03+0.00"
Pl 36:2 0.02+0.00 0.05+0.00" 0.12+0.015%"
Pl 36:3 0.02+0.00 0.03+0.00 0.05+0.008%"
Pl 36:4 0.07+0.01 0.1+0.01 0.18+0.02%
P1 36:5 0.00+0.00 0.0005+0.00" 0.005+0.00"
Pl 36:6 0.00+0.00 0.00+0.00 0.004+0.00"
Pl138:4 0.31+0.07 0.38+0.09 0.68+0.12"
P1 38:5 0.02+0.00 0.03+0.00 0.06+0.00%
P1 38:6 0.01+0.00 0.01+0.00" 0.02+0.00%
Pl 40:3 0.00+0.00 0.00+0.00 0.01+0.00%"
P1 40:5 0.00+0.00 0.01+0.00" 0.02+0.00"
Pl 40:6 0.01+0.00 0.03+0.00" 0.04+0.00"
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P140:7

0.00+0.00

0.006+0.00"

0.008+0.00"

* Significant differences compared with the sham group. $Significant differences compared with 6h I/R

groups, P < 0.05. Abbreviation: PIl: Phosphatidylinositol.

Of the less abundant PL species, namely PE, PS and PtG, only total PtG concentrations increased
significantly following 24h I/R when compared to sham-operated and 6h I/R groups (41.39+6.96
versus 25.78+3.47 and 28.23+2.78 ng/mg of tissue, respectively) (Figure 12D). Of the 16 identified
PtG species in renal tissue, 9 and 15 PtG species increased significantly in 6h and 24h 1/R groups
respectively compared with sham-operated group. PtG (34:1) was the most abundant PtG, which
constituted almost 50% of total PtG amounts, with average values representing 15.87+2.20,
14.62+2.82 and 20.64+3.97 ng/mg of tissue in sham-operated, 6h and 24h IR groups, respectively

(Table 7).

Table 7: PtG species identified in rat kidney following I/R

Sham (ng/mg of tissue) 6h I/R (ng/mg of tissue) 24h 1/R (ng/mg of tissue)

PtG (34:1) 15.87+2.20 14.62+2.82 20.64+3.97
PtG (34:2) 2.45+0.40 2.51+0.27 3.23+0.77

PtG (36:1) 0.86+0.10 0.88+0.04 1.93+0.33%
PtG (36:2) 2.2+0.30 2.20+£0.15 4.2+0.81%"
PtG (36:3) 0.84+0.10 1.54+0.44" 2.05+0.30"
PtG (36:4) 1.86+0.30 3.46+0.58" 5.41+0.64%
PtG (36:5) 0.06+0.01 0.08+0.00 0.11+0.01%
PtG (38:4) 0.45+0.03 0.75+0.08" 1.11+0.18%"
PtG (38:5) 0.28+0.04 0.46+0.07" 0.8+0.04%"
PtG (38:6) 0.4+0.07 0.78+0.17" 0.95+0.03"
PtG (40:4) 0.01+0.00 0.02+0.00 0.04£0.00%"
PtG (40:5) 0.05+0.01 0.09+0.00" 0.1+0.01"

PtG (40:6) 0.15+0.02 0.28+0.04" 0.24+0.02"
PtG (40:7) 0.1+0.00 0.22+0.03" 0.22+0.00"
PtG (40:8) 0.12+0.00 0.28+0.10" 0.29+0.03"
PtG (40:9) ND ND 0.01+0.00%"

Values are means + SEM. * Significant differences compared with the sham group. 5Significant

differences compared with the 6h I/R group, P < 0.05. Abbreviation: PtG: Phosphatidylglycerol, ND: not

detected.
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Despite the appearance of attenuating levels of PE with increasing time of I/R, overall levels

remained unchanged (Figure 12E). This apparent attenuation is attributed to the significant
reductions in levels of PE (32:0), PE (32:1), PE (34:2) and PE (36:3) that were observed in both
6h and 24h I/R groups compared to sham-operated group (Table 8). An additional six PE
compounds decreased significantly after 24h 1/R, but not 6h. These include PE (36:2), PE (36:4),
PE (38:3), PE (38:5), PE (38:6) and PE (38:6¢) (Table 8).

Table 8: PE species identified in rat kidney following I/R

Sham (ng/mg of tissue) 6h I/R (ng/mg of tissue) 24h 1/R (ng/mg of tissue)
PE(32:0) 6.04+0.98 4.12+0.23" 3.17+0.46"
PE(36:0) 26.46+6.1 23.32+4.38 20.98+4.48
PE(32:1) 2.99+0.32 1.64+0.44" 1.55+0.11"
PE(34:1) 17.16+2.45 15.03+2.48 13.39£1.57
PE(34:1p) 0.48+0.08 0.45+0.06 0.39+0.14
PE(34:2) 32.32+£3.00 23.89+2.45" 21.29+3.92"
PE(34:2p) 1.96+0.23 1.91+0.35 1.5+0.30
PE(36:1) 11.31+1.99 11.36+0.96 10.9+2.29
PE(36:2) 49.16+6.24 42.95+3.23 38.64+4.33"
PE(36:2€)(36:1p) 3.93+0.72 3.4+0.60 3.36+0.88
PE(36:3) 29.57+5.54 20.55+1.48" 19.78+2.98"
PE(36:3e)(36:2p) 4.26+0.93 3.89+0.79 3.86+1.11
PE(36:4) 81.17+£23.77 61.14+9.85 47.34+6.48"
PE(36:4¢)(36:3p) 10.82+2.21 9.51+2.12 8.25+2.33
PE(36:5) 9.78+2.79 7.66+1.30 6.71+1.06
PE(36:5€)(36:4p) 67.48+14.56 54.86+14.37 48.94+13.46
PE(38:1) 7.26+£1.11 7.74£1.04 7.82+1.89
PE(38:2) 2.77+0.39 2.36+0.25 2.47+0.50
PE(38:3) 26.8516.82 19.57+2.85 17.81+1.66
PE(38:4) 221.93+61.75 168.53+33.39 155.31+19.3
PE(38:5) 66.51+21.43 48.33+7.14 40.02+3.88"
PE(38:5€)(38:4p) 58+15.92 51.07+11.41 47.48+10.16
PE(38:6) 27.68+8.79 17.27£2.55 16.17+2.07"
PE(38:6€)(38:5p) 58.12+9.52 51.2412.57 36.72+7.45"
PE(40:1) 0.58+0.21 0.29+0.00 0.46+0.15
PE(40:4) 4.5+1.54 4.12+0.78 6.01+1.93
PE(40:5) 5.01+1.31 4.7+0.48 6.37+1.87
PE(40:5¢) 4.79£1.00 4.74+1.27 5.15+1.41
PE(40:6) 8.05+2.61 8.51+1.02 10.46+2.77
PE(40:6¢) 5.78+1.40 6.24+1.72 6.08+1.41
PE(40:7) 7.08+1.66 6.2+0.56 7.53+1.29
PE(40:7¢) 13.77£3.60 13.12+1.98 12.69+2.85
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PE(42:1) ND ND 0.17+0.11
PE(42:5) ND ND 0.21+0.2
PE(42:5p) 0.41+0.12 0.44+0.13 0.57+0.3
PE(42:6) ND ND 0.24+0.15
PE(42:6p) 0.65+0.12 0.79+0.05 0.55+0.3
PE(42:7) 0.66+0.41 0.42+0.06 0.64+0.3

Values are means + SEM. * Significant differences compared with the sham group, P < 0.05.
Abbreviation: PE: Phosphatidylethanolamine, ND: not detected

No significant changes in overall PS concentrations were observed between any of the study

groups (Figure 12F); however, some individual PS compounds increased with increased I/R time

which is presented in Table 9.

Table 9: PS species identified in rat kidney following I/R

Sham (ng/mg of tissue) 6h I/R (ng/mg of tissue) 24h 1/R (ng/mg of tissue)

PS(32:1) 0.49+0.06 0.59+0.12 0.8310.15"8
PS(34:0) ND ND 4.96+1.087
PS(34:1) 14.92+1.30 23.15+4.51" 22.4+4.98
PS(34:2) 5.11+0.17 5.34+0.96 10.27+4.02"¢
PS(36:0) ND ND 10.44+1.557
PS(36:1) 53.47+5.16 87.88+11.53" 82.17+10.12"
PS(36:2) 35.47+3.03 46.32+6.03 62.84+13.93"
PS(38:1) 5.86+1.14 6.84+1.23 6.27+1.61"
PS(38:6) 36.4+8.48 41.85+7.78 28.23+8.30"¢
PS(40:3) 2.30+0.46 3.37+0.80 3.66+0.52
PS(40:4) 3.70+0.83 4.78+0.63 4.72+0.62"
PS(40:5) 45.26+10.87 57.27+9.01 44.28+8.01"
PS(40:6) 180.04+46.35 219.12+39.28 157.71+32.75™

Values are means + SEM. * Significant differences compared with the sham group. 3 Significant
differences compared with 6h I/R group, P < 0.05. Abbreviation: PS: Phosphatidylserine, ND: not

detected.
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Discussion

Our study identified bioactive fragmented OxPCs during renal I/R in an in vivo model of renal I/R
injury. We found significant increments in fragmented OXPC molecules after 6 and 24h of
reperfusion. OxPC levels were also significantly positively correlated with creatinine levels during
the reperfusion period. In this study, we identified fifty-five OxPC species involving fragmented
aldehyde and carboxylic acid-containing OXPC derivatives, and also non-fragmented OxPC
compounds with terminal furans, isoprostanes, and long-chain products in renal I/R. Interestingly,
we found that fragmented OxPC, including fragmented aldehyde and carboxylic acid-containing
OXxPC, were produced at greater levels following 24h reperfusion compared to sham-operated and
6h I/R groups. Fragmented aldehyde containing OxPC increased significantly as early as 6h
reperfusion. Their levels increased by increasing the time of reperfusion, as there were significant
differences between 24h I/R groups compared to 6h I/R and sham-operated groups. Fragmented
carboxylic acid-containing OxPC were produced later in renal I/R, as significant elevations in their
levels were observed only after 24h I/R, but not 6h. In the current study, both fragmented aldehyde
and carboxylic acid-containing OxPC levels were significantly correlated with the severity of I/R
injury as measured by creatinine levels. The three most abundant fragmented OxPCs in the rat
kidney were PazPC, SONPC, and PONPC. Similar to our results, Lloberas et al., (2002) showed
that OxPLs with platelet-activating factor (PAF) activity (PAF-like lipids) are produced following
15 min of reperfusion in rat kidney. Phospholipid oxidation has also been implicated in other renal
disease models. In patients with lecithin: cholesterol acyltransferase (LCAT) deficiency, renal
tissue displayed increased OxLDL antibody binding to the glomeruli, indicating OXLDL epitopes
increased in these patients (29). Also, fragmented OxPC species are potent inducers of cell death
in smooth muscle cells, macrophages, oligodendrocytes, and endothelial cells (30-32). Previous
data from our laboratory demonstrate that exogenous administration of POVPC, PONPC, PGPC,
and PAzPC to postnatal cardiac cells triggers cell death in a dose-dependent manner (33).
Additionally, fragmented OxPC species, namely POVPC and PGPC, increased significantly
following ischemia and I/R in adult rat cardiomyocytes. Ganguly et al.,(2017) further demonstrated
that in cardiomyocytes exposed to fragmented OxPC, specifically PGPC and PONPC, apoptotic

pathways are activated, resulting in cell death (25).
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In the current study, despite a significant increase in non-fragmented isoprostane levels after 6h
I/R, a significant decrease was observed after 24h reperfusion. Isoprostanes are formed via non-
enzymatic oxidation from arachidonic acid and exert prostaglandin-like properties. Unlike
enzymatic oxidation, non-enzymatic oxidation, which occurs during I/R, is not site-specific.
Therefore, oxidative stress can also result in the production of OxPL with anti-inflammatory
properties; however, most OxPLs have potent inflammatory effects (34). Cyclopentenone
containing OxPLs like 1-palmitoyl-2-epoxyisoprostane-sn-glycero-3-PC (PEIPC) and 15-deoxy-
D12,14-prostaglandin J2 share similar structures. Both 15-deoxy-D12,14-prostaglandin J2 and
cyclopentenone containing OxPLs can block NFkB- dependent inflammatory responses and
activate NF-E2-related factor 2 (Nrf2), which is a transcriptional regulator of the antioxidant
response (35). In a study by Bretscher et al., (2015), administration of cyclopentenone OxPCs to
myeloid cells inhibited expression of proinflammatory cytokines and chemokines via activation of
Nrf2 (35). Moreover, they also showed the protective effects of cyclopentenone OxPC against
sepsis-associated lung injury (35). As previously mentioned, isoprostanes increased following 6h,
but not 24h, I/R. AKI severity does not appear to be dependent upon the presence of isoprostanes
or other non-fragmented OxPC molecules as suggested by the poor correlation of these compounds
in renal tissue with plasma creatinine levels. It should be considered that the potential increase in
renal OXPCs could be underestimated given that isoflurane was used as an anaesthetic agent. It has

been previously shown that volatile anaesthetics can result in renal protection during I/R (36).

Membrane phospholipid concentrations in renal tissue following I/R injury were also assessed in
our three study groups. Significant increases in PC, SM, PI, and PtG were observed after 24 I/R.
PC represented the most abundant PL in kidney tissue for all study groups and is the precursor of
OxPC compounds. Surprisingly, total PC concentrations were unchanged after 6h I/R, despite
increases in OXPC levels at the same time point. In addition, 24h I/R resulted in significant
increases in both PC and OxPC molecules. Rao et al., (2016), has demonstrated elevations in PC
levels in a mouse model of renal I/R involving 12 mice after 30 min renal ischemia followed by
6h and 24h reperfusion. In this non-targeted lipidomic analysis, 52 PC species increased
significantly after 24h reperfusion (37). Similar to our results, they observed significant elevations
in PC (34:1), PC (36:1), PC (36:2), PC (38:2), PC (38:4), PC (38:5), PC (40:2) and PC (40:4)

following 24h reperfusion. Moreover, choline incorporation into PL is accelerated during renal
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ischemia and I/R particularly in the proximal tubule, which result in more PC biosynthesis in renal
I/R.

Phospholipase A2 is activated in renal I/R. Phospholipase A2 hydrolyses the fatty acid at the Sn-
2 position of PLs resulting in elevations of free fatty acid and lysophospholipids (38). In the current
study, LPC (22:5) was the only lysoPC species that increased significantly after 6h I/R but was
normalized after 24h. Rao et al., (2016) reported significant elevations in lysoPC (18:0) and (20:4)
levels after 24h reperfusion (37). Similarly, Liu et al., (2012) observed significant increases in
three LPC species in a rat model of kidney I/R, namely 1-stearoylglycerophosphocholine (18:0),
oleoyl-glycerophosphocholine (18:1), and palmitoyl-glycerophosphocholine (16:0) after 24h I/R
(3). Wie et al., (2014) also evaluated metabolomic changes in renal I/R and determined that levels
of 2-palmitoyl-glycerophosphocholine (16:0), decreased significantly in plasma after 2h I/R and
normalized after 7 days (39). Given that LPC is the breakdown product of membrane
phospholipids, it was suggested that membrane breakdown and remodeling activity might be

transiently inhibited early after renal I/R.

SM is a membrane PL composed of a choline head group and ceramide. In the current study, total
SM concentrations increased only after 24h I/R compared to both the sham and 6h I/R groups. No
changes were observed after 6h I/R relative to sham. Rao et al., (2016) reported elevations in SM
concentrations in 34 of 40 identified SM species after 24h I/R (37). Wie et al., (2014) (39) observed
elevations in palmitoyl sphingomyelin and stearoyl sphingomyelin, which are the hydrolyzed form
of SM, post 48h I/R. In addition, the present study measured significant increases in total
concentrations of Pl and PtG after 24h I/R. Rao et al., (2016) (37) and Liu et al., (2012) (3) did not
report Pl and PtG levels. No other literature to our knowledge has identified specific Pl and PtG
molecules in renal tissue from rats undergoing 6 and 24h I/R. Despite a non-significant decreasing
trend in overall PE compounds with increased I/R time, 10 PE molecules significantly decreased
in both I/R groups compared to sham. These results agree with Rao et al., (2016) who observed
significant reductions in PE compounds after 24h reperfusion (37). There are two distinct forms
of cytosolic PLA2 in rat kidneys that are activated following reperfusion. Unlike the large
molecular weight form, which is active against both PE and PC, the small molecular weight form
of PLA2 has activity only against PE (40). This could be a potential mechanism towards a

decreased trend in PE levels in our study.
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Previous studies report the accumulation of lipids in various renal diseases. In diabetic
nephropathy, lipid accumulation occurs due to increases in glomerular filtration of protein-bound
lipids, which results in proteinuria (41). Evidence from in vitro and in vivo renal I/R injury studies

has also revealed that accumulation of triglycerides and cholesterol can occur (42-44).

It has also been suggested that renal cells, contrary to cardiac or brain cells, can recover from injury
even after prolonged ischemia through various intrinsic, extrinsic mechanisms and also paracrine
influences (37). Increased levels of growth factors IGF-1(38, 39), fibroblast growth factors (40-
42), and hepatocyte growth factor (43, 44) have been reported in the post-ischemic kidney which
all can lead to repair processes. A few hours after I/R injury, the proliferation of surviving tubular
epithelial cells (TECs), which contain phospholipids in their structure (45), begins which
eventually results in kidney damage recovery. Wan et al., 2015 showed that proliferation and
differentiation of surviving TECs begin at 24h after kidney IR injury (46). In addition, an abnormal
repair can occur which results in renal fibrosis and then chronic kidney disease. Due to
abnormalities in glomerular filtration, lipoproteins contain phospholipids accumulate in the kidney
(46).

Membrane polarity can also change following changes in membrane phospholipids and their
oxidized form. The lipid polarity of apical and basolateral membranes of renal epithelial cells are
vastly different. The apical membrane of the rat kidney is rich in sphingomyelin,
phosphatidylserine, and a high ratio of cholesterol-to-phospholipid. However, phosphatidylcholine
and phosphatidylinositol are prevalent in the basolateral membrane (47). It has been shown that
following ischemia, ratios of sphingomyelin-to-phosphatidylcholine, and the cholesterol-to-
phospholipid decrease significantly which results in partial loss of surface membrane polarity (48).
Bruce et al., (1988) also assessed surface membrane polarity following 15 min of ischemia and 2
hr of reperfusion. They isolated apical membrane fractions and found that both apical Na/K-
ATPase specific activity and enrichment increased following 15 min of ischemia. They also
observed a partial loss of apical lipid polarity, which was accompanied by significant reductions
in ratios of sphingomyelin to phosphatidylcholine and cholesterol to phospholipid. They suggested
that apical and basolateral membrane lipids move to the alternate surface membrane domain during

ischemic injury which is the reason for a marked reduction in the SM/PC ratio in apical membrane
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fractions (48). On the other hand, OxPL can also alter the properties of biological membranes,

since they have different polarity and shape compared with their non-oxidized molecules (49).
Conclusions

To conclude, we have shown for the first time that bioactive OxPC species are produced during
renal I/R, with levels increasing with increased reperfusion time. Fragmented OXPCs, including
both aldehyde and carboxylic acid molecules, had the strongest positive correlation related to AKI.
These compounds can serve as potential therapeutic targets for mitigating the progression of
oxidative injury in studies involving renal I/R. We can utilize the potential attenuation of OxPCs
activity to reduce renal I/R injury. One potential agent is EO6 which is a monoclonal IgM antibody
that specifically binds to fragmented OxPCs. E06 has been used in LDL -/- animals to inhibit

OxPC activity resulting in a 46% reduction in atherosclerotic lesion formation (50, 51).
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ii: Role of OxPCs in a clinical setting of myocardial I/R

Based on our previous study, we found that OxPC species are elevated in renal tissue during I/R.
In this study, we investigated how plasma OxPCs concentrations are affected in patients presenting
with STEMI undergoing primary PCI for coronary reperfusion. Thus, the objectives of this study

were as follows:

To determine if OXPC species increase in the plasma during the first 30 days following myocardial
I/R.

To investigate if the concentrations of any OxPCs species/group are correlated with the levels of
markers of myocardial injury, including creatine kinase (CK) and troponin T (TnT) after

myocardial infarction (Ml).

We hypothesized that fragmented OxPCs increase following reperfusion and are correlated with
CK/TnT levels.
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Abstract

Objective: ST-segment Elevation Myocardial Infarction (STEMI) occurs as a result of acute
occlusion of the coronary artery. Despite successful reperfusion using primary percutaneous
coronary intervention (PPCI), a large percentage of myocardial cells die after reperfusion which is
recognized as ischemia/reperfusion injury (I/R). Oxidized phosphatidylcholines (OxPCs) are a
group of oxidized lipids generated through non-enzymatic oxidation and have pro-inflammatory

properties. This study aimed to examine the roles of OxPCs in a clinical setting of myocardial I/R.

Methods: Blood samples were collected from STEMI patients at presentation prior to primary PCI
(PPCI) (Isch) and at 4 time-points post-PPCI, including 2h (R-2h), 24h (R-24h), 48h (R-48h) and
30 days (R-30d) post-PPCI. As controls, blood samples were collected from patients with non-
obstructive coronary artery disease after diagnostic coronary angiography. Aspiration
thrombectomy was also done in selected STEMI patients. High-performance lipid chromatography
mass spectrometry (HPLC-MS/MS) was used for OXPCs analysis.

Results: Twenty-two and 38 distinct OxPC species were identified and quantified in plasma and
thrombus samples, respectively. These compounds were categorized as fragmented and non-
fragmented species. Plasma levels of OxPC compounds were first compared between Isch and
control groups. Using one-way analysis of variance (ANOVA), total levels of OxPCs did not
significantly differ between Isch and control groups. However, total levels of fragmented OxPCs
increased significantly during the ischemic period compared with controls (Isch: 4.79+0.94,
Control: 1.69+0.19 ng/ul of plasma, p<0.05). Simultaneously, total concentrations of non-
fragmented OxPCs experienced significant reductions during ischemia compared to the control
group (Isch: 4.84+0.30, Control: 6.6+0.51 ng/ul of plasma, p<0.05). Next, we compared OxPC
concentrations during I/R. Total concentrations of OxPCs in STEMI patients were not significantly
different during I/R. However, fragmented OxPCs levels remained elevated for 48h post-
reperfusion but decreased at 30 days following MI, which was statistically significant in
comparison with the levels of R-2h and R-24h groups (Isch: 4.79+£0.94, R-2h: 5.33£1.17, R-24h:
5.20+1.1, R-48h: 4.18+1.07, R-30d: 1.87+0.31 ng/ul of plasma, p<0.05). Conversely, levels of
non-fragmented OxPCs did not change over 30 days following MI (Isch: 4.84+0.30, R-2h:
5.15+0.40, R-24h: 5.03+0.37, R-48h: 5.01+0.47, R-30d: 6.19+0.80 ng/ul of plasma). Moreover,
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plasma levels of POVPC and PONPC during ischemia were significantly elevated in STEMI
patients with an elevated peak of creatine kinase (CK) concentrations (p<0.05). Levels of POVPC
and PONPC were also significantly correlated with the levels of inflammatory cytokines, namely
interferon-gamma (INF-y) and interleukin-1f (IL-1p) during I/R (POVPC and INF-y correlation:
r=0.20, p=0.01, POVPC and IL-1p correlation: r=0.16, p=0.045) (PONPC and INF-y correlation:
r=0.41, p=0.001, PONPC and IL-1pB correlations: r=0.25, p=0.001). In thrombus, fragmented
OxPCs were dominant metabolites, which constituted 77% of total OxPCs concentrations.

Conclusion: This study is the first comprehensive OXPC analysis in plasma and thrombus of
STEMI patients undergoing PPCIl. OxPC profiles demonstrated a higher concentration of
fragmented OxPC in STEMI patients during ischemia when compared to controls. However, its
levels decreased during the 30 days post-reperfusion. Levels of POVPC and PONPC during the
ischemic episode were significantly elevated in patients with elevated peak CK levels. Their
concentrations were also significantly correlated with inflammatory cytokines levels, namely IL-
1 B and INF- v, during I/R.

Keywords: Ischemia/reperfusion injury, STEMI, oxidized phosphatidylcholine, lipidomics, mass-

spectrometry
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Introduction

Acute myocardial infarction (MI) is one of the leading causes of morbidity and mortality
worldwide (1). The occurrence of total coronary artery occlusion, as a consequence of
atherosclerotic plaque rupture and thrombosis, results in acute Ml (2). Thrombosis occurs when
the lipid-rich core is exposed to the arterial lumen after atherosclerotic plaque rupture. Exposure
to plague contents initiates platelet aggregation and fibrin formation, which leads to reduced blood
flow and can cause distal embolization (3, 4). Therefore, restoration of blood flow by the use of
thrombolytic agents or percutaneous coronary intervention (PCI) is an effective approach to re-
perfuse myocardium, limit infarct size, preserve systolic cardiac function, prevent heart failure and

improve mortality (5).

Despite significant reductions in rates of post-MI-mortality and heart failure (HF) over the last 20
years, their incidences are still high (10% and 25%, respectively), which are attributed to ischemia-
reperfusion (I/R) injury (6). I/R injury is defined as myocardial cell death following reperfusion,
which is thought to be responsible for 50% of the final infarct size (6). A large component of this
ongoing myocardial injury is the result of an extensive production of reactive oxygen species
(ROS) and inflammation post-reperfusion. One group of compounds susceptible to oxidation are
cellular lipids. Myocardial phosphatidylcholines (PC) are specifically susceptible to oxidation, due
to having a high proportion of polyunsaturated fatty acids (PUFA) in their structures. Oxidation of
PC molecules at the site(s) of unsaturation can lead to the formation of a variety of OxPC
molecules; however, despite similar structures, the acquired biological activities are
uncharacteristic of the parent molecule (7). It has been shown that only 4-hour treatment of human
aortic endothelial cells (HAEC) with 40 pug/ml of oxidized 1-palmitoyl-2-arachidonyl-sn-glycerol-
3-phosphocholine (Ox-PAPC) modulates more than 1000 genes which are implicated in

inflammation, angiogenesis, cell division, thrombosis, and vasoconstriction (8).

The role of OxPC in coronary artery disease (CAD) has been explored extensively utilizing the
monoclonal antibody E06 (9, 10). E06 is an IgM antibody that binds to OxPCs, but not naive PC
(11). OxPCs not only serve as a damage-associated molecular pattern (DAMPS), which are
recognized by pattern-recognition receptors (such as TLR2 and/or CD36) but also induce the

production of inflammatory cytokines (12). Studies have shown that levels of OxPCs bound to
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apoB100 increase acutely following ACS (13) and PCI (14). We have recently shown that there
are large increases in levels of OxPC molecules in both in vitro and in vivo model of myocardial
I/R. Among the OxPC species, fragmented OxPCs are potent inducers of cell death through a
mitochondrial-mediated pathway. We went on to show that inactivating OxPCs resulted in a

significant increase in myocardial recovery (15).

Our goal in this study is to identify the plasma OxPC molecules in patients presenting with ST-
Elevation Myocardial Infarction (STEMI) undergoing reperfusion. Identifying specific OxPC
species is necessary as each compound has unique biologic activities, specific downstream targets,
and half-lives. This will allow us to see the temporal changes in these compounds and to see the
impact of reperfusion. We also investigated the correlation of these molecules with inflammatory

cytokines.
Material and methods
Materials:

Phospholipid and oxidized phospholipids including 1,2-dinonanoyl-sn-glycero-3-phosphocholine
(09:0 PC), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC), 1-palmitoyl-2-
arachidonoyl-sn-glycero-3-phosphocholine (PAPC), 1-stearoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (SLPC), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (SAPC), 1-
palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine  (PDHPC), 1-palmitoyl-2-(5'-0xo-
valeroyl)-sn-glycero-3-phosphocholine (POVPC), 1-palmitoyl-2-azelaoyl-sn-glycero-3-
phosphocholine (PAzPC) and 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine
(PONPC), and 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC) were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). 1-palmitoyl-2-(5’-keto-6’-octenedioyl)-sn-glycero-3-
phosphocholine (KOdiA-PC) and 1-palmitoyl-2(4’-keto-dodec-3’-ene-dioyl)-sn-glycero-3-
phosphocholine (KDdiA-PC) were purchased from Cayman Chemicals (Ann Arbor, Michigan,
USA). Analytical grade chloroform, methanol, and formic acid were purchased from Fisher-
Scientific (Hampton, NH). Mobile phase solvents including acetonitrile, isopropanol, and water

(LC/MS grade) were purchased from Fisher-Scientific.
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Sample collection:

All samples were collected at St. Boniface Hospital with the study approval by the University of
Manitoba and the St. Boniface Hospital Research ethics boards. Blood samples from 52 patients
presenting with STEMI to St. Boniface cardiac catheterization laboratory for PPCI. Written
informed consent was collected from all patients. Samples were collected by venipuncture at
presentation (Isch), post-procedure after successful PPCI and revascularization (R-2h), 24h (R-
24h), 48h (R-48h) and 30-day post-PPCI (R-30d). All samples were collected in EDTA
venipuncture tubes and immediately centrifuged at 3000 rpm for 10 minutes in a refrigerated
centrifuge. Plasma was aliquoted in cryovials and frozen at -80C until analysis. During PPCI,
selected groups of patients underwent aspiration thrombectomy (n=15). The recovered material
collected in the filter supplied by the manufacturer was kept in 1 ml of PBS with EDTA and kept
at -80 until analysis. The overall study design is shown in Figure 13.

Figure 13: Overall study design

Blood and
thrombus
collection
PCI
Ischemia 1 Reperfusion
Isch R-2h R-24h R-48h R-30d

Plasma samples were collected at five different time points including the time of arrival at the cardiac
catheterization laboratory for primary PCI (Isch), 2h post angioplasty (R-2h), 24h post angioplasty (R-
24h), 48h post angioplasty (R-48h) and 30 days following PPCI (R-30d).
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Inclusion criteria included patients greater than 18 years of age, confirmation of STEMI on 12 lead
ECG, the presentation with chest pain, no contraindication for collection of 10 ml of blood at the
time of the procedure, and documentation of occluded coronary artery with coronary angiography.
Control samples were collected from age-matched controls, who were referred for coronary
angiography without any evidence of coronary artery disease, as documented by coronary
angiography. Blood samples used as controls were collected from 59 patients before and after

coronary angiography.
Plasma oxidized phospholipids extraction:

Plasma lipid extraction was performed with 2:1 (vol/vol) chloroform: methanol using the method
described by Folch et al. (16). The ratio of sample to solvent was 1:10 to achieve optimal extraction
(17). Di 9:0 PC (10 ng/ul) was purchased and used as an internal standard. A lipid extract was then
reconstituted in solvent A (acetonitrile and water 60:40 with 10mM ammonium formate and 0.1%
formic acid) and analyzed by HPLC-MS/MS (18).

Thrombus lipid extraction:

Frozen thrombus samples in PBS-EDTA were thawed on ice and homogenized with the Polytron
PT 1600 E homogenizer until a delicate particulate matter was suspended in PBS-EDTA solution.
To prevent heating of the solution, cycles of 20 seconds of homogenization and 60 seconds on the
ice were performed until complete homogenization. The sample was aliquoted and frozen at -80°C
until the time of lipid extraction. Homogenized samples were thawed on ice and lipid extraction
was performed using the 2:1 (vol/vol) chloroform: methanol. The protocol was adjusted for
STEMI thrombus samples to allow 1 ml of sample to be extracted in comparison to 100 ul of a
sample as initially described by Folch et al. (16). An internal standard mixture of 9:0 PC (10 ng/ul)
was added to each sample before lipid extraction. Similar to plasma samples, a portion of lipid
extract was reconstituted in solvent A and analyzed by HPLC-MS/MS.

The total protein concentration of the homogenate sample was quantified with the Pierce
Microplate BCA Protein Assay Kit by Thermo Scientific. Optical Density was read at 570 nm with
the Dynex MRX Revelation Microplate Reader. Protein was quantified in micrograms per

millilitre of homogenate.
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OxPCs identification and quantification:

Plasma and thrombus lipid extracts were injected to ZORBAX RRHD Eclipse Plus C18, HPLC
column (2.1 x 50 mm, 1.8 um; Agilent Technology, CA, USA). Gradient elution was performed
to separate OXPC species. Solvent A and solvent B were a mixture of Acetonitrile/Water (60:40
vol/vol) and Isopropanol/Acetonitrile (90:10 vol/vol), respectively. Both solvents contained 10
mM ammonium formate and 0.1% formic acid. The time program used was as follows: initial
solvent B at 32% until 4.00 min; switched to 45% B; 5.00 min 52% B; 8.00 min 58% B; 11.00 min
66% B; 14.00 min 70% B; 18.00 min 75% B; 21.00 min 97% B; 25.00 min 97% B; 25.10 min
32% B until the elution was stopped at 30.10 min. A flow rate of 0.4 ml/min was used for analysis.

The temperature of the column oven and sample tray was 45 and 4°C, respectively.

The HPLC system was coupled to a 4000 QTRAP® triple quadrupole linear ion trap hybrid mass
spectrometer system equipped with a Turbo V electrospray ion source (AB Sciex, Framingham,
Massachusetts, USA). Identification of OxPCs was carried out using scheduled Multiple Reaction
Monitoring (MRM) using product-ion (184.3 m/z, Da), which corresponds to the PC head group.
The electrospray ionization voltage and temperature of the ion source were set to 5500 V and
5000C, respectively. High purity nitrogen was used as curtain gas with 26 psi and high purity air
was used as nebulizer and heater gas with pressure set at 40 and 30, respectively. The MRM
settings were as follows: declustering potential=125, entrance potential=10, collision energy=53,
collision cell exit potential=9 and dwell time= 50 msec. The retention time (RT) window in MRM
was set to detect peaks of significance within 60 seconds of confirmed retention time and data was
collected utilizing Analyst® Software 1.6 (AB Sciex). Multi-quant® Software 2.1 (AB Sciex) was

used to compare peak areas of internal standards and unknown analytes to quantitate the results.

OxPC standards including POVPC, PAzPC, PONPC, PGPC, KOdiA-PC and KDdiA-PC were
purchased (as mentioned in the material section) and verified by injecting them to HPLC-MS/MS
first to find retention find (RT) for these standards (Figure 14). To find RTs for other OXPC species
with no available commercial standards, phospholipids standards including PAPC, SAPC, PLPC,
SLPC, PDHPC and SDHPC were undergone air oxidation to produce a pool of fragmented and
non-fragmented OXPC species derived from these phospholipids as previously described (18-19).

Thin evaporated layers of standard phospholipids in separate test tubes were exposed to air for
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2,6,12 and 24 hrs. Non-fragmented OxPCs are produced after a short period of air oxidation (2-6
hrs) versus fragmented species obtained following a longer period of oxidation (12-24hrs). A
mixture of air oxidized lipids (constituted of fragmented, non-fragmented and non-oxidized lipids)
was then reconstituted in Sol A and injected into HPLC-MS/MS (18-19). Even though close to 84
OXPC species can be identified in plasma, we selected compounds with levels 5 x above baseline
and reproducibility in all plasma samples. By using this method, we were able to identify 22 OxPC

species in human plasma (Table 10).

Figure 14: MRM chromatogram of OxPC standards
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Identification of commercial OxPC standards by reversed-phase HPLC-MS/MS. Abbreviations:
POVPC: 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine; PAzPC: 1-palmityl-2-azelayl-sn-
glycero-3-phosphocholine, PONPC: 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine,
PGPC: 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine, KOdiA-PC: 1-palmitoyl-2-(5’-keto-6’-
octenedioyl)-sn-glycero-3-phosphocholine, KDdia-PC: 1-palmitoyl-2(4’-keto-dodec-3’-ene-dioyl)-sn-
glycero-3-phosphocholine.
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Table 10: List of OxPC compounds identified by reversed-phase HPLC-MS/MS:

Identification of OXPC species in human plasma using HPLC-MS/MS.

OxPC Compound

Q1 Mass (Da)

Q3 Mass (Da)

Retention time

di-9:0-PC (internal standard) 538.6 184.3 1.29
4-oxo-butyryl-PC 580.6 184.3 1.45
POVPC 594.6 184.3 1.48
Succinoyl-PC 596.6 184.3 1.39
PGPC 610.6 184.3 1.4
SOVPC 622.6 184.3 2.16
KOHA-PC 634.6 184.3 1.39
8-0x0-octanoyl-PPC 636.6 184.3 1.75
SGPC 638.6 184.3 1.98
Acetal-POVPC 640.6 184.3 1.37
KOOA-PC 648.6 184.3 1.44
PONPC 650.6 184.3 1.98
KOdiA-PC 664.6 184.3 2.72
PAzPC 666.6 184.3 1.7
KOOA-SPC 676.6 184.3 2.1
SONPC 678.6 184.3 3.15
Furyloctanoyl-PC 688.6 184.3 1.46
SAzZPC 694.6 184.3 2.56
Acetal-PONPC 696.6 184.3 1.54
KODA-PPC 704.6 184.3 1.74
HODA-PPC 706.6 184.3 1.62
Furyloctanoyl-PC 716.6 184.3 2.08
KDdiA-PC 720.6 184.3 1.51
HDdiA-PPC 722.6 184.3 1.51
Acetal-SONPC 724.6 184.3 2.18
HODA-SPC 734.6 184.3 2.44
KDiA-SPC 748.6 184.3 211
HDIiA-PC 750.6 184.3 2.1
PLPC-keto 772.6 184.3 5.57
PLPC-OH 774.6 184.3 5.48
PLPC-epoxy, 788.6 184.3 4.53
PLPC-OOH 790.6 184.3 4.28
PAPC-keto 796.6 184.3 5.88
PAPC-OH 798.6 184.3 7.09
SLPC-keto 800.6 184.3 6.51
SLPC-OH 802.6 184.3 6.7
PLPC-OOH 806.6 184.3 6.74
PLPC-diOH 808.6 184.3 6.71
PAPC-OOH 814.6 184.3 6.73
SLPC-epoxy 816.6 184.3 6

SLPC-OOH 818.6 184.3 5.7
SAPC-keto 824.6 184.3 6.83
SAPC-OH 826.6 184.3 8.19
isoPGF2alpha-PC 832.6 184.3 7.6
SLPC-OOH,0OH 834.6 184.3 5.58
SLPC-triOH 836.6 184.3 7.31
SAPC-OCH 842.6 184.3 6.98
SEIPC 856.6 184.3 4.83
isoPGF2alpha-PC 860.6 184.3 8.13
SAPC-OCH 872.6 184.3 4.32
SLPC-triOOH 882.6 184.3 6.93
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Abbreviations: HDdiA-PC: 1-palmitoyl-2-(9-hydroxy-11-carboxyundec-6-enoyl)-sn-glycero3-
phosphocholine, HODA-PC: 1-palmitoyl-2- (9-hydroxy-12-oxododec-10- enoyl)-sn- glycero3-
phosphocholine, isoPG: isoprostanes, KOdiA-PC: 1-palmitoyl-2-(5°-keto-6’-octenedioyl)-sn-glycero-3-
phosphocholine, KOHA-PC: 1-palmityl-2-(4-oxo-7-oxohept-5-enoyl)-sn-glycero-3-phosphoserine,
KOOA-PC: 1- stearoyl-(5-keto-8-ox0-6-octenoyl)-sn-glycero-3-phosphocholine, KOOA-SPC: 1-
palmitoyl-(5-keto-8-0xo0-6-octenoyl)-sn-glycero-3-phosphocholine, OH: hydroxyl, OOH: hydroperoxy.
PAPC: 1-palmitoyl-2-arachidonoyl-snglycero-3-phosphocholine, PAzPC: 1-palmityl-2-azelayl-sn-
glycero-3-phosphocholine, PEIPC: 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-
phosphocholine, PGPC: 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine, PLPC: 1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphocholine, PONPC: 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-
phosphocholine, POVPC: 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine , SAPC: 1-
stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine, SAzPC: 1-stearoyl-2-azelaoyl-sn-glycero-3-
phosphocholine, SEIPC: 1- stearoyl -2-(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphocholine, SGPC :
1-stearoyl-2-glutaroyl-sn-glycero-3-phosphocholine, SLPC: 1-stearoyl-2-linoleoyl-sn-glycero-3-
phosphocholine, SONPC: 1-stearoyl -2-(9-oxo0-nonanoyl)-snglycero-3-phosphocholine, SOVPC: sn-1-
stearoyl-2-oxovaleroyl-PC.

Plasma cytokine analysis in STEMI patients

Levels of 10 cytokines/chemokines measured in STEMI patients using Mesoscale Discovery
(MSD) ELISA protocol and read on MSD sector imager (20). Any sample below the detection

limit of < 0.01 pg/ml for a given cytokine was excluded from the study.

Statistical analysis

One-way analysis of variance (ANOVA) with a Fisher post-hoc test for multiple comparisons was
used to determine statistical significance between study groups. Associations between specific
OxPCs compounds and cytokine levels were assessed by applying Pearson Correlations. All data

are presented as mean + SEM. p<0.05 was considered statistically significant.

Results

In this study, 66.6% of the STEMI population and 56.3% of the controls were male (p=0.08). The
mean age was 65.2+2.08 in the STEMI population and 60.2+1.49 in controls (p=0.06). The average
body mass index (BMI) was significantly different between STEMI and controls populations
(25.8+1.14 and 30.2+1.05, respectively) (p=0.005). Based on the laboratory data, the STEMI
patients had normal triglycerides (TG), cholesterol (TC), low and high-density lipoprotein (LDL
and HDL). There were no significant differences regarding angiotensin-converting enzyme
inhibitors/ angiotensin-receptor blockers (ACEI/ARB), beta-blockers and statins use between
STEMI and control groups (Table 11).

107



Table 11: Characteristics of study participants

STEMI patients Controls P-Value
Characteristics (n=52) (n=59)
Male % 66.6 56.3 0.08
Age, yr (mean=SEM) 65.2+2.08 60.2+1.49 0.06
Body mass index (BMI) (mean+SEM) 25.8+1.14 30.2+1.05 0.005*
Left ventricular ejection fraction (LVEF) % 62% -
Time (min), onset of chest pain to reperfusion 150 (52-738) NA
(Median (min-max))
Left anterior descending coronary artery (LAD) 41.6 NA
Infarct (%)
Right coronary artery (RCA) Infarct (%) 50 NA
Circumflex Infarct (%) 8 NA
Peak CK (Median (min-max)) (units/L) 1105 (141-10655) NA
Peak TnT (Median (min-max)) (ng/L) 1093 (1-10000) NA
Co-morbidity
Type 2 diabetes mellitus (%) 20.8 145 0.4
Smoker (%) 12.7 18.7 0.3
Hypertension (%) 41.6 48.1 0.5
Dyslipidemia (%) 41.6 25.9 0.08
Lipids
Triglyceride (TG) (mean£SEM) (mmol/l) 1.7+1.4 -
High-density lipoprotein (HDL) (mean+SEM) 1.2+0.4 -
(mmol/T)
Low-density lipoprotein (LDL) (mean+SEM) 2.8+0.9 -
(mmol/1)
Total cholesterol (mean+SEM) (mmol/l) 4.2+1.2 -
Medications at baseline
Angiotensin-Converting Enzyme Inhibitors 20.8 21.8 0.9
(ACEI)/Angiotensin Il Receptor Blockers (ARB)
(%)
Betablocker (%) 6.2 16.3 0.1
Statin (%) 16.6 145 0.7

*significantly different compared with controls (p<0.05).

The median ischemic period (from the onset of chest pain to reperfusion) was 150 min. Fifty per

cent of participants had a right coronary artery (RCA) infarct, whereas 41.6% and 8% had left

anterior descending coronary artery (LAD) and circumflex coronary artery occlusions,
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respectively. The prevalence of type 2 diabetes (20.8%), hypertension (41.6%) and dyslipidemia
(41.6%) at presentation to the hospital were not significantly different in compared with controls
(Table 11). The prevalence of these chronic diseases was similar to the previous study of STEMI
populations (13).

OXxPC species that were identified in STEMI patients and controls

Twenty-two distinct OXPCs were quantified in the plasma of STEMI patients, which include 8
aldehyde-containing OxPC (aldo-OxPC), 6 carboxylic acid-containing OxPC (acid-OxPC) and 8
non-fragmented OxPCs with hydroxyl and hydroperoxyl groups as well as isoprostanes (Table
12). The single ion chromatograms of POVPC, PONPC and PAPC-OH, which are among the
highest OXPC species in human plasma, are presented in both Isch and control groups as examples

(Figure 15). MRM transitions of other identified OXPC compounds are presented in Table 10.

Table 12: Average plasma concentrations of identified OxPCs in study groups

OXPC species [M- OxPC Control Isch R-2h R-24h R-48h R-30d
HI+/PCIIM-H]+) categories (n=59) (n=52) (n=52) (n=52) (n=51) (n=30)
(ng/pul) (ng/pl) (ng/pl) (ng/pl) (ng/pl) (ng/pl)
4-oxo-butyryl-PC (580.6 / Aldo- 0.07+0.00 0.11+0.01 0.11+0.01 0.13+0.02 0.11+0.02 0.08+0.02
184.3) OxPC
POVPC (524.6 / 184.3) 0.29+0.02 0.44+0.06 0.46+0.08 0.53+0.09 0.42+0.09 | 0.29+0.04
SOVPC (622.6 / 184.3)* 0.05+0.00 0.24+0.05 0.25+0.05 0.29+0.07 0.24+0.07 | 0.12+0.02
8-0x0-octanoyl-PPC (636.6/ 0.02+0.00 0.18+0.04 0.2+0.05 0.22+0.05 0.19+0.06 | 0.07+0.02
184.3)
PONPC (650.6 / 184.3)* 0.48+0.08 1.88+0.39 2.33+0.50 2.36+0.50 1.98+0.50 | 0.52+0.13
KOOA-SPC (676.6 /184.3) 0.07+0.01 0.06+0.01 0.05+0.02 0.04+0.01 0.06+0.02 | 0.07+0.02
SONPC (678.6 / 184.3)* 0.16+0.03 0.57+0.13 0.69+0.17 0.68+0.17 0.60+19 0.13+0.03
HODA-PPC (706.6 / 184.3) 0.00+0.00 0.01+0.00 0.01+0.00 0.02+0.00 0.01+0.00 | 0.00+0.00
Succinoyl-PPC (526.6 / Acid- 0.17+0.00 0.40+0.07 0.33+0.05 0.18+0.02 0.15+0.01 | 0.27+0.03
184.3) OxPC
PGPC (610.6 / 184.3) 0.21+0.02 0.15+0.02 0.14+0.02 0.13+0.02 0.10£0.01 0.12+0.01
SGPC (638.6 / 184.3) 0.00+0.00 0.02+0.00 0.02+0.00 0.02+0.00 0.03+0.00 | 0.03+0.01
KOdiA-PC (664.6 / 184.3) 0.07+0.01 0.05+0.01 0.05+0.01 0.04+0.01 0.04+0.00 | 0.05+0.01
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PAzPC (666.6 / 184.3) 0.06+0.01 0.66+0.40 0.60+0.30 0.49+0.20 0.21+0.08 0.09+0.01
HDdiA-PPC (722.6 / 184.3) 0.00+0.00 0.01+0.00 0.02+0.00 0.02+0.00 0.02+0.00 0.00+0.00
PLPC-keto (772.6 / 184.3) Non- 0.39+0.11 0.25+0.04 0.35+0.08 0.24+0.04 0.28+0.08 0.18+0.02
fragmente
PLPC-OH (774.6 / 184.3) 4 OXPC 0.47+0.09 0.60+0.09 0.64+0.12 0.50£0.13 0.44+0.12 0.36+0.06
X

PAPC-OH (798.6 / 184.3)* 2.00£0.2 1.13+0.10 1.16+0.15 1.54+0.19 1.88+0.20 | 2.66+0.30
PLPC-OOH,OH (806.6 / 0.39+0.04 0.66+0.11 0.61+0.08 0.52+0.07 0.36+0.05 0.36+0.06
184.3)

SLPC-epoxy,keto (816.6 / 0.10+0.03 0.15+0.03 0.17+0.04 0.16+0.03 0.14+0.03 0.09+0.02
184.3)

SAPC-OH (826.6 / 184.3)* 0.50+0.07 0.34+0.03 0.40+0.04 0.61+0.09 0.63+0.1 0.69+0.1
IsoPGF2alpha-PPC (832.6 / 2.36+0.20 1.50+0.10 1.61+0.20 1.27+0.10 1.10+0.10 1.54+0.30
184.3)*

IsoPGF2alpha-SPC (860.6 / 0.40+0.02 0.22+0.02 0.22+0.02 0.20£0.02 0.19+0.02 0.31+0.03
184.3)*

Data are presented as Mean+SEM. *significantly different among study groups (p<0.05). Abbreviations:
HDdiA-PC: 1-palmitoyl-2-(9-hydroxy-11-carboxyundec-6-enoyl)-sn-glycero3-phosphocholine, HODA-
PC: 1-palmitoyl-2- (9-hydroxy-12-oxododec-10- enoyl)-sn- glycero3-phosphocholine,, isoPG:
isoprostanes, KOdiA-PC: 1-palmitoyl-2-(5°-keto-6’-octenedioyl)-sn-glycero-3-phosphocholine, KOHA-
PC: 1-palmityl-2-(4-oxo-7-oxohept-5-enoyl)-sn-glycero-3-phosphoserine, KOOA-PC: 1- stearoyl-(5-
keto-8-ox0-6-octenoyl)-sn-glycero-3-phosphocholine, KOOA-SPC: 1-palmitoyl-(5-keto-8-0x0-6-
octenoyl)-sn-glycero-3-phosphocholine, OH: hydroxyl, OOH: hydroperoxy. PAPC: 1-palmitoyl-2-
arachidonoyl-snglycero-3-phosphocholine, PAzPC: 1-palmityl-2-azelayl-sn-glycero-3-phosphocholine,
PEIPC: 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphocholine, PGPC: 1-palmitoyl-2-
glutaryl-sn-glycero-3-phosphocholine, PLPC: 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine,
PONPC: 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine, POVPC: 1-palmitoyl-2-(5'-oxo-
valeroyl)-sn-glycero-3-phosphocholine , SAPC: 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholing,
SAzPC: 1-stearoyl-2-azelaoyl-sn-glycero-3-phosphocholine, SEIPC: 1- stearoyl -2-(5,6-epoxyisoprostane
E2)-sn-glycero-3-phosphocholine, SGPC : 1-stearoyl-2-glutaroyl-sn-glycero-3-phosphocholine, SLPC: 1-
stearoyl-2-linoleoyl-sn-glycero-3- phosphocholine, SONPC: 1-stearoyl -2-(9-oxo-nonanoyl)-snglycero-3-
phosphocholine, SOVPC: sn-1-stearoyl-2-oxovaleroyl-PC.
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Figure 15: MRM chromatogram of OxPC species
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MRM chromatograms of POVPC, PONPC and PAPC-OH in STEMI patients (Isch group) (black line)
and controls (red line) measured by reverse-phase HPLC-MS/MS. Abbreviations: POVPC: 1-palmitoyl-
2-(5'-oxo0-valeroyl)-sn-glycero-3-phosphocholine, PONPC: 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-
3-phosphocholine, PAPC-OH: 1-palmitoyl-2-arachidonoyl-snglycero-3-phosphocholine.
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Plasma OxPCs levels in STEMI patients during ischemia compared with controls

As it is presented in Table 13 and Figure 16A, total OxPCs levels did not significantly differ
between Isch and control groups (Isch: 9.63+1.08, control: 8.31+0.54 ng/ul of plasma). However,
total levels of fragmented OxPCs were significantly elevated during ischemia in STEMI patients
compared with control (Isch: 4.79+0.94, control: 1.69£0.19 ng/pul of plasma, p<0.05) (Figure 16B).
On the other hand, total levels of non-fragmented OxPCs were reduced significantly in STEMI
patients during the ischemic episode compared with controls (Isch: 4.84+0.30, control: 6.6£0.51
ng/ul of plasma, p<0.05) (Figure 16C).

Table 13: Average plasma levels of total OxPCs, fragmented, non-fragmented OxPCs in

study groups

OXPC categories (ng/pl) Control Isch R-2h R-24h R-48h R-30d
(n=59) (n=52) (n=52) (n=52) (n=51) (n=30)

Total OxPC 8.31+0.54 9.63+1.08 10.48+1.37 10.24+1.27 9.20+1.29 8.07+1.09

Total fragmented OxPC 1.69+0.19 | 4.79£0.94* | 5.33+1.17% 5.20+1.111 4.18+1.07 1.87+0.31

Total non-fragmented OxPC 6.6+0.51 4.84+0.30* 5.15+0.40 5.03+0.37 5.01+0.47 6.19+0.80

Values are means + SEM. *significantly different compared with controls (p<0.05). ¥ significantly
different compared with R-30d, (p<0.05). Abbreviation: OxPC: Oxidized phosphatidylcholine.

Figure 16: Average plasma levels of total OxPCs, fragmented, non-fragmented OxPCs in
STEMI patients during ischemia compared with controls
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Values are means + SEM. *Significantly different compared with controls (p<0.05). Abbreviation:
OxPC: Oxidized phosphatidylcholine.

Looking at individual OxPC species, it is revealed that 4 out of 8 identified aldo-OxPC species,
namely POVPC, SOVPC, PONPC, and SONPC, were significantly different between Isch and
control groups. POVPC concentrations increased 1.5 times in the Isch group compared with the
control (Isch: 0.44+0.06, control: 0.29+£0.02 ng/ul of plasma, p<0.05) (Figure 17A). Similarly,
there were significant differences between the Isch and control groups in terms of SOVPC levels.
As it is shown in Figure 17B, the average levels of SOVPC increased 4.6-fold during ischemia
compared with controls (from 0.05+0.0 in controls to 0.2+0.05 ng/ul of plasma in Isch), which was
statistically significant (p=0.01). PONPC levels, which were the most abundant OXPCs in STEMI
patients, were significantly different among STEMI patients and control as well. The average

levels of PONPC were 0.48+0.08 ng/ul of plasma in controls, which rose to 1.87+0.39 ng/ul in the
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ischemic period in STEMI patients (p=0.02) (Figure 17C). Similar alterations were observed in
the plasma levels of SONPC. The average levels of SONPC were significantly higher during

ischemia compared with controls (Isch: 0.57+0.13 versus controls: 0.15+0.03 ng/ul of plasma,
p=0.03) (Figure 17D).

Regarding non-fragmented OxPCs, 3 out of 8 non-fragmented OxPCs differed significantly in
STEMI patients before-PCI compared with controls. The average levels of PAPC-OH reduced
significantly in ischemia compared with controls (Isch: 1.13+0.14, control: 2.00+0.2 ng/ul of
plasma, p<0.05) (Figure 17E). Plasma levels of SAPC-OH were also lower in the Isch group
compared with controls, although it did not reach statistical significance (Isch: 0.33+0.03 and
control: 0.49+0.07 ng/ul of plasma, p=0.08) (Figure 17F). Levels of IsoPGF2alpha-PPC and
IsoPGF2alpha-SPC were also significantly elevated in controls compared with Isch group
(IsoPGF2alpha-PPC: Isch: 1.49+0.1, control: 2.35+0.2, ng/ul of plasma, p<0.05) (Figure 17G)
(IsoPGF2alpha-SPC: Isch:0.2+£0.02, control: 0.4+0.02 ng/ul of plasma, p<0.05) (Figure 17H).

Figure 17: OXPC species that were significantly different in the Isch group compared with
controls
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Values are means + SEM. *Significantly different compared with controls (p<0.05). Abbreviations:
iSOPG: isoprostanes, PAPC: 1-palmitoyl-2-arachidonoyl-snglycero-3-phosphocholine, PONPC: 1-
palmitoyl-2-(9'-oxo0-nonanoyl)-sh-glycero-3-phosphocholine, POVPC: 1-palmitoyl-2-(5'-oxo-valeroyl)-
sn-glycero-3-phosphocholine, SAPC: 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine, SONPC:
1-stearoyl -2-(9-oxo-nonanoyl)-snglycero-3-phosphocholine, SOVPC: sn-1-stearoyl-2-oxovaleroyl-PC.

Changes in plasma OxPCs levels in STEMI patients during I/R

Subsequently, levels of OxPCs were compared in STEMI patients during I/R. Total levels of
OxPCs were not significantly different in STEMI patients during I/R (Isch: 9.63+1.08, R-2h:
10.48+1.37, R-24h: 10.24+1.27, R-48h: 9.20+1.29, and R-30d: 8.07+1.09 ng/ul of plasma) (Table
13 and Fig 18A). However, levels of fragmented OxPCs remained elevated during 48h post-PCI
and then decreased during 30 days of reperfusion, which was statistically significant compared
with Isch and R-2h groups (Isch: 4.79+0.94, R-2h: 5.33+1.17, R-24h: 5.20+1.11, R-48h:
4.18+1.07, R-30d: 1.87+0.31 ng/ul of plasma, p<0.05) (Table 13) (Figure 18B). In contrast, total
levels of non-fragmented OxPCs increased during 30 days after reperfusion, although changes
were not statistically significant (Isch: 4.84+0.30, R-2h: 5.15+0.40, R-24h: 5.03+0.37, R-48h:
5.01+0.47, R-30d: 6.19+0.80 ng/pul of plasma) (Table 13 and Figure 18C).
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Figure 18: Plasma levels of total OxPCs, fragmented, and non-fragmented OxPCs in
STEMI patients during I/R
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The chart represents means + SEM. * Significant differences compared with the R-30d group, p<0.05..
Abbreviations: OxPC: Oxidized phosphatidylcholine.
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Among fragmented OxPC species, levels of PONPC decreased significantly during 30 days after
reperfusion, which was statistically significant compared with R-2h and R-24h groups (Isch:
1.874£0.39, R-2h: 2.3+0.55, R-24h: 2.36 +0.55, R-48h: 1.98+0.57, and R-30d: 0.5+0.1 ng/ul of
plasma, p<0.05) (Figure 19A). SONPC concentrations also decreased over 30 days and changes
were statistically significant compared with R-2h, R-24h and R-48h groups (Isch: 0.57£0.13, R-
2h: 0.69+0.13, R-24h: 0.68+0.17, R-48h:0.6+0.19, and R-30d: 0.12+0.03 ng/pul of plasma) (R-2h
and R-30d: p=0.01, R-24h and R-30d: p=0.01, and R-48h and R-30d: p=0.04) (Figure 19B).

Non-fragmented OXPC species generally increased over 30 days post-PCl. At 30-day post-
reperfusion, PAPC-OH levels were at the highest levels, which were statistically significant
compared with all other groups (Isch: 1.12+0.14, R-2h: 1.16+0.15, R-24h: 1.54+0.19, R-48h:
1.88+ 0.2 and R-30d: 2.66+0.39 ng/ul of plasma, p<0.05) (Figure 19C). Levels of SAPC-OH also
rose post-reperfusion. Its levels at 24hr and 48hr post-reperfusion were significantly higher
compared with the ischemic levels (Isch: 0.33+0.03 and R-24h: 0.60£0.09 ng/ul of plasma,
p=0.01) (Isch: 0.33+0.03 and R-48h: 0.62+0.1 ng/ul of plasma, p=0.01). SAPC-OH levels
continued to increase and its concentrations were significantly elevated at 30-day post-MlI in
comparison with Isch and R-2h groups (Isch: 0.33+£0.03, R-2h: 0.40+0.04, R-30d: 0.69+0.14,
p<0.05) (Figure 19D). Levels of isoPGF2alpha-SPC were significantly elevated at 30 days post-
MI compared with other STEMI groups (Isch:0.2+0.02, R-2h: 0.2+£0.02, R-24h: 0.19+0.02, R-48h:
0.19£0.02, and R-30d: 0.3+£0.03 ng/ul of plasma, p< 0.05) (Figure 19E). Changes in the plasma
levels of all identified OXPCs in STEMI patients and controls are presented in Table 12.

Figure 19: OxPC species that were significantly different during I/R
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Values are means + SEM. * Significant differences compared with the R-30d group, p<0.05. ¥ Significant
differences compared with Isch group. Abbreviations: isoPG: isoprostanes, PAPC: 1-palmitoyl-2-
arachidonoyl-snglycero-3-phosphocholine, PONPC: 1-palmitoyl-2-(9'-oxo0-nonanoyl)-sn-glycero-3-
phosphocholine, SAPC: 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine, SONPC: 1-stearoyl -2-
(9-oxo-nonanoyl)-snglycero-3-phosphocholine.

Inflammatory cytokines in post-PPCI STEMI patients

We measured the levels of 10 cytokines and chemokines in the plasma of STEMI patients. Among
them, only levels of IFN-y and IL-1p were significantly correlated with OxPC species in STEMI
patients. In our study, levels of INF-y were elevated during ischemia and early after refusion. at
24h post PClI, its levels decreased significantly in the plasma of STEMI patients. Following that,
its levels increased slightly until 30 days (Isch: 20.26£2.15, R-2h: 17.99+2.05, R-24h: 10.17+2.11,
R-48h:13.82+2.15, and R-30:15.32+2.15 pg/ml of plasma, p<0.05). IL-1p also experienced
dramatic changes during I/R. There was a significant drop in the levels of IL-1 after 24h of post-
PPCI until 30 days which were statistically significant in comparison with Isch and R-2h groups
(Isch: 0.50£0.04, R-2h: 0.46+0.04, R-24h: 0.25+0.04, R-48h: 0.26+0.04, and R-30: 0.22+0.05
pg/ml of plasma, p<0.05) (Figure 20).
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Figure 20: Alteration in the levels of INF-y and IL-1p in STEMI patients during I/R
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Values are means + SEM. * Significantly different compared with Isch group, p<0.05. t Significantly
different compared with R-2h, p<0.05. Abbreviations: IFN-y: Interferon-gamma, IL-1p: Interleukin-1
beta.

Total levels of fragmented OxPCs were significantly correlated with INF-y and IL-1f levels during
I/R (total fragmented OxPCs and INF- y correlation: r=0.30, p=0.001) (total fragmented OxPCs
and IL-1p correlations: r=0.28, p=0.001). There were also weak but significant correlations
between POVPC and cytokines levels during I/R (POVPC and INF-y correlations: r=0.20, p=0.01,
POVPC and IL-1B: r=0.16, p=0.045). Concentrations of PONPC were also weakly but
significantly correlated with the inflammatory cytokines during I/R (PONPC and INF-y
correlation: r=0.41, p=0.001) (PONPC and IL-1p correlations: r=0.25, p=0.001).

OXxPCs levels and markers of myocardial injury

We categorized STEMI patients based on plasma peak CK and TnT levels, which are the gold
standards of myocardial injury (21). Patients with levels < than median peak levels of CK were
grouped as “low CK” group and patients with levels of > median peak CK levels considered as
“high CK” group. As shown in Figure 21A, the levels of POVPC and PONPC in STEMI
patients during ischemia were significantly higher in the “high CK” group compared with the
“low CK” group (p<0.05). Categorizing POVPC and PONPC based on peak TnT levels also
resulted in similar findings meaning that patients with higher TnT levels had higher POVPC and
PONPC before PCI. However, differences between TnT groups were not statistically significant
(Figure 21B).
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Figure 21: Mean comparison of POVPC and PONPC levels based on CK (A) and TnT
levels (B)
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Values are means + SEM. * Statistically significant difference, p<0.05. The box is determined by the 25th
and 75th percentiles. The whiskers are determined by the 5th and 95th percentiles. Abbreviations: CK:
creatine kinase, PONPC: 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine, POVPC: 1-
palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine, TnT: Troponin T.
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Analysis of OXPCs in thrombus

In order to see the potential contribution of ruptured plaque material to the plasma, OxPC levels
were determined in recovered thrombectomy samples from 15 STEMI patients. Fragmented
(aldo/acid) OxPCs and non-fragmented OxPCs containing terminal furans, isoprostanes and long-
chain groups were identified in thrombectomy samples. All quantified OxPC species in thrombus

are presented in Table 14.

Table 14: Quantified OxPCs in thrombus of STEMI patients

Component Name Average £ SEM (pg/ug of protein) Percentage of total OXPC
PONPC 1.26+0.18 19.81
POVPC 1.00+0.33 18.48
Isofuran-PC 0.67+0.15 9.90
SOVPC 0.60+0.19 8.78
PAzPC 0.45+0.07 6.65
4-oxo0-butyryl-PC 0.38+0.13 5.54
PLPC-epoxy 0.36+0.00 5.31
PGPC 0.30+0.17 3.64
PLPC-OOH 0.25+0.04 3.29
SGPC 0.22+0.07 3.28
SONPC 0.22+0.07 1.66
PLPC-OOH 0.11+0.02 1.57
Succinoyl-PC 0.10£0.03 1.53
Acetal-POVPC 0.10+0.01 1.24
PLPC-OH 0.08+0.025 1.14
SLPC-OOH 0.07+0.03 1.03
SAzPC 0.07+0.02 1.01
KDiA-SPC 0.06+0.01 0.87
PLPC-keto 0.05+0.04 0.71
Furylbutanoyl-PC 0.04+0.01 0.71
PAPC-OH 0.04+0.03 0.56
Furyloctanoyl-PC 0.03+0.01 0.46
KDdiA-PC 0.03+0.01 0.45
HDIA-PC 0.03+0.02 0.45
KOHA-PC 0.03+0.02 0.31
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KODA-PPC 0.02+0.02 0.30
SLPC-keto 0.02+0.01 0.27
HODA-PPC 0.01+0.01 0.23
HDdiA-PPC 0.01+0.01 0.21
10-OH-5,8,11-tridecatrienoyl- 0.01+0.01 0.18
PC

HODA-SPC 0.01+0.00 0.12
iSOPG(A2,J2)-SPC 0.00£0.01 0.10
KOdiA-PC 0.01+0.01 0.03
Acetal-PONPC 0.01+0.01 0.01
Acetal-SONPC 0.01+0.00 0.01

Values are means £ SEM. Abbreviations: HDdiA-PC: 1-palmitoyl-2-(9-hydroxy-11-carboxyundec-6-
enoyl)-sn-glycero3-phosphocholine, HODA-PC: 9-hydroxy-12-oxododec-10-enoic acid ester of 2-
lysophosphatidylcholine, isoPG: isoprostanes, KOdiA-PC: 1-palmitoyl-2-(5’-keto-6’-octenedioyl)-sn-
glycero-3-phosphocholine, KOHA-PC: 1-palmityl-2-(4-oxo-7-oxohept-5-enoyl)-sn-glycero-3-
phosphoserine, KOOA-PC: 1- stearoyl-(5-keto-8-0x0-6-octenoyl)-sn-glycero-3-phosphocholine, KOOA-
SPC: 1-palmitoyl-(5-keto-8-0x0-6-octenoyl)-sn-glycero-3-phosphocholine, OH: hydroxyl, OOH:
hydroperoxy. PAPC: 1-palmitoyl-2-arachidonoyl-snglycero-3-phosphocholine, PAzPC: 1-palmityl-2-
azelayl-sn-glycero-3-phosphocholine, PEIPC: 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-
phosphocholine, PGPC: 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine, PLPC: 1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphocholine, PONPC: 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-
phosphocholine, POVPC: 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine , SAPC: 1-
stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine, SAzPC: 1-stearoyl-2-azelaoyl-sn-glycero-3-
phosphocholine, SEIPC: 1- stearoyl -2-(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphocholine, SGPC :
1-stearoyl-2-glutaroyl-sn-glycero-3-phosphocholine, SLPC: 1-stearoyl-2-linoleoyl-sn-glycero-3-
phosphocholine, SONPC: 1-stearoyl -2-(9-oxo0-nonanoyl)-snglycero-3-phosphocholine, SOVPC: sn-1-
stearoyl-2-oxovaleroyl-PC.

Fragmented OxPCs were dominant in thrombus, which constituted 77% of total OxPCs. Fifty-
four per cent and 23% of all quantified OxPCs were aldo-OxPC and acid-OxPCs, respectively.
Non-fragmented OxPCs constituted only 23% of total OXPC levels in thrombus (Figure 22).
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Figure 22: Percentage of fragmented and non-fragmented OxPCs to total OxPCs in

thrombus, plasma of STEMI patients (during ischemia, reperfusion) and controls
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PONPC and POVPC were the two most abundant OxPC in STEMI thrombus, which made 19.8%
and 18.4% of total identified OXPC. The percentages of the ten most abundant OxPCs to total

OxPCs content of thrombus are compared with plasma levels in Figure 23.
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Figure 23: Ten most abundant OxPCs in thrombus and plasma of STEMI patients during

ischemia
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Abbreviations: PGPC: 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine, PLPC: 1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphocholine, POVPC: 1-palmitoyl-2-(5'-o0xo-valeroyl)-sn-glycero-3-
phosphocholine, SGPC: 1- stearoyl -2-glutaryl-sn-glycero-3-phosphocholine, SOVPC: sn-1-stearoyl-2-
oxovaleroyl-PC.
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Discussion

There has been increasing evidence that OXxPC molecules represent a novel class of bioactive lipids
implicated in human pathophysiology (22). In the current study, we conducted a comprehensive
analysis of OxPCs in patients presenting with STEMI and followed their OxPC levels in the acute
phase and after 30 days post PCI. We were able to identify 22 OxPC species, including fragmented
OxPC and non-fragmented hydroxyl/hydroperoxyl/ isoprostane OxPCs in our population. We
have shown for the first time that there were increases in plasma levels of fragmented OxPC
species during the ischemic episode in STEMI patients compared with controls which decreased
during 30 days post-MI. Moreover, the plasma levels of POVPC and PONPC during ischemia
were significantly higher in M1 patients with higher peak CK levels. They were also significantly

correlated with inflammatory cytokines (INF-y and IL-1B) during I/R.

This study is the most comprehensive assessment of OxPC levels in human plasma. Previously,
Stlbiger et al., (2012) (23) conducted a targeted lipidomic analysis in plasma of 13 young patients
with familial hypercholesterolemia and 7 normolipidemic individuals using LC-ESI-SRM and
MALDI-QIT-TOF-MS/MS. Eight fragmented OxPC compounds containing stearyl or palmityl in
their sn-1 position were identified and quantified in their population. SOVPC was the dominant
OXxPC in their study population. Recently, Ademowo (2020) et al,. (24) applied a targeted approach
to analyze OxPCs species in plasma of healthy subjects (n=20), patients with chronic kidney
disease (CKD) (n=13), patients with periodontitis (n=17) and patients with both CKD and
periodontitis (n=20). Using HPLC-MS/MS, they were able to identify 12 fragmented OxPC
species derived from PAPC/PLPC or SAPC/SLPC in their population. Moreover, Godzien et al.,
(2019) (25) used a non-targeted metabolomics approach for OxPC identification in serum of
individuals with normal glucose hemostasis (n=57), patients with insulin resistance (n=52),
prediabetics (n=49) and diabetic patients (n=40). They were able to identify 21 OxPC species,
including 16 non-fragmented and 5 fragmented OxPC. However, only non-fragmented OxPC were

quantified, as the levels of fragmented OxPC were below the limit of detection.

To find any potential roles of OxPC in I/R injury, we first compared the levels of OxPC compounds
in the plasma of STEMI patients during ischemia with controls. We found that total levels of
fragmented OxPCs increased significantly during the ischemic period compared with controls. In

a study by Frey et al., (2000) (26), levels of an unknown fragmented OxPC, which was measured

125



in 5 patients undergoing coronary artery bypass grafting using liquid chromatography (after
precolumn derivatization) showed a significant increase after 3h reperfusion compared with
baseline values. However, as they did not use a mass spectrometry approach and they were not
able to identify the exact structure of the compound in question. Non-fragmented OxPCs, on the
other hand, were significantly lower in STEMI patients during ischemia compared with controls

but increased gradually during 30-day post-PPCI, although not significantly (Table 13).

The significant elevation of fragmented OxPCs during early I/R (24h after PCI) compared with
their levels at 30 days post-PCI can be attributed to enhanced ROS production and an inflammatory
response. Acute restoration of blood following reperfusion leads to the formation of ROS as a
result of an imbalance between the formation of free radicals and cellular protections against them
(27). Both enzymatic (xanthin oxidase and NADPH oxidase) and non-enzymatic oxidations
(mitochondrial dysfunction) have been identified during myocardial I/R (28). Enhanced oxidative
stress can lead to cardiomyocyte cell death by disturbing cell membrane integrity as a result of
pyroptosis, necroptosis and activating mitochondria-mediated apoptosis (29). Moreover, changes
in fragmented OXPC concentrations were significantly correlated with the levels of inflammatory
cytokines. Higher levels of IFN-y and IL-1p before and right after PPCI suggested an increase in
immune response required for the removal of cardiac dead cells in the acute phase after myocardial
infarction (30, 31). Increased IFN-y during the pre-PPCI can trigger IL-1p to recall innate immune
response. At the later time-points 2h until 30 days of Post-PPCI, the reduction in the cytokine
concentrations suggested an acquired response to Ml following reperfusion (32, 33).

Few studies have assessed the levels of OxPC adducts on apo (B) and plasminogen following I/R
in MI patients. In a study by Tsimikas et al,. (2003) (13), serial plasma samples were collected
from 8 MI patients at the time of presentation to the hospital and subsequently at 4, 30, 120 and
210 days following MI. In this study, a 54% increase was seen in levels of OxPC on apo(B)
measured by E06 antibody following MI, which reached statistical significance at 30 and 210 days
following discharge. However, no such differences were observed in patients with stable angina,
patients with normal coronary angiograms, and healthy controls during 7-month follow up (13).
In our analysis, we measured free forms of OxPC species in plasma, but not the OxPC adducts.
OxPC species, particularly fragmented forms, are bioactive and can rapidly interact with plasma
proteins (11). Philippova et al., (2019) (34) also suggested that in OXPC analysis, results of HPLC-
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MS/MS and immunoassay are related but not duplicates, as they observed weak correlations
between free levels of 8 OXPC species measured by HPLC-MS/MS and E06 antibody in plasma
of patients that underwent coronary angiography. They suggested that EO6 recognizes both free
form and covalent adducts of OxPCs which are bound to lipoproteins, cell membranes and other
plasma proteins. However, these adducts are not recognizable by the HPLC-MS/MS method.
Besides, the E06 antibody binds not only to fragmented OXPC but also to a fraction of non-
fragmented OxPCs (15, 35).

We previously showed that fragmented aldo-OxPC, namely POVPC and PONPC enhanced
significantly in both in vitro and in vivo models of I/R (15). Interestingly, in the current study,
POVPC, SOVPC, PONPC, and SONPC were significantly elevated during ischemia compared
with control. However, their levels reduced following reperfusion in which changes for PONPC
and SONPC were statistically significant. It should be mentioned that SOVPC and SONPC have
similar chemical structures to POVPC and PONPC; differing only in the stearyl group at the sn-1
position instead of a palmityl group. It’s been demonstrated that the active group at the sn-2
position of PL determines the bioactivity of a particular PL (36). Therefore, the active aldehyde
group on SOVPC and SONPC can rapidly interact with biomolecules causing tissue injury. We
have shown that introducing POVPC and PONPC to cardiomyocytes cell culture activated cell
death in a dose-response manner. PONPC was the most potent OxPC, as adding 1, 2, 5, and 10
mM of PONPC resulted in significant cardiomyocyte cell death, but only high concentrations of
POVPC (10 mM) induced cell death (15). PONPC and POVPC cause mitochondrial permeability
through activation of Bcl-2interacting protein 3 (Bnip3), which has a critical role in cell death
during cardiomyocytes I/R injury. Moreover, recent data from our laboratory demonstrated that
treatment of cardiomyocytes with 10 uM of POVPC and PONPC for 1h of ischemia and 1h of
reperfusion caused cell death (37). In this study, both POVPC and PONPC suppressed glutathione
peroxidase-4 (GPX4), an enzyme implicating in ferroptosis. Finally, treatment of cardiomyocyte
cells with ferrostatin-1, which is an inhibitor of ferroptosis suppressed cell death induced by
OxPCs (37). Previous studies have also shown the beneficial effects of blocking of ferroptosis in
myocardial I/R injury (38-41).

In the current study, POVPC and PONPC levels during the ischemic period were significantly

associated with higher peak CK levels (Figure 22). Previous studies confirmed that elevated CK
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levels are associated with more extensive infarct size (22) and the rate of mortality (42).
Furthermore, there were significant correlations between the levels of PONPC and POVPC with
INF-y and IL-1P concentrations during I/R. Both IFN-y and IL-1p have been shown to mediate
inflammation (31, 43). Inhibition of IL-B receptor in STEMI patients improved left ventricular
(LV) function with reduced inflammatory markers (44, 45). Also, using IL-1p receptor inhibitors
shown that are associated with a reduced rate of recurrent heart failure (HF) episodes (46).
Moreover, the EO6 antibody can inhibit cell death during I/R through the deactivation of aldo-
OxPCs. Introducing E06 at 10 ug/ml concentration in culture prevented POVPC and PONPC-
related cardiomyocytes cell death by 74%. Identical results were obtained in an in vivo study using
transgenic mice that overexpressed single-chain variable fragment of the E06 antibody (E06-scFv-
Tg). Infarct size after 60 mins of LAD and 7 days of reperfusion was significantly smaller in E06-
mice compared with controls, which was attributed to the interaction of E06 and aldo-OxPCs (15).

Based on the finding of our study, we believe that aldo-OxPCs are mediators of I/R injury. Not
only these compounds rise and fall with ischemia and reperfusion, but they are associated with
increased CK levels, a marker of total infarct size. However, we did not see any linear correlations
between CK and any OxPC species. One possible reason could be due to the activity of lipid-
degrading enzymes such as lipoprotein-associated phospholipase A2 (Lp-PLA2), which increases
at the early phase of ACS. PLAZ2 releases oxidized fatty acids in sn-2 positions of OxPCs and
convert them to lyso-PC (47). The other reason would be the accumulation of OxPCs at the tissue
level, as our previous study showed that OxPCs accumulated in renal tissue during I/R (18). The
third reason may be attributed to the high reactivity of aldo-OxPC that can be bound to plasma
protein such as apo (B100), lipoprotein (a) and plasminogen, as previous studies confirm the

increased levels of these proteins following MI (13, 48).

The second part of the study was carried out to determine the OxPC content of coronary
thrombectomy material. This will allow us to see any potential contribution of ruptured plaque
material to plasma OxPC levels. In the current study, fragmented OxPCs were dominant in
ruptured plaque material as 77% of total OxXPCs were fragmented metabolites. Aldo-OxPCs were
2-time higher than acid-OxPCs, and PONPC and POVPC constituted 38.5% of the total identified
OxPCs on thrombus. It has been shown that PONPC and POVPC are implicated in foam cell

formation through interactions with the cluster determinant 36 (CD36) receptor on macrophages
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and increasing OXLDL uptake (49). Our lab has previously shown (50) that iatrogenic plaque
disruption can cause the release of oxidized lipids from arterial plaques from carotid, saphenous
vein grafts, and renal artery during PCI. The presence of OxPC compounds was assessed by using
both immunoassay and HPLC-MS/MS. PONPC and POVPC were the most common compound
in iatrogenic plaque, which made up 50% of the identified OxPCs (50). However, only 6
fragmented OxPC species derived from PAPC and PLPC were measured in this study.

An immunohistochemistry study of the stages of plaque from initial fatty streaks to plaque rupture
by van Dijk et al., (2012) (51) showed that as the plaque progresses, the composition of oxidized
lipid epitopes will change. Coronary artery sections, carotid endarterectomy specimens were
obtained from CVD patients who had died suddenly. E06 antibody was used to identify OxPL in
atherosclerotic lesions. POVPC, which is bound to E06 antibody, was measured in carotid and
saphenous vein graft distal protection devices using HPLC-MS/MS. They found OxPL levels
differ significantly as lesions progress from early lesion to plaque rupture. OxPCs, specifically,
adducts of POVPC were found in increasing abundance as plagques progressed and were at their
highest levels in thin cap fibroatheroma and plaque rupture. The location of POVPC was primarily
within the extracellular matrix and infiltrating macrophage components of the fibrotic capsule.
Ruptured plaques had an increased level of infiltrating macrophages in comparison to thin cap

fibroatheromas.

As it is shown in Figure 22, the OxPC profile of thrombus is different from plasma during I/R.
While 77% of total OxPCs is fragmented species in the thrombus, it is only 35% of the total OxPC
of plasma during ischemia. The composition of OxPCs in the plasma at the time of STEMI
presentation was different from the composition of the coronary thrombus. The thrombus had a
higher proportion of POVPC and SOVPC than plasma, although they both have high levels of
PONPC (Figure 23). This indicates that plasma OxPCs are not explained by OxPCs eluting out of
the thrombus, rather, the thrombus and plasma have different OxPC profiles that cannot be

explained by a single common pathway.

The current study has several potential limitations: First, our sample size was relatively small
considering the high prevalence of comorbidities and medication use in the STEMI population.

However, serial blood sampling helped to lessen inter-individual variability and clinical

129



confounders. Moreover, due to the small sample size, we were not able to compare the effects of
sex, age, ethnicity, etc in our population. Hence, it is important to validate the finding of this study
in a relatively larger cohort study. Second, considering there are no available commercial standards
for all individual OXPC species, the reported concentrations are relative rather than absolute.

In summary, this study showed that fragmented OxPCs are produced at significantly higher levels
during ischemia, which decreased during 30 days after MI. Patients with higher levels of POVPC
and PONPC during ischemia had elevated levels of CK, which is a marker of tissue injury
following MI. The composition of thrombus and plasma OxPCs are distinct. Therefore, the origin
of OxPCs in circulation at the onset of a STEMI is not strictly from the thrombus itself. Therefore,

this study supports the hypothesis that OXPCs are produced during I/R and have roles in I/R injury.
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iii: Role of oxylipins in a clinical setting myocardial of I/R

Previous studies have shown that membrane enzymes, such as PLA2, can be activated during I/R.
Subsequently, FAs liberated from membrane PLs can enter the enzymatic oxidative pathways and
generate oxidized metabolites called oxylipins. Oxylipins, particularly n-6 derived compounds,
can initiate inflammation, change ion channel functions, alter transcriptional programming, and
cause ventricular remodeling, which can all contribute to I/R injury. However, if oxylipins are
involved in myocardial I/R injury is unknown. Therefore, the current objectives of the following

study include:

To examine how myocardial I/R affects the plasma oxylipin profile in STEMI patients.

To investigate which groups of oxylipins are mostly affected by myocardial I/R.

To observe if changes in plasma oxylipins concentrations correlate with markers of I/R injury.

We hypothesized that oxylipin metabolites increase during I/R and n-6 derived metabolites are

correlated with markers of myocardial injury.
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Abstract

Objective: The goal of this study was to assess alterations in the plasma oxylipin profile of patients
presenting with  ST-segment Elevation Myocardial Infarction (STEMI) during
ischemia/reperfusion (I/R) to identify clinically relevant oxylipins that play roles in I/R injury.

Method: Blood samples were collected from STEMI patients prior to primary PCI (PPCI) (Isch
group) and at 4-time points following reperfusion, including 2h (R-2h), 24h (R-24h), 48h (R-48h)
and 30-day (R-30d). As controls, blood samples were collected from age and sex-matched patients
with non-obstructive coronary artery disease after diagnostic coronary angiography. High-
performance lipid chromatography-mass spectrometry (HPLC-MS/MS) was used to identify and
quantify oxylipins.

Results: On average, 57 oxylipin metabolites were quantified in the plasma of STEMI patients
during 5-time points of I/R. Linoleic acid (LA)-derived oxylipins were the dominant metabolites
which constituted 47%, 39% and 53% of all quantified oxylipins in STEMI patient during
ischemia, reperfusion and controls, respectively. 20-carboxy-arachidonic acid (20-COOH-AA), 9-
and 13- hydroxyoctadecadienoic acid (HODE) were the three most abundant oxylipins in the
plasma of our participants. During ischemia, total plasma levels of oxylipins did not significantly
differ between Isch and control groups (Isch: 200.87+16.00, Control:163.19+8.9 nM). However,
docosahexaenoic acid (DHA)-derived oxylipins were significantly elevated in the Isch group
compared with controls (Isch: 14.23+1.4, Control: 6.79+0.9 nM, p<0.001). Moreover, their
ischemic levels were significantly correlated with the peak of creatine kinase (CK) and troponin
T(TnT) (CK: r=0.33, p<0.05, TnT: r=0.50, p<0.001). Oxylipins were then categorized based on
the generation pathway. Total concentrations of metabolites generated through 5-LOX and 15-
LOX pathways were significantly elevated in the Isch group compared with controls (5-LOX:
Isch=8.48+1.35, Control: 2.37+£0.40 nM, p<0.05) (15-LOX: Isch: 13.28+1.66, Control: 6.92+0.72,
p<0.05 ). However, total concentrations of the oxylipins produced through the 12-LOX pathway
did not significantly differ between Isch and control groups (12-LOX: Isch: 2.66+0.52, Control:
1.89+£0.45 nM). Total plasma levels of oxylipins produced through the CYP w-hydroxylase
(CYP450-h) pathway were also significantly elevated in the Isch group compared with controls
(Isch: 63.06+7.69, Control: 39.50+27.04 nM, p<0.05). The ratio of epoxides (generated by
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CYP450 epoxygenases (CYP450-¢)) to diols (generated by soluble epoxide hydrolase (SEH)) were
significantly lower in the Isch group compared with controls (Isch: 0.2+0.02, Control: 0.4+0.02,
p<0.001). Following reperfusion, total oxylipin levels decreased significantly in STEMI patients
(Isch: 118.72+12.19, R-2h: 98.40+9.2, R-24h: 62.84+6.48, R-48h: 61.33+6.18, and R-30d:
55.10+4.55 nM, p<0.05). Levels of the inflammatory markers, namely, tumour necrosis factor-a
(TNF-a) and macrophage inflammatory protein-la (MIP-1a) also experienced significant
reductions post-PCl (TNF-a: Isch: 8.98+0.86, R-2h: 9.02+0.79, R-24h: 5.70+0.42, R-48h:
6.28+0.48, and R-30d: 7.66+0.72 pg/ml, p<0.05) (MIP-1a: Isch: 36.41+5.44, R-2h: 31.21+4.57,
R-24h: 19.17£3.01, R-48h: 24.49+4.40, and R-30d: 24.25+4.64 pg/ml, p<0.05). Similar reduction
trends were observed for total levels of 5-LOX and 12-LOX pathways post-PCl (p<0.05).
However, total concentrations of 15-LOX and CYP450-h pathways did not differ significantly
after PCIl. Looking at individual compounds revealed that 17-Keto DHA, 17 Keto-
docosapentaenoic acid (DPA) and 20-COOH-AA were the metabolites produced through these
pathways that remained elevated for 30 days following-MI. This may reflect the increased activity
of the dehydrogenase enzymes following MI. The ratio of epoxides to diols generated through n-
6 fatty acids (FA) decreased significantly during 30 days post-reperfusion (Isch: 0.36+0.03, R-2h:
0.42+0.02, R-24h: 0.29+0.03, R-48h: 0.32+0.03, and R-30d: 0.21+0.04, p<0.001). Univariate
receiver operating characteristic (ROC) curve analysis, which identifies potential biomarkers
based on the area under the curve (AUC) showed that elevated ratio of epoxides to diols during
the ischemia could be considered as a potential marker of having a smaller infarct size with AUC=
0.77 (p=0.03) based on CK and AUC=0.76 (p=0.054) based on TnT levels.

Conclusion: This study revealed significant alterations in the oxylipin profile of STEMI patients
during I/R. Increasing levels of DHA-derived oxylipins and modulation of SEH enzyme activity
during I/R could be proposed as potential treatment targets to decrease cardiac I/R injury.
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Introduction

Myocardial infarction (MI) remains the leading cause of death worldwide (1). It is defined as
myocardial cell death that occurs as a result of an acute ischemic event due to plaque rupture and
thrombosis (2). According to the American Heart Association (AHA), every 40 seconds one

American has an Ml (3).

Timely reperfusion, using percutaneous coronary intervention (PCI), is considered as the main
treatment option to survive myocardial cell after an ischemic event in patients with ST-Elevation
Myocardial Infarction (STEMI) (1). However, reversible and irreversible damage can occur during
both ischemia and reperfusion periods, which is referred to as ischemia/reperfusion (I/R) injury.
I/R injury is thought to be responsible for 50% of the final infarct size (1). Several mechanisms
have been proposed for I/R injury. Lack of oxygen during ischemia results in nutrient deprivation,
metabolic acidosis, hyperkalemia, and calcium overload (4). Abrupt oxygen introduction
following reperfusion leads to the formation of reactive oxygen species (ROS), as a consequence
of antioxidant defence impairment. This results in endothelial dysfunction, DNA damage,

activation of inflammatory responses and eventually cell death (5).

Membrane enzymes, such as phospholipase A2 (PLA2), are activated during I/R. PLA2 releases
polyunsaturated fatty acids (PUFAs) from the sn-2 positions of membrane phospholipids (PL) (6).
Released fatty acids (FA) can be further oxidized through three main enzymatic pathways
including cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP450). Various
forms of oxidized lipids are produced through these oxidative pathways. Peroxides are generated
through the COX pathway, whereas hydroperoxides are produced through the LOX pathway.
CYP450 epoxygenases (CYP-e) produce epoxides, which can be further metabolized to diols by
the soluble epoxide hydrolase (sEH) enzyme. CYP450 w-hydroxylases (CYP-h) catalyze the
addition of a hydroxyl residue to a FA substrate (7).

The biological effects of oxylipins depend not only on the oxidative pathway that they were made
through but also on the FA precursors. Oxylipins derived from n-6 PUFA, such as arachidonic
acids (AA) and linoleic acids (LA) can initiate inflammation, change ion channels functions, alter
transcriptional programming, and cause ventricular remodelling, which can all contribute to I/R

injury (8). However, evidence from experimental and clinical studies showed that oxylipins
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derived from n-3 PUFA have anti-inflammatory, anti-arrhythmic and cardio-protective properties
(9). Previous studies have examined the roles of oxylipins in I/R injury (10, 11). However, a

comprehensive analysis of the oxylipin profile in STEMI patients has not been well studied yet.

Previous studies have shown the role of inflammatory markers, such as tumour necrosis factor-a
(TNF-a) and macrophage inflammatory protein-lo (MIP-1a) in myocardial dysfunction and
remodelling after MI (12). On the other hand, anti-inflammatory markers, namely, interleukin-10
(IL-10) have significant impacts on modulating I/R injury through mitigating deleterious effects
of inflammatory cytokines (13) and stimulating endogenous tissue repair pathways (14). However,

how changes in cytokine levels can affect oxylipin profiles following MI has yet to be known.

Hence, this study aimed to investigate alterations in oxylipin profiles of STEMI patients during
ischemia and various time points of reperfusion and how these changes are associated with

cytokine inflammatory response.
Materials and Methods

Study participants: Blood samples were collected by venipuncture from STEMI patients at
various time points of I/R: at presentation to St. Boniface cardiac catheterization labs before
primary PCI (Isch) (n=45), which is considered the ischemic period. Samples were taken at 2 hrs
following successful reperfusion by PCI (R-2h) (n=42), at 24h (R-24h) (n=44), at 48h (R-48h)
(n=43) and then 30 days post PCI (R-30d) (n=29). All samples were collected in EDTA
venipuncture tubes, centrifuged at 3000 rpm for 10 minutes, and were kept at -80C freezer until
analysis. All patients aged above 18 years and had STEMI on 12 lead ECG, presented with chest
pain, and had occluded coronary artery at baseline diagnosed by coronary angiography. Age and
sex-matched controls were recruited from patients who were referred for coronary angiography
but did not have any evidence of coronary disease. We collected blood samples from control
patients following angiography (n=44). The study was approved by the University of Manitoba

and the St. Boniface Hospital Research ethics boards.
Oxylipin Analysis

As mentioned before, the blood sample was centrifuged at 4°C to isolate the plasma and stored at
-80°C. A hundred and fifty pl of plasma sample was used for oxylipin extraction. An established
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solid-phase extraction technique was employed to extract plasma oxylipins. Extracted samples
were analyzed by HPLC-MS/MS (AB SCIEX 4000 QTRAP) and multiple-reaction monitoring
(MRM) as previously described (15, 16). Details of the deuterated internal standards, collision-
induced dissociation mass transitions, retention times, detector response factors, the lower/upper
limit of detection for analytes can be found in Table 15. The quantification limit was set at 5 levels
above the background. Quantification of oxylipins was determined using the stable isotope dilution

method (17) and expressed as nanomolar (nM).

Table 15: List of oxylipin compounds that were quantified in plasma of study participants
by reversed-phase HPLC-MS/MS

pratye | patay | B | piass | Q3Mass | imernal stndard | PO | Resporse | By | P,

(Da) (min) (ng/ul) (ng/ul)
PGD2 cox AA | 3m 271 (d4) PGD2.1S 7.01 228045 | 0003 2222
PGE2 cox AA | 3m 271 (d4) PGE2.IS 759 868273 | 0003 22.22
5-HETE LOX AA | 319 115 (d8) 5-HETE.IS 1743 | 090038 | 0.0002 22.22
5-0X0ETE LOX AA | 317 203 (d7) 5-0x0ETE.IS 175 1.04473 | 0.0002 2222
8-HETE LOX AA | 319 155 (d8) 5-HETE.IS 16.66 | 124638 | 0.0009 22.22
9-HETE LOX AA | 319 123 (d8) 5-HETE.IS 16.8 029958 | 0.003 22.22
11-HETE LOX AA | 319 167 (d8) 12-HETE.IS 1639 | 7.67408 | 0.0009 22.22
12-HETE LOX AA | 319 135 (d8) 12-HETE.IS 1656 | 015621 | 0.003 22.22
12-0X0ETE LOX AA | 317 153 (d7) 5-0x0ETE.IS 1654 | 0.12689 0.04 2222
o LOX AA 265 109 (d8) 12-HETE.IS 1329 | 240204 | 0.0002 2222
15-HETE LOX AA | 319 175 (d8) 15-HETE.IS 1605 | 085626 | 0.003 22.22
15-0X0ETE LOX AA | 317 113 (d7) 5-0x0ETE.IS 1611 | 326434 | 0.0002 2222
9-HOTrE LOX ALA | 293 171 (d4) 9-HODE. IS 1446 | 150163 | 0.003 2222
9-0x00TrE LOX ALA | 201 185 (d7) 5-0x0ETE.IS 14.96 22051 | 00002 2222
13-HOTrE LOX ALA | 293 195 (d4) 13-HODE.IS 14.6 115002 | 0.003 2222
5-HEPE LOX EPA | 317 115 (d8) 5-HETE.IS 1579 | 068513 | 0.003 22.22
12-HEPE LOX EPA | 317 179 (d8) 12-HETE.IS 1532 | 173582 | 0.003 22.22
15-HEPE LOX EPA | 317 219 (d8) 15-HETE.IS 1498 | 156605 | 0.148 2222
4-HDOHE LOX DHA | 343 101 (d8) 5-HETE.IS 1732 | 039766 | 0003 22.22
7-HDOHE LOX DHA | 343 141 (d8) 5-HETE.IS 1666 | 051513 | 0.0009 22.22
8-HDOHE LOX DHA | 343 109 (d8) 5-HETE.IS 1673 | 025003 | 0.003 22.22
10-HDoHE LOX DHA | 343 153 (d8) 12-HETE.IS 1635 | 168431 | 0.0002 2222
14-HDoHE LOX DHA | 343 205 (d8) 15-HETE.IS 1629 | 078401 | 0.003 22.22
16-HDoHE LOX DHA | 343 233 (d8) 15-HETE.IS 1597 | 311823 | 0.0000 22.22
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17-HDOHE Lox | oHa | 343 245 (d8) 15-HETE.IS 1603 | 02437 | o042 22,22
Liketo- Lox | pHA | 341 297 (d7) 5-0x0ETE.IS 1628 | 011372 | 0042 22.22
11-HDoHE | FOXMON | ppa | 343 149 (d8) 12-HETE.IS 1648 | 088676 | 0003 22.22
13-HDoHE | “OXIOM | pua | a3 221 (d8) 12-HETE.IS 1617 | 050603 | 0003 22,22
L-IKeto LOX pPA | 343 247 (d7) 5-0X0ETE.IS 1686 | 01154 | 0012 22,22
9-HODE LOX LA | 205 171 (d4) 9-HODE. IS 1503 | 1.33061 | 0.0002 22.22
9-0x0ODE LOX LA | 203 185 (d7) 5-0x0ETE.IS 1626 | 095769 | 0012 22.22
13-HODE LOX LA | 205 195 (d4) 13-HODE.IS 1578 | 334877 | 0.0002 22.22
13-0x00DE |  LOX LA | 203 167 (d7) 5-0x0ETE.IS 1595 | 065042 | 0012 22.22
aA0ds | LOXICYP- | A | a2 171 | (@4)9,10diHOMEIS | 744 | 3048725 | 0.0002 22,22
?Filli'cl)?\;nz LOXQ CYP- I LA | 320 211 d(i(ljj%ﬁél.?s 738 | 6141712 | 0.0002 22.22
?HOTrE' LOX GLA | 293 193 (d4) 13-HODE.IS 1488 | 326494 | 00034 22.22
8-HETrE Lox | peLa | 321 157 (d8) 5-HETE.IS 1707 | 187458 | 0.0009 22.22
15-HETTE Lox | oeLa | 321 221 (d8) 15-HETE.IS 167 | 379631 | 0.0009 22.22
e CYP-e AA | 337 145 | (d11)89DIHETIEIS | 1555 | 178532 | 0.0034 22.22
A cyre | AA | 337 127 | @ysopiHETENS | 1485 | 177545 | 00034 2222
miz cyre | AA | 337 167 L) .12 1427 | 912136 | 00034 2222
p CYP-e AA | 337 207 é‘:;lé#é_lf’s 1356 | 893326 | 0.00028 22.22
E2;3<1)3|SE cyre | ALA | 203 183 d(i(ljj%ﬁél.?s 1617 | 2170636 | 0.0009 22.22
i CyPe | ALA | 311 183 d(iﬁg)ﬁéfs 1124 | 3486462 | 000028 2222
o cype | DHA | 361 233 é‘:ﬁlE)#E'.lé 1393 | 623301 | 0.00098 22.22
é%é%‘PE Cyp-e | DHA | 343 241 ) ki 1687 | 110022 | 0012 22.22
o e Cype | DHA | 361 229 ) 141 1335 | 091613 | 0012 22.22
gE';gME CYP-e LA | 205 171 | (d4)9.10diHOMEIS | 17.35 | 37.33091 | 0.0009 22.22
o CYP-e LA | 313 201 | (d4)9,10diHOME.IS | 1324 | 7972576 | 0.0009 22.22
Ezp'g\'ﬂE CYP-e LA | 295 195 d(idg%ﬁéfs 1717 | 2285861 | 0.0034 2222
o CYP-e LA | 313 183 A 213 1271 | 346768 | 000028 2222
16-HETE cyrh | Aa | 319 189 (d8) 15-HETE.IS 155 | 072228 | 00009 22,22
17-HETE cyrh | Aaa | 319 247 (d8) 15-HETE.IS 154 | 273002 | 00034 22,22
18-HETE cyrh | Aaa | 319 261 (d6) 20-HETE.IS 1526 | 258404 | 0.0034 22,22
19-HETE cyrh | Aaa | 319 231 (d6) 20-HETE.IS 1488 | 017759 | 0148 22,22
20-HETE cyrh | Aaa | 319 245 (d6) 20-HETE.IS 1501 | 032666 | 0.0034 22,22
B0COOH- | cvpn | Aa | a3 271 (d5) EPA.IS 1441 | 064699 | 0012 2222
18-HEPE cyrh | Epa | 317 215 (d8) 15-HETE.IS 14.49 11901 | 0003 22,22
20HDOHE | CYP-h | DHA | 343 241 (d6) 20-HETE.IS 15.7 08816 | 0012 22,22
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Abbreviations: AA: Arachidonic acid, ALA: Alpha linoleic acid, COX: Cyclooxygenase, CYP-¢:
Cytochrome P450 epoxygenase, CYP-h: Cytochrome P450 hydroxylase, DGLA: Dihemo gamma-linoleic
acid, DHA: Docosahexaenoic acid, DiHDPE: Dihydroxydocosapentaenoic acid, DIiHETE:
Dihydroxyeicosatetraenoic acid, DIHETrE: Dihydroxy-eicosatrienoic acid, DPA: Docosapentaenoic acid,
EPA: Eicosapentaenoic acid, EpDPE: Epoxydocosapentaenoic acid, EpODE: Epoxy-octadecadienoic acid,
EpOME: Epoxy-octadecenoic acid, GLA: Gamma linolenic acid, HDoHE: Hydroxy-docosahexaenoic acid,
HEPE: Hydroxyeicosapentaenoic  acid, HETE: Hydroxyeicosatetraenoic  acid, HETTE:
Hydroxyeicosatrienoic acid, HODE: Hydroxyoctadecadienoic acid, HOTrE: Hydroxy-octadecatrienoic
acid, LA: Linoleic acid, LLOD: Lower limit of detection, LOX: Lipoxygenase, MPO: Myeloperoxidase,
non-enz: Non-enzymatic oxidation, Oxo-ETE: Oxo-eicosatetraenoic acid, OxoODE: Oxo-octadecadienoic
acid, OxoOTrE: Oxo-octadecatrienoic acid, PG: Prostaglandin, TriHOME: Trihydroxy-octadecenoic
acid,ULOD: Upper limit of detection.

Cytokine Analysis

Levels of 10 cytokines/chemokines were measured in STEMI patients during I/R using Mesoscale
Discovery (MSD) ELISA protocol and read on MSD sector imager (18). Any sample below the

detection limit of < 0.01 pg/ml for a given cytokine was excluded from the study.

Statistical Analysis

Data were analyzed using Origin (version 17, USA). One way analysis of variance (ANOVA) with
a post-hoc Tukey test for multiple comparisons was used to determine statistical significance
between study groups. Associations between specific oxidized metabolites and
cytokine/chemokine levels were assessed by applying Pearson Correlations. Receiver operating
characteristic (ROC) analysis was used to evaluate the diagnostic capability of oxylipins that can
be considered as potential biomarkers. All data are presented as mean + SEM. P-value <0.05 was

considered a statistically significant level.

Results

Characteristics of controls and STEMI patients along with laboratory data, and cardiac injury
markers, including creatine kinase (CK) and high sensitivity troponin (TnT), are presented in Table
11. In this study, 66.6% of the STEMI population and 56.3% of the controls were male (p=0.08).
The mean age was 65.2+2.08 in the STEMI population and 60.2+1.49 in controls (p=0.06). The
average body mass index (BMI) was significantly different between STEMI and controls
populations (25.8+1.14 and 30.2+1.05, respectively) (p=0.008). Based on the laboratory data, the
STEMI patients had normal triglycerides (TG), cholesterol (TC), low and high-density lipoprotein

(LDL and HDL). There were no significant differences regarding angiotensin-converting enzyme
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inhibitors/angiotensin-receptor blockers (ACEI/ARB), beta-blockers and statins use between
STEMI and control groups (Table 11). The median ischemic period (from the onset of chest pain
to reperfusion) was 150 min. Fifty% of participants had a right coronary artery (RCA) infarct,
whereas 41.6% and 8% had left anterior descending coronary artery (LAD) and circumflex
coronary artery occlusions, respectively. The prevalence of type 2 diabetes (20.8%), hypertension
(41.6%), and dyslipidemia (41.6%) at presentation to the hospital were not significantly different
in STEMI patients compared with controls (Table 11).

Plasma oxylipin levels in STEMI patient and controls

Sixty oxylipins were present at quantifiable levels in the plasma of controls: 53% and 31% of these
were derived from LA and AA, respectively. On average, 57 oxylipin metabolites were quantified
in the plasma of STEMI patients during I/R. LA-derived oxylipins constituted 47% and 39% of
total quantifiable oxylipins during ischemia and reperfusion (average of reperfusion time-points),
respectively. AA-derived oxylipins accounted for 36% and 45% of total quantifiable oxylipins
during the ischemic episode and reperfusion, respectively. The percentage of oxylipins derived

from other FA precursors are presented in Figure 24.

Figure 24: Percentages of oxylipins derived from different fatty acids in STEMI patients

and controls
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Abbreviations: AA: Arachidonic acid, ALA: Alpha linoleic acid, DHA: Docosahexaenoic acid, EPA:
Eicosapentaenoic acid, LA: Linoleic acid.

The 20-carboxy-arachidonic acid (20-COOH-AA), an AA-derived oxylipin, along with 9 and 13-
hydroxyoctadecadienoic acid (HODE) (LA-derived metabolites) were the most abundant
oxylipins in the plasma of our participants. 20-COOH-AA constituted 30% and 41% of
quantifiable oxylipins during ischemia and reperfusion in STEMI patients, respectively, and 23%
of total oxylipins in controls (20-COOH-AA: Isch: 60.69+7.60, an average of reperfusion groups:
59.17+7.60, Control: 37.23+4.11 nM). The three most abundant oxylipins in the study groups were

presented in Figure 25.

Figure 25: Percentages of the most abundant oxylipins in plasma of STEMI patients

(during I/R) and controls
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Abbreviations: AA: Arachidonic acid, HODE: Hydroxyoctadecadienoic acid.

Alterations in the plasma oxylipin profile of STEMI patients during the ischemic episode

There were no significant differences in total levels of oxylipins between Isch and control groups
(Isch: 200.87+16.00, Control:163.19+8.9 nM) (Figure 26). Categorizing oxylipins based on their

FA precursors showed that among all oxylipin groups, only total levels of DHA-derived oxylipins
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were significantly elevated during ischemia compared with the control group (Isch: 14.23+1.46,
Control: 6.792£0.96 nM, p<0.05) (Figure 26).

Figure 26: Changes in levels of oxylipin groups (based on FA precursors) in Isch and

control groups
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Values are means + SEM. * Statistically significant difference compared with the control group ( p<0.05).
Abbreviations: AA: Arachidonic acid, ALA: Alpha linoleic acid, DHA: Docosahexaenoic acid, EPA:
Eicosapentaenoic acid, LA: Linoleic acid.

Moreover, total concentrations of this group of oxylipins (DHA-derived oxylipins) during
ischemia were significantly correlated with peak levels of CK and TnT in STEMI patients (CK:
r=0.33, p=0.046, TnT: r=0.50, p=0.002) (Table 16). Individual DHA-derived metabolites were

also significantly correlated with levels of CK and TnT, which are presented in Table 16.
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Table 16: Metabolites that were significantly correlated with markers of cardiac injury

during ischemia in STEMI patients

Metabolite FA Precursor Pathway %55;2?{32;‘ -I;rg::rg):gg%n
DHA-derived metabolites (total) NA NA 0.33* 0.50**
11-HDoHE DHA LOX/non-enz 0.56** 0.46**
13-HDoHE DHA LOX/non-enz 0.45**

17-keto DHA DHA LOX - 0.56**
10-HDoHE DHA LOX 0.40* 0.34*
16-HDoHE DHA LOX 0.42*

17-HDoHE DHA LOX 0.37*

8-HDoHE DHA LOX 0.33*

16,17 EpDPE DHA CYP-e 0.34* 0.68**
19,20 DiHDoPE DHA CYP-e - 0.52**
20-HDoHE DHA CYP-h 0.37*

17-Keto DPA DPA LOX - 0.84**
5-HETE AA LOX 0.40*

11-HETE AA LOX 0.43**

12-HETE AA LOX 0.41*

**Correlation is significant at the 0.01 level, *Correlation is significant at the 0.05 level. Abbreviation:
AA: Arachidonic acid, CK: Creatine kinase, CYP-e: Cytochrome P450 epoxygenase, CYP-h: Cytochrome
P450 hydroxylase, DHA: Docosahexaenoic acid, DiHDoPE: Dihydroxydocosapentaenoic acid DPA:
Docosapentaenoic acid, EpDPE: Epoxydocosapentaenoic acid, HDoHE: Hydroxy-docosahexaenoic acid,
HETE: Hydroxyeicosatetraenoic acid, LOX: lipoxygenase, NA: not applicable. non-enz: Non-enzymatic
oxidation, TnT: Troponin T.

We also compared total levels of oxylipins based on their generation pathways. As both STEMI
patients and controls were on ASA therapy, no COX-derived oxylipins were quantified in STEMI
patients in any I/R groups. However, prostaglandin D2 (PGD2) and PGE2 were the only COX
metabolites that were quantified in the control groups (Table 17).
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Table 17: All quantified oxylipins in Isch and control groups

Compounds FA PW Control Isch
PGD2 AA COX 0.36+0.09 0.00+0.00*
PGE?2 AA COX 0.09+0.02 0.00+0.00*
11,12 DIHETrE AA CYP-e 0.35+0.02 0.32+0.04
14,15 DIHETrE AA CYP-e 0.35+0.02 0.39+0.05
5,6 DIHETrE AA CYP-e 0.15+0.01 0.20+0.03
8,9 DIHETrE AA CYP-e 0.20+0.01 0.19+0.03
16-HETE AA CYP-h 0.47+0.03 0.29+0.03*
18-HETE AA CYP-h 0.074+0.01 0.11+0.02
20-COOH- AA AA CYP-h 37.23+4.11 60.69+7.59*
20-HETE AA CYP-h 0.81+0.09 0.87+0.14
17-HETE AA CYP-h 0.04+0.01 00.0+00*
12-HETE AA LOX 2.72+0.43 0.75+0.30*
5-HETE AA LOX 1.80+0.12 3.95+0.92*
5-0x0ETE AA LOX 0.21+0.02 0.10+0.01*
8-HETE AA LOX 0.72+0.06 1.00£0.15
tetranor 12-HETE AA LOX 0.99+0.10 0.47+0.07*
12-0x0ETE AA LOX 0.81+0.19 0.00+0.00*
15-0x0ETE AA LOX 0.18+0.02 0.06+0.00*
15-HETE AA LOX/COX 1.73+0.18 1.61+0.32
11-HETE AA LOX/COX/non-enz 0.47+0.05 0.44+0.12
9-HETE AA LOX/non-enz 0.40+0.07 0.30+0.20
12,13 diHODE ALA CYP-e 0.22+0.04 0.16+0.05
12,13 EpODE ALA CYP-e 0.20+0.01 0.07+0.00*
9-0x0OTrE ALA LOX 0.70£0.08 0.28+0.03*
9-HOTrE ALA LOX 4.38+0.39 5.29+0.71
15-HETrE DGLA LOX 0.3940.02 0.31+0.06
8-HETrE DGLA LOX 0.1740.01 0.26+0.06
19,20 EpDPE DHA CYP-e 0.00£0.00 0.02+0.00*
19,20 DiHDPE DHA CYP-e 1.17+0.09 1.59+0.17
16,17 DiHDPE DHA CYP-e 0.07+0.00 0.04+0.00
20-HDoHE DHA CYP-h 0.44+0.07 0.52+0.11
10-HDoHE DHA LOX 0.25+0.03 0.18+0.04
14-HDoHE DHA LOX 0.98+0.22 0.63+0.12
16-HDoHE DHA LOX 0.34+0.04 0.27+0.06
17-HDoHE DHA LOX 1.02+0.19 1.17+0.23
4-HDoHE DHA LOX 1.61+0.28 2.67+0.45
7-HDoHE DHA LOX 0.26+0.06 0.57+0.07*
8-HDoHE DHA LOX 0.38+0.07 0.86+0.16*
17-Keto DHA DHA LOX 0.00£0.00 5.3+0.92*
11-HDoHE DHA LOX/non-enz 0.22+0.05 0.06+0.04*
13-HDoHE DHA LOX/non-enz 0.00£0.00 0.24+0.10
17-keto DPA DPA LOX 5.21+0.64 4,55+0.82
14,15 diHETE EPA CYP-e 1.02+0.10 1.12+0.12
17,18 diHETE EPA CYP-e 4.44+0.94 2.67+0.26
18-HEPE EPA CYP-h 0.48+0.06 0.56+0.08
12-HEPE EPA LOX 0.90+0.23 0.80+0.23
5-HEPE EPA LOX 0.49+0.09 1.18+0.17*
15-HEPE EPA LOX/COX 0.29+0.04 0.25+0.04
13-HOTrE GLA LOX 3.59+0.40 3.02+0.39
13-HOTrE-y GLA LOX 0.65%0.06 0.47+0.06
12,13 diHOME LA CYP-e 2.85+0.16 5.99+2.38
12,13 EpOME LA CYP-e 3.21+0.22 1.84+0.16*
9,10 diHOME LA CYP-e 1.89+0.12 3.59+0.84
9,10 EpOME LA CYP-e 1.22+0.11 0.78+0.10*
13-HODE LA LOX 23.16+1.46 27.48+3.60
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13-0x0ODE LA LOX 5.88+0.45 3.58+0.27*
9-HODE LA LOX 27.53+1.77 31.68+3.61
9-0x0ODE LA LOX 7.75+0.65 4.05+0.32*
9,12,13 triHOME LA LOX/ CYP-e 3.42+0.25 3.58+0.37
9,10,13 triHOME LA LOX/CYP-e 9.44+0.70 11.83+0.98

Values are means + SEM. * Statistically significant difference compared with the control group (p<0.05).

Abbreviations: AA: Arachidonic acid, ALA: Alpha linoleic acid, COX: Cyclooxygenase, CYP-¢:
Cytochrome P450 epoxygenase, CYP-h: Cytochrome P450 hydroxylase, DGLA: Dihemo gamma-linoleic
acid, DHA: Docosahexaenoic acid, DiHDPE: Dihydroxydocosapentaenoic acid, DIHETE:
Dihydroxyeicosatetraenoic acid, DIHETTE: Dihydroxy-eicosatrienoic acid, DPA: Docosapentaenoic acid,
EPA: Eicosapentaenoic acid, EpDPE: Epoxydocosapentaenoic acid, EpODE: Epoxy-octadecadienoic acid,
EpOME: Epoxy-octadecenoic acid, GLA: Gamma linolenic acid, HDoHE: Hydroxy-docosahexaenoic acid,
HEPE: Hydroxyeicosapentaenoic  acid, HETE: Hydroxyeicosatetraenoic acid, HETYE:
Hydroxyeicosatrienoic acid, HODE: Hydroxyoctadecadienoic acid, HOTrE: Hydroxy-octadecatrienoic
acid, LA: Linoleic acid, LOX: Lipoxygenase, non-enz: Non-enzymatic oxidation, Oxo-ETE: Oxo-
eicosatetraenoic acid, OxoODE: Oxo-octadecadienoic acid, OxoOTrE: Oxo-octadecatrienoic acid, PG:
Prostaglandin, TriHOME: Trihydroxy-octadecenoic acid.

Total levels of the metabolites generated through the LOX pathway did not significantly differ
between Isch and control groups (Isch: 118.72+12.19, Control:98.26+6.45nM) (Figure 27-A).

Figure 27: Total levels of oxylipins generated through LOX pathways in Isch and control

groups
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Values are means + SEM. * Statistically significant difference compared with the control group (p<0.05).
Abbreviations: LOX: Lipoxygenase.
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Sub-categorizing oxylipins based on 5/12/15 LOX pathways revealed that total levels of the
compounds generated through the 5-LOX pathway (including 4-HDoHE, 5-HEPE, 5-HETE, 5-
OXOETE, and 7-HDoHE) were significantly higher in the Isch group compared with controls
(Isch=8.48+1.35, Control: 2.37+0.40 nM, p<0.05) (Figure 27B). Total levels of 5-LOX
metabolites were also significantly correlated with TNF-a levels during ischemia in STEMI
patients (r=0.36, p<0.05). Total levels of metabolites that were produced through the 15-LOX
pathway (including 15-HEPE, 15-HETE, 15-HETTE, 15-0x0oETE, 17-HDoHE, 17-Keto DHA, and
17-Keto DPA) were also significantly elevated in the Isch group in comparison with controls (Isch:
13.28+1.66, Control: 6.92+0.72, p<0.05) (Figure 27C). Looking at individual metabolites of this
group revealed that only 17-Keto DHA increased significantly in this group (Table 17). Total
levels of the compounds generated through the 12-LOX pathway (including tetranor-12-HETE,
12-HEPE, 12-HETE, and 14-HDoHE) were not significantly different between the Isch group and
controls (Isch:2.66+£0.52, Control: 1.89+0.45 nM) (Figure 27D). Interestingly their levels were
significantly correlated with both TNF-a and MIP-1a levels during ischemia (TNF-a: r=0.46,
p<0.001, MIP-10: r=0.63, p<0.001).

Next step, levels of oxylipins that were generated from the CYP450 pathway were compared in
Isch and control groups. As shown in Figure 28A, total levels of oxylipins generated through the
CYP-h pathway were significantly elevated in Isch compared with the control group
(Isch:63.06£7.69, Control: 39.50+4.1 nM, p<0.05).

Figure 28: Total levels of oxylipins generated through CYP450 pathways in Isch and

control groups
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Values are means + SEM. * Statistically significant difference compared with the control group (p<0.05).
Abbreviations: CYP-h: Cytochrome P450-hydroxylase, CYP-e: Cytochrome P450-epoxygenase.
Looking at changing patterns of individual compounds in this group showed that 20-COOH-AA
was responsible for the observed elevation (Isch: 60.69+£7.59, Control: 37.23+4.11 nM, p<0.05)
(Table 17).

No significant differences were observed in total levels of oxylipins generated through the CYP-e
pathway between Isch and control groups (CYP-e: Isch:19.08+3.35, Control: 17.40£1.29 nM)
(Figure 28B). When the ratio of epoxides (EpETEs, EpOMEs, EpDPEs and EpODEs) to diol
metabolites (DIHETrE, diHOME, DiHDPE, diHETE, and diHODE) were compared, there was a
significant reduction in the total epoxide/diols during ischemia compared with controls, reflecting
the elevated activity of SEH enzyme during ischemia (Isch: 0.2+0.02, Control:0.4+0.02, p<0.001)
(Figure 29A).

Figure 29: Changes in ratios of epoxides/diols in STEMI patients in Isch and control
groups
0.9
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0 .

Total epoxides/diols n-6 epoxides/diols n-3 epoxides/diols
H Control Isch

Total ratio of epoxides/diols, the ratio of epoxides/diols generated from n-6 fatty acids and the ratio of
epoxides/diols generated from n-3 fatty acids in Isch and control groups. *Significantly different compared
with the control group (p<0.05).

Interestingly, comparing the ratio of n-6 derived epoxides (EpETEs and EpOMES) to their
respective diols (DIHETrEs and diHOMES) revealed a significant reduction in n-6 epoxides/diols
during the ischemic episode in comparison with the control group (Isch:0.3+0.02, Control:
0.7£0.04, p<0.001) (Figure 29B). However, the ratio of n-3 derived epoxides (EpDPEs and
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EpODEs) to diols (diHETE, DiHDPE, and diHODE) was not significantly different between Isch
and control groups (Ischemia: 0.03£0.004, Control: 0.04+0.005) (Figure 29C). All oxylipin

metabolites that were quantified in Isch and control groups are presented in Table 17.
Plasma oxylipin alterations in STEMI patients post-reperfusion

Next step, we compared the levels of oxylipins in STEMI patients during ischemia and multiple
time-points of reperfusion. Total levels of oxylipins were significantly elevated during the
ischemic period (Isch) and early after reperfusion (R-2h). Subsequently, their concentrations
decreased significantly at 24h after reperfusion and then remained unchanged until 30 days post-
MI (Isch: 200.87+16.00. R-2h: 190.87+17.00, R-24h: 123.34+10.87, R-48h: 127.01+11.28, and
R-30d:135.95+13.88 nM, p<0.05) (Figure 30A).
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Figure 30: Changes in levels of total oxylipins and markers of inflammation in STEMI

patients during I/R
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Significant difference from R-30d (p<0.05). TNF-o: Tumour necrosis factor-a, MIP-1a: Macrophage
inflammatory proteinl-a.

Similarly, plasma concentrations of inflammatory markers, namely TNF-a and MIP-1a reduced
significantly following reperfusion in STEMI patients (TNF-a: Isch: 8.98+0.86, R-2h: 9.02+0.79,
R-24h: 5.70+0.42, R-48h: 6.28+0.48, and R-30d: 7.66x0.72 pg/ml, p<0.05) (MIP-1a: Isch:
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36.41+5.44, R-2h: 31.21+4.57, R-24h: 19.174£3.01, R-48h: 24.49+4.40, and R-30d: 24.25+4.64
pg/ml, p<0.05) (Figure 30B and C). As it is presented in Figure 30D, E, and F, changing patterns
of total oxylipins and inflammatory markers, namely, TNF-a and MIP-1a, were identical during
30 days post-Ml. It should be mentioned that only changes in levels of these two markers of
inflammation (not all) are presented here as their concentrations were significantly correlated with

individual oxylipins during I/R (data not shown).

Oxylipins were then categorized based on their FA precursors (Figure 31). As it is presented in
Figure 31, both n-6 and n-3 oxidized metabolites reduced significantly during 30 days of
reperfusion (total n-6 metabolites: Isch: 165.59+£13.81, R-2h: 162.12+15.51, R-24h: 101.34+9.19,
R-48h: 106.49+10.03, and R-30d:118.55+13.03 nM, p<0.05) (total n-3 metabolites: Isch:
35.28+3.20, R-2h: 28.74+2.53, R-24h: 22.00£2.69, R-48h:20.58+2.18, and R-30d:17.39+1.60 nM,
p<0.05). Changes in levels of other groups of oxylipins (based on the FA precursors) were

presented in Figure 31.

Figure 31: Alteration in levels of total oxylipins and oxylipin groups (based on FA
precursors) in STEMI patients during 30 days post-MI
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Values are means + SEM. *Significant difference from R-24h, ¥ Significant difference from R-48h, ¢
Significant difference from R-30day (p<0.05). Abbreviations: AA: Arachidonic acid, ALA: Alpha
linoleic acid, DHA: Docosahexaenoic acid, EPA: Eicosapentaenoic acid, LA: Linoleic acid.

Oxylipin metabolites were then classified based on their generation pathways. We found that total
levels of the metabolites produced through the LOX pathway decreased significantly post-
reperfusion (Isch: 118.72+12.19, R-2h: 98.40+9.2, R-24h: 62.84+6.48, R-48h: 61.33+6.18, and R-

30d: 55.1024.55 nM, p<0.05) (Figure 32A).

Figure 32: Total levels of oxylipins that were generated through LOX pathways in STEMI
patients during I/R
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Significant difference from R-30day, p<0.05. Abbreviations: LOX: Lipoxygenase.
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Sub-categorizing LOX pathway revealed that total levels of metabolites that were generated
through the 5-LOX pathway decreased significantly post-reperfusion (Isch: 8.49+1.35, R-2h:
5.58+0.54, R-24h: 2.83+0.33, R-48h: 2.89+0.27, and R-30d: 2.56+0.53 nM, p<0.05) (Figure 32B).
Moreover, their levels were also significantly correlated with TNF-o and MIP-1a concentrations
during I/R (TNF: r=0.27, p<0.001, MIP-1a: 0.20, p<0.05). Total levels of compounds that were
produced through the 15-LOX pathway did not significantly differ between I/R groups (Isch:
13.28+1.66, R-2h:10.81+1.13, R-24h: 12.42+2.09, R-48h: 11.89+1.66, and R-30d: 7.84+1.13 nM)
(Figure 32C). Looking at individual compounds in this group revealed that 17-Keto DHA and 17-
Keto DPA were two compounds that their concentrations did not change during I/R (Table 18).
Total levels of metabolites that were generated through the 12-LOX pathway also experienced
significant reductions following reperfusion (Isch: 2.66+0.52, R-2h: 2:00£0.29, R-24h: 1.29+0.19,
R-48h:1.19+£0.21, and R-30d: 0.8+0.10 nM, p<0.05) (Figure 32D). Their levels were also
significantly correlated with TNF-o. and MIP-1a concentrations during I/R (TNF-a: r=0.24,
p<0.001, MIP-1a: 0.26, p<0.001).

Table 18: All quantified oxylipins in STEMI groups during I/R

Compounds FA Pathway Isch R-2h R-24h R-48h R-30d
11,12 DIHETTE AA CYP-e 0.3210.04 0.35+0.05 0.23+0.03 0.25+0.03 0.33+0.02
14,15 DIHETrE AA CYP-e 0.39+0.05 0.40+0.05 0.24+0.03 0.23+0.02 0.33+0.02*
5,6 DIHETrE AA CYP-e 0.20+0.03 0.19+0.03 0.08+0.01 0.08+0.01 0.11+0.01*
8,9 DIHETrE AA CYP-e 0.19+0.03 0.20£0.04 0.10+0.01 0.09+£0.01 0.13+0.01*
16-HETE AA CYP-h 0.29+0.03 0.27+0.03 0.20+0.02 0.20+0.02 0.33+0.03*
18-HETE AA CYP-h 0.11+0.02 0.15+0.03 0.04+0.01 0.03+0.01 0.05+0.01*
20-COOH-AA AA CYP-h 60.69+7.59 73.59+11.27 46.92+6.28 50.57+5.86 65.58+11.03
20-HETE AA CYP-h 0.87%0.14 0.69+0.09 0.39+0.05 0.38+0.05 0.54+0.13*
12-HETE AA LOX 0.75%0.3 0.52+0.16 0.46£0.14 0.53+£0.16 0.12+0.07
5-HETE AA LOX 3.95+0.92 2.51+0.25 1.33+0.19 1.44+0.18 1.21+0.21*
5-0x0ETE AA LOX 0.10+0.01 0.07+0.01 0.03+0.007 0.03+0.01 0.05+0.01*
8-HETE AA LOX 1.00£0.15 0.70£0.07 0.57%0.06 0.54+0.06 0.62+0.14*
tetranor 12- AA LOX 0.47+0.07 0.65+0.10 0.38+0.05 0.29+0.04 0.38+0.04*
HETE
15-HETE AA LOX/COX 1.61+0.32 1.15+0.14 0.8+0.11 0.8+0.09 0.58+0.07*
11-HETE AA LOX/COX/non- 0.44+0.12 0.25+0.05 0.16+£0.04 0.15+0.04 0.13+0.02*
enzyme
9-HETE AA LOX/non-enz 0.30+0.2 0.10+0.06 0.10£0.05 0.12+0.06 0.27+0.13
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15-0xoETE AA LOX 0.06+0.01 0.05+0.01 0.02+0.00 0.03+0.00 0.02+0.01*
12,13 diHODE ALA CYP-e 0.16+0.05 0.1+0.01 0.09+0.01 0.13+0.03 0.17+0.02

12,13 EpODE ALA CYP-e 0.07+0.01 0.09+0.01 0.06+0.01 0.08+0.03 0.07+0.01

9 oxoOTrE ALA LOX 0.28+0.03 0.28+0.04 0.1+0.02 0.1+0.03 0.09+0.02*
9-HOTrE ALA LOX 5.29+0.71 4.59+0.71 1.84+0.22 1.84+0.29 2.32+0.34*
15-HETrE DGLA LOX 0.31+0.06 0.21+0.03 0.09+0.01 0.12+0.02 0.10+0.01*
8-HETrE DGLA LOX 0.26+0.06 0.17+0.02 0.07+0.01 0.08+0.01 0.09+0.01*
16,17 DiHDPE DHA CYP-e 0.04+0.01 0.04+0.01 0.03+0.00 0.03+0.00 0.04+0.01

16,17 EpDPE DHA CYP-e 0.03+0.02 0.03+0.02 0.008+0.01 0.01+0.01 0.06+0.06

19,20 DiHDPE DHA CYP-e 1.59+0.17 1.72+0.26 0.93+0.12 0.89+0.11 0.83+0.07*
19,20 EpDPE DHA CYP-e 0.02+0.01 0.01+0.01 0.001+0.00 0.00+0.00 0.01+0.01*
20-HDoHE DHA CYP-h 0.52+0.11 0.35+0.06 0.21+0.05 0.17+0.05 0.14+0.05*
10-HDoHE DHA LOX 0.18+0.04 0.08+0.01 0.08+0.03 0.05+0.01 0.08+0.02*
14-HDoHE DHA LOX 0.63+0.12 0.35+0.05 0.28+0.05 0.26+0.05 0.22+0.04*
16-HDoHE DHA LOX 0.27+0.06 0.16+0.03 0.12+0.03 0.09+0.02 0.09+0.02*
17-HDoHE DHA LOX 1.17+0.23 0.84+0.14 0.58+0.10 0.53+0.09 0.27+0.15*
17-keto DHA DHA LOX 5.3+0.92 4.27+0.63 6.74+1.25 6.36+1.09 3.87+0.70

4-HDoHE DHA LOX 2.67+0.45 1.68+0.23 0.82+0.09 0.96+0.09 0.80+0.16*
7-HDoHE DHA LOX 0.57+0.07 0.37+0.06 0.25+0.04 0.26+0.05 0.20+0.08*
8-HDoHE DHA LOX 0.86+0.16 0.69+0.11 0.3+0.09 0.28+0.07 0.26+0.11*
11-HDoHE DHA LOX/non-enz 0.06+0.04 0.00+0.00 0.03+0.03 0.00+0.00 0.00+0.00

13-HDoHE DHA LOX/non-enz 0.24+0.1 0.06+0.03 0.08+0.04 0.02+0.02 0.00+0.00

17-keto DPA DPA LOX 4.55+0.82 4.08+0.49 4.08+0.99 3.97+0.77 2.89+0.85

14,15 diHETE EPA CYP-e 1.12+0.12 1.12+0.21 0.77+0.09 0.63+0.05 0.65+0.04*
17,18 diHETE EPA CYP-e 2.67+0.26 2.63+0.39 1.6+0.19 1.57+0.18 1.18+0.10*
18-HEPE EPA CYP-h 0.56+0.08 0.41+0.06 0.15+0.03 0.09+0.01 0.14+0.02*
12-HEPE EPA LOX 0.8+0.23 0.47+0.07 0.15+0.03 0.10+0.03 0.08+0.02*
5-HEPE EPA LOX 1.18+0.17 0.94+0.14 0.38+0.07 0.18+0.05 0.29+0.08*
15-HEPE EPA LOX/COX 0.25+0.04 0.19+0.04 0.07+0.01 0.07+0.01 0.08+0.01*
13-HOTrE GLA LOX 3.02+0.39 2.35+0.28 1.84+0.32 1.50+0.18 2.07+0.24*
13-HOTrE-y GLA LOX 0.47+0.06 0.34+0.05 0.11+0.02 0.10+0.01 0.19+0.03*
9,10 diHOME LA CYP-e 3.59+0.84 3.05+0.49 2.86+0.91 3.93+1.86 3.21+0.40

12,13 EpOME LA CYP-e 1.84+0.16 2.16+0.20 1.32+0.16 1.38+0.25 1.12+0.13*
12,13 diHOME LA CYP-e 5.99+2.38 3.96+0.42 3.78+0.55 4.25+1.24 4.97+0.60

9,10 EpOME LA CYP-e 0.78+0.10 0.83+0.10 0.39+0.07 0.51+0.16 0.34+0.08*
13-HODE LA LOX 27.48+3.60 23.23+2.84 14.82+2.03 14.19+1.98 | 13.63+1.19*
13-0xoODE LA LOX 3.58+0.27 3.09+0.27 2.06+0.18 2.15+0.25 1.77+0.16*
9-HODE LA LOX 31.68+3.61 28.23+£3.75 13.18+1.62 13.41+1.97 | 12.59+1.40*
9-0x0ODE LA LOX 4.05+0.32 4.12+0.42 1.87+0.24 2.05+0.27 1.50+0.20*
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9,10,13 LA LOX/CYP-e 11.83+0.98 9.01+0.85 6.83+0.67 7+0.61 5.87+0.70*
triHOME

9,12,13 LA LOX/CYP-e 3.58+0.37 2.74+0.24 2.43+0.27 2.31+0.22 2.59+0.31*
triHOME

Values are means + SEM. * Statistically significant difference between study groups (p<0.05).
Abbreviations: AA: Arachidonic acid, ALA: Alpha linoleic acid, COX: Cyclooxygenase, CYP-e:
Cytochrome P450 epoxygenase, CYP-h: Cytochrome P450 hydroxylase, DGLA: Dihemo gamma-linoleic
acid, DHA: Docosahexaenoic acid, DiHDPE: Dihydroxydocosapentaenoic acid, DIiHETE:
Dihydroxyeicosatetraenoic acid, DIHETrE: Dihydroxy-eicosatrienoic acid, DPA: Docosapentaenoic acid,
EPA: Eicosapentaenoic acid, EpDPE: Epoxydocosapentaenoic acid, EpODE: Epoxy-octadecadienoic acid,
EpOME: Epoxy-octadecenoic acid, GLA: Gamma linolenic acid, HDoHE: Hydroxy-docosahexaenoic acid,
HEPE: Hydroxyeicosapentaenoic  acid, HETE: Hydroxyeicosatetraenoic acid, HETYE:
Hydroxyeicosatrienoic acid, HODE: Hydroxyoctadecadienoic acid, HOTrE: Hydroxy-octadecatrienoic
acid, LA: Linoleic acid, LOX: Lipoxygenase, non-enz: Non-enzymatic oxidation, Oxo-ETE: Oxo-
eicosatetraenoic acid, OxoODE: Oxo-octadecadienoic acid, OxoOTrE: Oxo-octadecatrienoic acid, PG:
Prostaglandin, TriHOME: Trihydroxy-octadecenoic acid.

Total levels of metabolites that were generated through the 12-LOX pathway also experienced
significant reductions following reperfusion (Isch: 2.66+0.52, R-2h: 2:00£0.29, R-24h: 1.29+0.19,
R-48h:1.19+0.21, and R-30d: 0.8+0.10 nM, p<0.05) (Figure 32D). Their levels were also
significantly correlated with TNF-a and MIP-1a concentrations during I/R (TNF-a: r=0.24,
p<0.001, MIP-1a: 0.26, p<0.001).

Regarding CYP450 pathway metabolites, it is found that changes in total levels of oxylipins
produced through the CYP-h were not statistically significant (Isch: 63.37+£7.86, R-2h:
75.50+11.37, R-24h: 47.93+6.30, R-48h: 51.48+5.87, and R-30d: 66.81+11.03 nM, p=0.1) (Figure
33A). Looking at individual compounds, such as 16-HETE, 18-HETE, 20-HETE, 20-HDoHE, and
18-HEPE, showed that all CYP-h derived metabolites, except for 20-COOH-AA, decreased

significantly following reperfusion (Table 18).
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Figure 33: Total levels of oxylipins that were generated through the CYP450 pathway in
STEMI patients during I/R
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Values are means = SEM. Abbreviations: CYP-e: Cytochrome P450 epoxygenase, CYP-h: Cytochrome
P450 hydroxylase.

Total levels of the metabolite generated through the CYP-e pathway did not differ significantly
during I/R (Isch: 19.08+3.35, R-2h: 16.96+1.7, R-24h: 12.56+1.65, R-48h: 14.12+3.67, and R-
30d: 13.62+1.08 nM, p=0.3) (Figure 33B). Similar to the ischemic time, the ratio of n-6 (but not
n-3) derived epoxides/diols reduced significantly during I/R (n-6 ratio of epoxides/diols: Isch:
0.36+0.03, R-2h: 0.42+0.02, R-24h: 0.29+0.03, R-48h: 0.32+0.03, and R-30d: 0.21+0.04,
p<0.001) (n-3 ratio of epoxides/diols: Isch: 0.032+0.004, R-2h: 0.038+0.006, R-24h: 0.036+0.01,
R-48h: 0.037+£0.01, and R-30d: 0.07+0.04, p=0.5) (Figure 34). Alterations in concentrations of all

individual metabolites during I/R are presented in Table 18.
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Figure 34: Changes in ratios of epoxides/diols in STEMI patients during I/R
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Total ratio of epoxides/diols (A), the ratio of epoxides/diols generated from n-6 fatty acids (B) and the ratio
of epoxides/diols generated from n-3 fatty acids (C) during I/R. *Significantly different compared with the
control group (p<0.05).
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Oxylipins and clinical biomarkers of cardiac cell death

We used the biomarker analysis to find the potential oxylipin biomarkers that can distinguish
STEMI patients with larger infarct size, based on gold standard biomarkers of cardiac cell death,
namely, CK and TnT (19, 20). STEMI patients were classified as “high” and” low” based on the
median of peak CK and TnT levels. Patients with above-median levels of peak CK and TnT
considered as “high CK” or “high TnT” groups and patients with below-median levels of peak CK
and TnT named as “low CK” and “low TnT” groups (median of peak CK: 1111.5 ng/L, the median
of peak TnT: 2189 ng/L). Univariate receiver operating characteristic (ROC) curve analysis was
used to identify potential biomarkers based on the area under the curve (AUC). We found that
epoxides to diols ratio could be a potential biomarker of infarct size with AUC= 0.77 (p=0.03)
based on CK levels and AUC=0.76 (p=0.054) based on TnT levels (Figure 34). Interestingly other
oxylipins that could be logically suggested as biomarkers (such as high abundent metabolites (20-
COOH AA, 9- and 13-HODE), 5-LOX derived metabolites and 17-Keto DHA that increased
significantly during ischemia) were not statistically relevant, based on ROC curve analysis.

Figure 35: Epoxides/diols ratio during ischemia can be used as a biomarker of cardiac

injury in STEMI patients
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A: ROC based on creatine kinase (CK) levels, B: levels of epoxides/diols in patients with “low CK” and
“high CK” levels. C: ROC based on Troponin T (TnT) levels, D: levels of epoxides/diols in patients with
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Discussion

The results of this study demonstrated significant changes in the oxylipin profile of STEMI
patients during I/R. We also found that a certain group of oxylipins can be used as a potential
biomarker of myocardial injury after M.

LA-derived oxylipins were the dominant metabolites in the plasma of our participants, both
STEMI patients and controls at baseline. This observation is consistent with previous studies (21-
23), in which authors suggested that elevated plasma levels of oxidized metabolites of LA can be
attributed to the higher consumption of vegetable oils containing LA in the western diet (24, 25).
20-COOH-AA, 9-HODE, and 13-HODE were the three most abundant compounds in the plasma
of our participants. These findings are in line with the findings of previous research. For instance,
Quehenberger et al., (2010) (26) conducted a detailed lipidomics analysis of standard reference
material plasma (SRM1950) using HPLC-MS/MS. 13-HODE and 9-HODE were the most
abundant oxylipins measured in SRM 1950 plasma. However, 20-COOH-AA was not measured
in these samples. In a study by Loomba et al., (2015) (27) 13-HODE, 20-COOH-AA, and 9-HODE
were the dominant oxylipins in the plasma of healthy controls. In two other studies also 13-HODE
and 9-HODE were the dominant oxylipins in the plasma of healthy individuals, However, the
reported concentrations in these studies were hugely different compared with previous studies (28,
29). Therefore, it can be suggested that 13-HODE 9-HODE and 20-COOH-AA are among the
most abundant oxylipins in human plasma, but there is a large variation in the reported

concentrations between studies.

To understand how ischemia affects plasma oxylipins levels, we compared oxylipin profiles of
STEMI patients during the ischemic episode with controls. Our data demonstrated that among all
oxylipin groups, DHA-derived metabolites may have significant impacts during ischemia. Firstly,
DHA-derived oxylipins were the only group of oxylipins (based on FA precursor) that elevated
significantly during ischemia compared with controls. Secondly, 10 out of 14 metabolites that were
significantly correlated with the markers of cardiac injury (such as CK and TnT) were DHA-
derived oxylipins (Table 16). Thirdly, 17-keto DHA had the largest fold change among all oxylipin
metabolites during ischemia (115-Fold change) and its levels were significantly correlated with
IL-10 levels during ischemia (r=0.51, p<0.05) (data not shown). 17-keto DHA is a metabolite of
the 17-HDHA (also abbreviated as 17-HDoHE), which is generated through 15-LOX and COX-2
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pathways. Interestingly, aspirin can also increase the production of 17-HDHA from COX-2 (28).
Subsequently, 17-HDHA can be converted to 17-keto DHA by the action of a dehydrogenase
enzyme (28, 29). It is reported that 17-keto DHA is an agonist of peroxisome proliferator-activated
receptors (PPAR) alpha (o) and gamma (y) (30). PPARSs are transcription factors that regulate the
expression of genes involved in lipid metabolism, energy production, oxidative stress and
inflammation (31). Previous data suggested that elevated activities of both PPAR-a and y during
I/R were accompanied by cardioprotective effects (32, 33). Increased concentrations of DHA-
derived compounds following MI was also seen in a prospective observational study, in which
specialized pro-resolving mediators were quantified in patients with STEMI (n=15), stable
coronary artery disease (CAD) (n=10), and healthy controls (n=10) (10). It is found that levels of
DHA-derived oxylipins that were generated through the LOX pathway, namely, protectins,
increased significantly after the onset of STEMI compared with both CAD and control groups.
They suggested that elevated levels of DHA-derived oxylipins after vascular injury would be parts
of the defensive mechanism to limit further tissue damage, through modulating inflammation (10).
It should be mentioned that we did not detect plasma levels of protectins in our study, but our
results also demonstrated the significant changes of DHA-derived oxylipins during myocardial
I/R.

To find out which oxidative pathway activated mostly during ischemia, we categorized oxylipins
based on their generation pathways. Total levels of the oxylipins produced through the LOX
pathway did not differ significantly between Isch and control groups. However, we found that 5-
LOX derived oxylipin were significantly elevated during ischemia and their levels were also
significantly correlated with TNF-a levels at this time-point. Total levels of metabolites generated
through the 15-LOX were also significantly elevated during the ischemic episode. However, the
only metabolite that increased significantly in this group was 17-keto DHA, which could be related
to aspirin-enhanced COX-2 oxidation (28). Although total levels of 12-LOX derived metabolites
did not change during ischemia, their levels were significantly correlated with the levels of
inflammatory markers. These data may propose that 5-LOX pathway, rather than 12 and 15-LOX,
is more activated during ischemia. Previous studies also reported elevated levels of the LOX
derived compounds in myocardial ischemia. As mentioned before, it has been shown that DHA-
derived metabolites generated through the LOX pathway were significantly elevated in STEMI
patients compared with CVD patients and healthy controls (10). Hultén et al., (2012) (34) also
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reported the upregulated mRNA expression of arachidonate (A)LOX-15, increased levels of
ALOX-15 enzyme (but not ALOX-12) and its product, 15-HETE in the biopsies from the ischemic
heart of patients who underwent coronary bypass surgery compared with non-ischemic heart tissue
(35). However, serum levels of 15-HETE were not significantly different in patients with ischemic
heart compared with controls (35). Previous experimental studies showed that pharmacological
inhibition of LOX enzymes can attenuate cardiac I/R injury. For instance, administration of 1-
keto-B-boswellic acid (11-keto BA), which is a selective 5-LOX inhibitor, demonstrated dose-
dependent cardioprotective effects in an in vivo model of cardiac I/R, through the elevation of the
antioxidant capacity and prevention of the inflammatory response (36). In another study,
administration of baicalein, which is a 12/15-LOX enzymes inhibitor, led to the suppression of
apoptosis and caspase 3 activity in the in vitro model of I/R (37). Moreover, baicalein treatment
decreased infarct size and attenuated myocardial apoptosis, oxidative stress and inflammatory
responses in an in vivo model of cardiac tissue (37). Taken together these data suggest that the
LOX pathways, particulary 5-LOX enzymes, are activated during myocardial I/R and inhibition
of these oxidative pathways can decrease cardiac injury through the suppression of apoptosis and
modulation of oxidative and inflammatory responses (38).

Total levels of oxylipins derived through the CYP-h pathway were significantly elevated in the
Isch group compared with controls. Looking at changing patterns of individual compounds in this
group showed that 20-COOH-AA was responsible for the observed elevation (Table 17). 20-
COOH-AA is a major metabolite of 20-HETE, which is formed by the action of alcohol
dehydrogenase (ADH). Increased levels of 20-HETE during I/R has been reported in previous
studies, which can induce vasoconstriction and inflammation in the vasculature (39). Although the
biological properties of 200-COOH-AA are not well studied, previous studies reported its
vasodilatory effects in the porcine coronary artery (40) and being a dual activator of PPAR-a and
PPAR-y receptors in COS-7 cells (41). Therefore, it can be suggested that conversion of 20-HETE
to 20-COOH-AA by ADH could be a defensive mechanism against ischemia to increase

vasodilation and modulate inflammation. However, further studies are needed to confirm it.

Total levels of oxylipins that were generated through the CYP-e pathway did not significantly
differ between Isch and control groups. However, the total epoxides/diols ratio reduced

significantly during ischemia, which reflects the elevated activity of the SEH enzyme during the
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ischemic episode. The reduction in epoxides/diols was seen in n-6 but not n-3 derived metabolites,
suggesting that the SEH enzyme has more affinity to n-6 than n-3 FAs substrates. Previously, it
was reported that the administration of both EpOME and DiHOME (LA metabolites) reduced post-
ischemic functional recovery and contractility of the heart. However, the administration of sEH
inhibitors blocked only the destructive effects of EpOME, but not DIHOME. They suggested that
increased activity of sEH and therefore higher levels of DIHOME, can result in cardiotoxic effects
through increasing ROS production, left ventricular (LV) depression, mitochondrial damage,
changing action potential properties in ventricular myocytes, and tachycardia (42).

Taken together, plasma oxylipin profile alters significantly during the ischemic episode. Changes
in the oxylipin profile were significantly associated with the markers of cardiac injury and cytokine
concentrations. Among all oxylipin groups, levels of DHA-derived oxylipins increased
significantly during ischemia. Their levels were also significantly correlated with 1L-10 levels,
suggesting their roles in modulating inflammation and thus protecting the myocardium against
ischemia (10). Increased levels of 20-COOH-AA during ischemia, which can be attributed to
higher ADH enzyme activity, can be another mechanism to protect the myocardium, most probably
through its vasodilatory and anti-inflammatory effects (40,41). On the other hand, the SEH enzyme
activated during the ischemic episode, which can have cardiotoxic effects through increasing ROS

productions and/or inflammation by producing diols (43).

The second goal of this study was to investigate the effects of reperfusion on the oxylipin profile.
As it is shown in Figure 30, levels of oxylipins were the highest during ischemia and 2h after
reperfusion, with no significant differences between these two groups. Subsequently, oxylipin
levels experienced significant reductions at 24h following reperfusion. The levels of oxylipins
remained unchanged between 24h until 30-day post-PCI. Levels of inflammatory markers, namely
TNF-0 and MIP-1a also reduced significantly after PCI (Figure 30). Interestingly, changing
patterns of these inflammatory markers and total oxylipin levels during 30 days post-PCI were

identical.

Categorizing oxylipins based on the FA precursors showed that the levels of oxylipin groups
decreased significantly early after PCI. Elevated levels of oxylipins during ischemia and early after
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reperfusion can be attributed to higher inflammatory and oxidative responses at this period, which

diminished gradually after reperfusion.

After categorizing the oxylipins based on the generation pathway, it is revealed that total levels of
LOX derived oxylipins decreased significantly after reperfusion. Sub-categorizing showed that
total levels of the metabolites generated through the 5/12 LOX pathways reduced significantly
after reperfusion. Their concentrations were also significantly correlated with the levels of
inflammatory markers, namely TNF-a and MIP-1a. This may suggest that the 5/12 LOX pathways
activities reduced by diminishing inflammatory responses after reperfusion. However, total levels
of metabolites generated through the 15-LOX did not differ significantly during I/R. Looking at
individual compounds in this group revealed that 17-Keto DHA and 17-Keto DPA are two
compounds in this group that remained elevated during I/R. As mentioned before, 17-Keto DHA
is produced from 17-HDHA (a DHA metabolite) by a dehydrogenase enzyme, namely 15-
hydroxyprostaglandin dehydrogenase (15-PGDH). The 17-Keto DPA is also generated through
the same generation pathways but from DPA (28). Therefore, the elevated levels of 17-Keto DHA
and 17-Keto DPA can reflect the elevated activities of the dehydrogenase enzymes for 30 days
post-PCI. Previously, it is reported that both 17-Keto DHA and 17-Keto DPA are PPAR-y agonists
(44). Activation of PPAR-y leads to the cascade of events, such as activating Nrf2-dependent
antioxidant responses and anti-inflammatory effects by modulating cytokine levels (28). 20-
COOH-AA (a metabolite of the CYP-h pathway) was another compound that remained elevated
during I/R. 20-COOH-AA is also a dual activator of PPAR-a and y (41) and its vasodilatory effects
have been shown in the porcine coronary artery (40). Similar to 17-Keto DHA and DPA, 20-
COOH-AA is also produced by a hydrogenase enzyme. Therefore, it can be concluded that the
activity of dehydrogenase enzymes remained elevated for 30 days post-MI, most probably to
modulate oxidative and inflammatory responses. However, more investigations are needed to

confirm these findings.

Total levels of the metabolites produced through the CYP-e pathway also did not differ
significantly during I/R (Figure 33). However, there were significant reductions in the ratio of n-6
epoxides/diols following reperfusion (Figure 34), demonstrating that the sEH enzyme activity
remained elevated during the 30 days of reperfusion. Interestingly, n-3 metabolites of sEH did not

change significantly during I/R. Previous experimental studies showed that increased ratios of
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EpOME/DIHOME (LA metabolites) and EpETrEs/ DIHETrEs (AA metabolites) were associated
with better coronary reactive hyperemic response (45) and therefore vasodilation in coronary and
aortas (46). Also, DIHOMEs were reported to have deleterious effects, including cytotoxic, cardio-
depressive, and vascular contraction (47, 48). Furthermore, it is reported that polymorphism in the
SEH gene (which led to higher sEH activity) were associated with cardiovascular diseases (49, 50).
On the contrary, n-3 derived epoxides have been reported to modulate I/R injury. Samokhvalov et
al., (2019) (51) demonstrated that the administration of 19,20 EpDPE to HL-1 cardiac cells
(cardiac muscle cell line) resulted in cell viability, elevated mitochondria activity, and better
contractility during hypoxia /reoxygenation. Moreover, they also showed that perfusion of 19,20
EpDPE 20 min before ischemia decreased I/R injury by preserving mitochondrial function and
inhibiting nucleotide like receptor protein 3 (NLRP3) inflammasome activation (52). Therefore,
we can postulate that elevated n-6 derived diols compared with n-3 metabolites could lead to I/R
injury following MI.

Taken together, reperfusion caused significant reductions in plasma oxylipins levels in STEMI
patients. These reductions were also significantly associated with cytokine changing patterns. 17-
keto DHA, 17-Keto DPA, and 20-COOH-AA were three metabolites that remained elevated post-
reperfusion. These compounds are produced by dehydrogenase enzymes from a particular oxylipin
metabolite (28,30). Therefore, it can be suggested that these dehydrogenases remained activated
for 30 days post-MI. Since all these three metabolites are PPARs agonists (41,44), they can
modulate inflammatory and oxidative responses during I/R. However, further investigations are
required to confirm these results. Moreover, sEH activity remained elevated during the first month
after reperfusion, which led to increased levels of n-6 derived diols (DIHOME and DIiHETTES).
Considering the cardiotoxic properties of this group of oxylipins, they have a role in I/R injury in
STEMI patients.

The last goal of this study was to find a biomarker to predict the severity of the myocardial injury.
We found that the ratio of epoxides to diols during ischemia could be a potential marker of having
a smaller infarct size. This suggests that patients with lower ratios of epoxides to diols at baseline
have a larger infarct size with AUC=0.77 (p=0.03) based on CK levels and AUC=0.76 (p=0.054)
based on TnT levels (Figure 35). Therefore, inhibiting the SEH enzyme before PCI would be

considered a potential therapeutic option.

167



In conclusion, this study demonstrated a significant alteration in oxylipin profiles of STEMI
patients. Increased levels of DHA-derived metabolite and inhibition of SEH enzyme activity could

be considered as potential therapeutic options for I/R injury.
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CHAPTER I11-GENERAL DISCUSSION

In this work for the first time, we have defined the oxolipidomics changes in oxidized lipid species
including both non-enzymatically generated OxPCs and enzymatically generated oxylipins during
I/R injury. As mentioned before, both OXPC and oxylipin metabolites are bioactive and it is

suggested that they have implications for the pathology of I/R injury.

It has been reported that OXPC species are potent inducers of cell death in smooth muscle cells,
macrophages, and endothelial cells (1-3). Previous data from our laboratory have revealed that
fragmented OxPCs, namely, PONPC, POVPC, PGPC, and KOdiAPC were produced following
I/R in rat myocardium (4) and exogenous administration of OxPCs to cardiac cells triggers cell
death (particularly POVPC and PONPC) in a dose-dependent manner (4). Therefore, the aim of
the first study of this thesis was firstly to define the OxPC profile during I/R and then determine
the temporal changes in their tissue levels following reperfusion. Secondly, our goal was to
understand if tissue levels of OxPCs are correlated with the marker of tissue injury. Utilizing a rat
model of renal I/R and a targeted oxolipidomic approach, we have shown for the first time that
OXxPC species were produced following renal I/R. Fifty-five distinct OXPC species were identified
in rat kidney following I/R, including a variety of fragmented (aldehyde and carboxylic acid-
containing species) and non-fragmented products. SOVPC, PONPC, and PAzPC were the three
most abundant compounds generated after I/R in kidney tissue. Fragmented aldehyde containing
OxPC (aldo-OxPC), particularly PONPC and SONPC increased significantly as early as 6h of
reperfusion. Significant increments for fragmented acid-containing OxPCs (carboxy-OxPCs), such
as PGPC and PAzPC, occurred after 24h of reperfusion. Furthermore, levels of aldo-OxPCs were
more strongly (compared with other OXPCs groups) associated with the severity of I/R injury
(r=0.9, p<0.001).

These findings were in accordance with the results obtained from our rat myocardial I/R model, in
which exposure of rat myocardium to 1h of ischemia followed by 24h of reperfusion led to an
increase in tissue levels of POVPC, PONPC, PGPC, and PAzPC concentrations (4). However,
only 5 OXPC species were measured in this study. Interestingly, POVPC and PONPC, which are
aldo-OxPC species, but not other identified OxPCs were elevated in the mitochondrial fraction of

cardiomyocytes and mitochondria membrane. These two species also triggered the opening of the
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mitochondria permeability pore in a concentration-dependent manner (4). Therefore, these data
support our findings that OXPCs are generated and accumulated at tissue levels as a result of I/R
and reflect the involvement of OxPC species in I/R injury. Moreover, based on these results,
fragmented aldo-OxPCs were more potent at cell injury compared with other species.

Several mechanisms have been proposed for the toxicity of fragmented OxPCs. Incubation of rat
vascular smooth muscle cells (rVSMCs) with 50 uM of POVPC and PGPC led to apoptotic events
including DNA fragmentation, phosphatidylserine (PS) exposure on the cell surface, and reduction
of the nuclear volume. In this study, POVPC was found more apoptogenic compared with PGPC
(5). Ramprecht et al. showed that POVPC and PGPC induced apoptosis in human melanoma cells
isolated from different stages of tumour progression. Human melanocytes (FOM), and melanoma
cell lines including primary melanoma cells (SBcl2, WM35) or metastatic melanoma cells (WM9,
WM164) were incubated with 25 puM and 50 puM of POVPC and PGPC for 6h. Lower
concentrations of POVPC (25 uM) induced apoptosis in only SBcl2 and WM 164 cells but with a
higher concentration (50 uM), it stimulated apoptosis pathway in all cell groups. PGPC with either
concentration of 25 or 50 uM induced apoptosis in only SBcl2 and WM9 cells, showing that
POVPC is more apoptogenic than PGPC in these cell lines (6). The proposed mechanism of cell
toxicity of POVPC and PGPC was through the “sphingomyelinase- mitogen-activated protein
kinases (MAPK)” pathway. These fragmented OxPCs can activate sphingomyelinase, leading to
the generation of ceramide from sphingomyelin (SM) (6). Ceramide then activates c-Jun N-
terminal kinase (JNK) and p38 MAPK, which leads to caspase activation, PS exposure, and

apoptosis (7).

It has been also reported that OxPC species induce apoptosis through mitochondrial damage and
activating the intrinsic pathway. Exogenous administration of 5 uM of 1-O-hexadecyl- 2-azelaoyl-
sn-glycero-3-phosphocholine (HAzPC), which is a synthetic fragmented OxPC and homolog of
PAzPC, to promyelocytic HL60 cells and human umbilical vein endothelial cell (HUVEC) led to
the activation of the apoptotic pathway. They showed that HAzPC migrates to mitochondria and
activates the intrinsic caspase cascade. HAzPC, by interacting with Bcl-2 family proteins releases
mitochondrial cytochrome c (cyt ¢) and apoptosis-inducing factor (AIF) and activates caspase 9 in
these cells. This suggests that HAzPC targets intracellular mitochondria signaling and activates

the intrinsic apoptotic cascade (8).
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Recent data from our laboratory demonstrated that fragmented OxPCs activate the ferroptosis
pathway (9). Ferroptosis is an iron-mediated type of regulated cell death that occurs due to
exhaustion of glutathione, inhibition of glutathione peroxidase 4 (GPX4), and thus the
accumulation of lipid hydroperoxide (10). GPX4 enzyme converts the toxic lipid peroxide to lipid
alcohol by concurrent oxidizing of reduced glutathione (GSH) to oxidized glutathione (GSSG)
(11, 12). In this study, treatment of cardiomyocytes with 10 uM of POVPC and PONPC caused
cell death. However, caspase 3 activation, TUNEL staining, and nuclear HMGB1 activity were
unaffected in cells treated with either POVPC or PONPC, demonstrating that apoptosis and
necrosis pathways were not involved in cell death. In this study, both POVPC and PONPC
suppressed GPX4, an enzyme implicated in ferroptosis. Finally, treatment of cardiomyocytes with
ferrostatin-1, which is an inhibitor of ferroptosis suppressed cell death induced by OxPCs. Previous
studies have also shown the beneficial effects of blocking of ferroptosis in myocardial I/R injury
(13-16). Activation of ferroptosis has been reported in renal I/R as well (17). Oxolipidomic
analysis of mouse kidneys lacking GPX4 (Gpx4—/—mouse) revealed that accumulation of
phospholipid hydroperoxides such as PC, PE, and cardiolipin peroxide in the kidney leads to
ferroptosis (18). A ferroptosis inhibitor has been shown to lessen renal I/R injury in an in vitro
model (19).

In the next study of this thesis, we wanted to identify the OxPCs changes in the clinical setting of
coronary reperfusion injury. We aimed to determine if: 1) OxPC species increase in the plasma
following myocardial I/R; 2) Can any OxPCs predict the magnitude of I/R injury? To address these
questions, blood samples were collected from STEMI patients at presentation before primary
percutaneous coronary intervention PCI (PPCI) (ischemia) and at 4-time points post-PPCI
representing as reperfusion groups. As controls, blood samples were collected from patients with
non-obstructive coronary artery disease after diagnostic coronary angiography. Aspiration

thrombectomy was also done in selected STEMI patients.

Twenty-two OxPC species were identified and quantified in the plasma of our participants using
our HPLC-MS/MS system. PONPC, SONPC, and POVPC were the most abundant fragmented
OxPC compounds in the plasma of our participants. Our study is of significance since few studies
utilized HPLC-MS/MS for the determination of plasma OxPC levels. In plasma of STEMI

patients, fragmented OxPCs were significantly elevated immediately after ischemia when
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compared with control levels. Their concentrations remained elevated for 48h after reperfusion but
rebounded to control levels at 30 days of I/R. The trend for non-fragmented OxPCs was opposite,
in which they decreased during ischemia, and then increased gradually during 30 days of
reperfusion. Interestingly, among fragmented OxPCs, levels of total aldo-OxPCs, but not acid-
OXPCs, differed significantly during I/R. SOVPC, PONPC, and SONPC were three compounds
responsible for the significant mean differences in the aldo-OxPCs concentrations. Moreover, the
composition of OxPCs in the plasma at the time of STEMI presentation was different from the
composition of coronary thrombus. Thrombus had a higher proportion of POVPC and SOVPC
than plasma, although they both had high levels of PONPC. This indicates that plasma OxPC
profile is not explained by OXPCs eluting out of the thrombus, rather, thrombus and plasma have

different OXPC profiles that cannot be explained by a single common pathway.

Previous investigations in determining OXPC levels post PCI in plasma of STEMI patients have
utilized the E06 antibody to determine OxPL/apoB concentrations. In these studies, OxPL/apoB
concentrations peaked at 4-days post PCl (54% increase) compared with baseline levels.
Subsequently, it decreased over 30 days but was still significantly higher (36%) compared with
baseline levels. As mentioned before, in our study, total levels of fragmented OxPCs decreased
significantly but non-fragmented OxPCs concentrations did not change over 30 days post-PCI.
Therefore, our findings are not a duplicate of the E06 results. There are some possible
explanations: 1) E06 antibody recognizes both free form and covalent adducts of aldo-OxPCs on
apo (B100). Due to the high activity of fragmented OxPCs, particularly aldo-OxPCs, they can be
attached to plasma proteins such as apo (B100), lipoprotein (a), albumin, and plasminogen, as
previous studies confirmed the increased levels of these proteins following Ml (20, 21). However,
we measured only free forms of OxPCs species in the plasma of our participants. 2) OxPCs are
readily detoxified by lipid-degrading enzymes such as lipoprotein-associated phospholipase A2
(Lp-PLA2), which elevates acutely after M1 (22). Therefore, increased activation of Lp-PLA2 can
affect plasma OxPC levels, although we did not measure Lp-PLAZ2 activity in this study. 3) OXPCs
accumulate at the tissue levels, as we showed increased levels of OxPCs in renal tissue during I/R

(23). Therefore, plasma levels may not be representative of tissue concentrations.

In the current study, we also found that plasma concentrations of POVPC and PONPC during the

ischemic episode (before PCI) were significantly associated with peak creatine kinase (CK) levels,
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which is a marker of myocardial injury. Patients who had elevated CK levels after MI (higher than
the median CK levels), also had elevated POVPC and PONPC concentrations at baseline
(ischemia) (2 times higher than patients with lower CK levels). These data are in accordance with
the results of renal I/R in that OXPC species were correlated with the markers of tissue injury.
Furthermore, there were weak but significant correlations between the levels of PONPC and
POVPC with interferon-gamma (INF-y) and interleukin-1 (IL-1B) concentrations during I/R.
Following acute myocardial ischemia, pro-inflammatory responses are initiated to eliminate
necrotic cell debris from the ischemic area. Reperfusion, however, exacerbates proinflammatory
responses which leads to cell death and I/R injury (24). IFN-y is one of the cytokines secreted by
T-cells that stimulates the neutrophils and monocytes chemotaxis to the site of injury. It has been
shown that deletion of IFN-y from CD4+ T cells led to the reduction of infarct size and
accumulation of T-cell and neutrophil in myocardium at 24 h post-infarction (25). IL-1p is another
inflammatory cytokine produced following I/R. It has been reported that pro-inflammatory
response following MI can cause cardiomyocyte apoptosis, contractile dysfunction, matrix
deposition which lead to adverse left ventricular (LV) remodeling following MI (24). Inhibition of
IL-1B receptor with anakinra in STEMI patients improved left ventricular (LV) function with
reduced inflammatory markers (26, 27). Also, the administration of IL-1p antibody led to a reduced

rate of recurrent heart failure (HF) (28).

Taken together, the correlation between OXPC species, namely, PONPC and POVPC with CK
levels and inflammatory cytokines can suggest their roles in I/R injury and LV remodeling
following I/R.

This study has several potential limitations: First, our sample size was relatively small considering
the high prevalence of comorbidities and medication use in the STEMI population. Due to the
small sample size, we were not able to rule out the effects of confounding factors such as sex, age,
ethnicity, etc. However, serial blood sampling helped to reduce inter-individual variability and
clinical confounders. Hence, it is important to validate the findings of this study in a relatively
larger cohort study. Second, considering there are no available commercial standards for individual

OxPC species, the reported concentrations are relative rather than absolute.
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As a summary, we showed for the first time that OxPC species, particularly fragmented species,
were produced and accumulated at tissue levels (kidney tissue) following I/R and their levels were
significantly associated with the marker of tissue injury. Furthermore, we also demonstrated for
the first time that levels of OxPCs also altered in a clinical setting of myocardial I/R as fragmented
OxPCs concentrations decreased significantly over 30 days post-reperfusion while non-
fragmented OxPCs experienced non-significant increases during this time in patients with STEMI.
Plasma and thrombus have different OXPC profiles. Furthermore, levels of fragmented OxPCs,
namely POVPC and PONPC, were significantly correlated with markers of cardiac injury and

inflammation in this population.
Future directions (OxPC part):

The results of both studies presented here (AKI and MI) revealed that OxPCs, particularly,
aldehyde containing species increase during I/R and were significantly correlated with the markers
of tissue injury, such as plasma creatinine and peak plasma CK levels. Considering that OxPC
compounds are immunogenic, antibody treatment may serve as a therapeutic option for I/R injury.
One of the potential candidates for the neutralization of OxPCs is the E06 antibody. Recent data
from our laboratory showed that introducing E06 at 10 ug/ml concentration prevented POVPC and
PONPC-related cardiomyocyte cell death by 74% (4). Similar findings were obtained in an in vivo
model using transgenic mice overexpressing single-chain variable fragment of the E06 antibody
(EQ6-scFv-Tqg) (4). In this experiment, infarct size was significantly smaller (66%) in E06-mice
compared with controls, which was attributed to the interaction of E06 and aldo-OxPCs (4). Based
on the promising results of these studies, we are currently conducting a pilot study in a swine
model of MI. After an ischemic episode induced by balloon occlusion, the E06 antibody (0.5 mg)
was distributed by an intracoronary catheter at the time of reperfusion. The preliminary results are
demonstrating a decrease in the infarct size in animals received E06 compared to the ones that
received saline infusion. This will be the final goal of our future studies to prevent I/R injury.
However, further studies are needed to find the right dose (probably for different diseases
associated with I/R), the pharmacokinetics of E06 administration in humans, and the chronic

systemic effects of the E06 infusion before clinical studies can be initiated.

In this thesis, we also investigated the role of enzymatically produced oxidized lipids (oxylipins),

as another group of bioactive lipid molecules that implicate in I/R injury. Previous studies showed
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the activation of membrane enzymes, such as PLA2 during I/R. This acute response leads to the
breakdown of membrane phospholipids, release of polyunsaturated fatty acids (PUFASs), and
generation of oxylipins (29). Oxylipins exert various biological effects in I/R injury. For instance,
oxylipins derived from n-6 PUFA, such as arachidonic acids (AA) and linoleic acids (LA) are
involved in inflammation, changing ion channels functions, and ventricular remodeling (30)
whereas oxylipins derived from n-3 PUFA have anti-inflammatory, anti-arrhythmic and cardio-

protective properties (31).

The questions we sought to investigate here were as follows: how does myocardial I/R affect the
oxylipin profile in STEMI patients? Are oxylipin changes correlated with markers of myocardial
injury? Can any oxylipin metabolite or group predict the magnitude of I/R injury? To respond to
these questions, we analyzed the plasma oxylipin profile of our STEMI samples using HPLC-
MS/MS.

The oxylipin profile underwent dramatic changes during I/R. We believe docosahexaenoic acid
(DHA) oxidized metabolites have significant roles during ischemia due to the following reasons.
Firstly, categorizing oxylipins based on their FA precursors showed that among all oxylipin
groups, only total levels of DHA-derived oxylipins were significantly elevated during ischemia
compared with the control group, particularly metabolites that were generated through the
lipoxygenase (LOX) pathway. Secondly, their concentrations were correlated with the markers of
cardiac injury (CK) and troponin (TnT) during the ischemic episode. Ten out of 14 metabolites
that were significantly correlated with CK and TnT levels were DHA-derived metabolites. DHA-
derived metabolites were also significantly correlated with interleukin-10 (IL-10), which is an anti-
inflammatory cytokine. These data suggest that elevated levels of DHA-derived oxylipins during
ischemia could be parts of the defensive mechanism to limit further tissue damage by modulating
inflammation (32) and promoting the cardiac healing process (33).

Preclinical studies have shown that both acute and chronic administration of n-3 FA can decrease
myocardial I/R injury through activation of anti-apoptotic pathways (34), microvascular protection
(35), modulating inflammation (36), and decreasing infarct size (37). However, changes in

oxylipin profiles were not assessed in these studies.
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Zirpoli et al. examined the effects of the acute administration of n-3 rich triglyceride (n-3 TG)
emulsions on myocardial I/R injury in both in vivo and ex vivo models. In the in vivo model,
myocardial ischemia was induced by ligation of the left anterior descending coronary artery (LAD)
in C57BL/6 mice (12-14 weeks old). N-3 TG emulsion (1.5g/kg body weight) was administrated
immediately after inducing ischemia and before reperfusion. Mice were sacrificed after 48h of
reperfusion. They found that infarct size was significantly smaller in the n-3 TG emulsion group
compared with saline-treated mice (p<0.05). Moreover, plasma lactate dehydrogenase (LDH),
which is a key marker of myocardial injury, was significantly lower in n-3 TG treated mice
compared with controls (p<0.05). In the ex vivo model, hearts were perfused (using the
Langendorff technique) and treated with n-3 TG emulsion (300 mgTG/100ml) during reperfusion.
Myocardial I/R injury was determined by assessing the left ventricular developed pressure (LVDP)
recovery in hearts. Heart perfusates were also collected after 1h reperfusion to detect total LDH
levels. In this model, LVDP recovery was improved in the n-3 TG emulsion group that was treated
with n-3 TG emulsion compared with the control (p<0.05). LDH release was also significantly
lower in the n-3 TG emulsion group compared with the control (p<0.05). In this study, the
cardioprotective effects of n-3 emulsion were mediated through the activation of anti-apoptotic
pathways namely PISK/AKT signalling pathways (34).

The positive effects of n-3 PUFA, including fish oil and triacylglycerol (TAG) form of DHA and
eicosapentaenoic acid (EPA), were shown on microvascular permeability following myocardial
I/R by Souza et al (35). They examined the effects of 14 days pre-treatment of male Syrian
hamsters (7—-10 weeks old) with fish oil (0.5 ml/day), and various dosages of EPA and DHA in
TAG forms (0.004, 0.02, 0.1 ml/day) on vascular permeability following I/R. Hamsters were
exposed to 30 min of myocardial ischemia followed by 15, 30, or 45 min of reperfusion. They
found that the TAG form of both EPA and DHA decreased vascular macromolecular permeability
and leukocyte adhesion to endothelium. Nevertheless, only DHA supplementation reduced
leukocyte rolling following I/R. Farias et al., (36) investigated if a diet containing n-3 PUFA
(0.6 g/’kg/day; DHA:EPA =3:1) can decrease I/R injury in a rat myocardial I/R. Following 8 weeks
of supplementation of ten-week-old male Wistar rats, hearts were subjected to 30 min of ischemia
and 120 min of reperfusion. Rats in the supplemented group developed significantly smaller infarct
size (2-times smaller) and higher L\VVDP compared with the non-supplemented group. Tissue levels

of oxidative stress markers (such as thiobarbituric acid reactive substances (TBARS) and total
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carbonyls) were significantly reduced whereas markers of antioxidant activity (namely, catalase,
superoxide dismutase (SOD), glutathione peroxidase activity, and GSH/GSSG ratio) were
significantly elevated in the supplemented group compared with control. Moreover, NF-xB
activity and nuclear factor erythroid 2-related factor 2 (Nrf2) levels in cardiac tissue were

significantly reduced in the supplemented group compared to the control.

Clinical studies have also confirmed the positive effects of n-3 PUFA supplementation on I/R
injury following MI. In a double-blind, placebo-controlled trial the effects of 4 g/d ®-3
supplementations were assessed on LV remodeling after acute MI. Patients (n=358) were
randomly assigned to either take 4 g/d ®-3 along with conventional therapy or conventional
therapy alone. After 6 months of acute MI, ®-3 supplementation resulted in significant reductions
of left ventricular end-systolic volume indexed (LVESVI) to body surface area (-5.4%) and non-
infarct myocardial fibrosis (-2.1%) compared with control. Although infarct size reduced after 6
months in both groups, changes were not statistically significant (-8.8+39.9% in the ®-3 group
versus -1.9£57.7% in the controls). Moreover, ®-3 supplementation was also correlated with
significant decreases in myeloperoxidase and lipoprotein-associated PLAZ2 levels and also
concentrations of suppression of tumorigenicity 2 (ST2), which is a marker of myocardial fibrosis.
Therefore, it was concluded that ®-3 supplementation provides an improvement in LV remodeling
and non-infarct myocardial fibrosis through the suppression of inflammation at both systemic and
myocardial levels after acute M1 (38). A recent randomized control trial assessed the effects of ®-
3 PUFA adjunctive therapy in M1 patients who underwent PCI. Sixty patients were randomized
within 3-7 days after hospital admission to either receive -3 PUFA (2gr/d) and guideline-adjusted
therapy (10 mg/d rosuvastatin) or just guideline-adjusted therapy. Lipid profile and endothelial
function were assessed during the first 3 months after AMI. They found that supplementation with
2gr/d o-3 significantly decreased serum levels of triglycerides (-6.3%), apolipoprotein B (-4.9%),
and lipoprotein (a) (-37.0%) and significantly increased serum concentrations of nitric oxide (62.2.
Besides, the changes in the levels of these variables were positively correlated with changes in the
levels of 16,17- EpDPE (a DHA metabolite), and epoxyeicosatetraenoic acids (EpETE) (a
metabolite of EPA) (39).

Taken together, these data support the cardioprotective effects of n-3 FA on myocardial I/R injury.

One of the drawbacks of these studies is that changes in oxylipin levels were not assessed in these
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studies (only one study measured oxylipin metabolites after -3 supplementation (39)). Therefore,
it is unknown which groups of oxylipins mediate the cardioprotective effects of ®-3
supplementation post-MI. Moreover, in clinical studies, the effects of chronic administrations of
n-3 FA treatment were investigated in STEMI patients. Considering that in our study alterations
in DHA-derived oxylipins occured acutely during the ischemic episode, the acute infusion of DHA
(in a form of emulsion) before PCI, rather than chronic supplementation after MI, could be

examined as a potential therapeutic option.

We also found the increased levels of 20-carboxy-arachidonic acid (20-COOH-AA), 17-Keto
DHA, and 17-Keto docosapentaenoic acid (17-Keto DPA) during I/R. All these three compounds
are produced by dehydrogenase enzymes from a particular oxylipin metabolite. The 20-COOH-
AA is a major metabolite of 20- hydroxyeicosatetraenoic acid (20-HETE) and is formed by the
alcohol dehydrogenase (ADH) from this oxylipin (40). The 17-Keto DHA is produced from 17-
HDHA (a 15-LOX and COX-2 metabolite) by a dehydrogenase enzyme, namely 15-
hydroxyprostaglandin dehydrogenase (15-PGDH). The 17-Keto DPA is also generated through
the same pathway but from DPA rather than DHA (41). Therefore, it can be suggested that the
elevated concentrations of these compounds during I/R can be attributed to the higher activity of
dehydrogenase enzymes. However, more investigations are needed to confirm it. Previously, it has
been reported that these three compounds are agonists of PPAR-a and/or y (42,43). Activation of
PPARs leads to the cascade of events, such as activating Nrf2-dependent antioxidant responses
and anti-inflammatory effects by modulating cytokine levels (41). Several experimental studies
showed that agonists of PPARs can reduce infarct size and improve cardiac and left ventricular

functions after myocardial I/R (44).

The last important finding of our study was the increased levels of the metabolites produced by
the soluble epoxide hydrolase (SEH) during I/R. We found a lower epoxides/diols ratio,
particularly n-6 derived metabolites, in STEMI patients before and during 30 days after PCI. It has
been reported that epoxides have cardioprotective and vasodilatory properties whereases diols
exert cardiotoxic and vasoconstrictive effects. The ratio of epoxides to diols during ischemia was

also correlated with increased levels of cardiac injury biomarker in our population.
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Previous experimental studies showed that elevated ratios of EpPOME/DIHOME (LA-metabolites)
and EpETrEs/DIHETrEs (AA-metabolites) were correlated with the improved coronary reactive
hyperemic response (45) and thus vasodilation in coronary arteries and aortas (46). Also,
DiHOMEs exert cardiotoxic effects, such as cytotoxicity, cardio-depressive properties and cause
vascular contraction (47, 48). Furthermore, polymorphism in the SEH gene (which was correlated

with elevated sEH activity) has been associated with having cardiovascular diseases (49, 50).

Several preclinical studies demonstrated that the genetic deletion or pharmacological inhibition of
SEH are associated with smaller infarct size and better post-ischemic recovery in an in vivo model
of myocardial I/R. Motoki et al., (51) showed that infarct size was significantly smaller in sEH
knockout mice and mice that were injected 12-(3-adamantan-1-yl-ureido)-dodecanoic acid butyl
ester (AUDA-BE) compared with controls. AUDA-BE is an sEH inhibitor, which was injected 30
min before left coronary artery (LCA) occlusion or during ischemia 10 min before reperfusion
(52). Furthermore, in a study by Chaudhary et al., (53) young and aged sEH null mice were
exposed to 30 min of ischemia and 40 min of reperfusion. They showed that young and aged sEH
null mouse hearts demonstrated significantly improved post-ischemic LVDP recovery (38.5% and
31.1%, respectively) and better contraction and relaxation rates compared to age-matched wild
type. Similar effects were observed in young mice overexpressing CYP2J2 (CYP2J2 Tr), but not
in aged mice. Mice overexpressing CYP2J2 have higher levels of 5,6-, 8,9-, 11,12-, and 14,15-
EpETrEs. Therefore, they administered sEH inhibitor in aged CYP2J2 Tr to increase EpETTES
concentrations and assessed the cardiac recovery following I/R. CYP2J2 Tr mouse hearts were
perfused with t-AUCB (100 nM), which resulted in improvement of post-ischemic functional
recovery in aged CYP2J2 Tr hearts compared to controls (33.9% vs. 15.4%, respectively). This
improvement was inhibited by MS-PPOH (CYP epoxygenase inhibitor) (15.9%). These data
confirmed that t-AUCB induced cardioprotection in aged CYP2J2 Tr mice is due to inhibition of
oxylipin metabolism. Moreover, sEH inhibition and thereby EpETrEs can protect the aged mouse

hearts against I/R injury.

The proposed mechanism is that SEH deficiency or inhibition can limit innate immune responses
through revoking the NLRP3 inflammasome cascade activation. During I/R, ROS, which are
produced by dysfunctional mitochondria, can be sensed by NLRP3 protein which results in NLRP3

inflammasome aggregation (54). The NLRP3 inflammasome then facilitates the activation of
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caspase-1 which converts pro-1L-1p to mature IL-1p. Subsequently, IL-1p initiates the cytokine
and chemokine secretions which lead to the recruitment of neutrophils and monocytes and
therefore, severe inflammatory responses and thus cell injury (55). Moreover, activated NLRP3
inflammasome transmits and translocates thioredoxin-interacting protein (Txnip) to the
mitochondria which causes inhibition of antioxidant thioredoxin 2 (Trx-2) and leads to
cardiomyocyte cell death during I/R (56, 57). In a study by Darwesh et al., (58), it was shown that
SEH deficiency or inhibition prevents NLRP3 inflammasome activation by preserving
mitochondria through preventing Txnip translocation, ameliorating ROS production and therefore,
improved post-ischemic functional recovery. Taken together these data support the idea that sEH
activity increases during I/R and the oxylipin products of this enzyme implicate in I/R injury.
Hence, inhibiting the sEH enzyme before PCI could be considered as a potential therapeutic

option.

As mentioned before, the main limitation of our study was a relatively small sample size.

Therefore, the findings of this study should be confirmed in a larger cohort study.
Future directions (Oxylipin part):

Based on the findings of our study, increasing DHA-derived oxylipins levels, elevating 20-COOH-
AA, 17-Keto DHA and 17-Keto DPA concentrations and inhibiting sEH enzyme during the
ischemia or early after reperfusion can be considered as potential treatment options. Acute
administration of n-3 FA, in a form of lipid emulsions, is a novel approach that has been studied
in both experimental and clinical studies. In contrast to oral supplementation, IV administration
results in acute integration of these FAs onto plasma lipids and membrane cells within 30 to 60
min (59-61). These abrupt changes in membrane FAs are beneficial in the settings of acute organ
injury. As mentioned before, Zirpoli et al showed that acute administration of n-3 TG emulsion
decreased infarct size in both in vivo and ex vivo models of myocardial I/R (34). Kollareth et al.,
(62) recently investigated the effects of acute administration of the DHA triglyceride emulsions in
an in vivo model of cerebral I/R. Therefore, a clinical trial that assesses the effects of acute
administration of DHA emulsion in STEMI patients could investigate their impact. In previous
clinical studies, the effects of IV infusion of n-3 FAs have been tested in patients in intensive care
(63), before cardiac surgery (64) and in healthy participants (65). For example, three IV infusion
of triglyceride emulsion rich in both EPA and DHA (0.2 g/kg fish oil emulsion) before cardiac
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surgery decreased the levels of IL-6 significantly after cardiac surgery compared with the control
groups. It also led to rapid and significant increases in n-3 FAs levels in platelets and atrial tissue
membranes (64). Therefore, administration of 0.2 g/kg fish oil emulsion before PCI can be
examined in STEMI patients in a double-blind randomized control trial. The primary outcomes of
this study will be plasma oxylipin profile, infarct size, and LV function at 30 days post-MI.
Secondary outcomes will be markers of endothelial injury (such as e-selectin, p-selectin, vascular
cell adhesion marker (VCAM-1), and intercellular adhesion molecule (ICAM-1)), and
inflammation (such as TNF-a, INF- v, IL-1pB, IL-6, IL-8, etc).

We also found in our study that increased levels of 20-COOH, 17-Keto DHA and 17-Keto DPA
during I/R. We postulated that their elevated levels are due to higher activity of dehydrogenase
enzymes following MI. To test this hypothesis, a series of in vitro and in vivo studies can be
designed. To examine how I/R affects the activity of these enzymes and their oxylipin metabolites
an in vitro study can be conducted. Cardiomyocytes can be exposed to 1h of ischemia and
reperfusion. Cell death, dehydrogenase enzymes activity (namely, ADH and 15 PGDH), along
with the levels of their oxylipin products (including 20-COOH, 17-Keto DHA and 17-Keto DPA)
can be measured during I/R. Next step, the effects of dehydrogenase enzyme inhibitors on cell
death, and the levels of 20-COOH, 17-Keto DHA and 17-Keto DPA can be tested. 4-
methylpyrazole (4-MP) (66) and SW033291(67) can be used as ADH and 15-PGDH inhibitors,
respectively. Next, 20-COOH-AA, 17-Keto DHA and 17-Keto DPA can be exogenously
administered to cardiomyocytes to see if the effects of dehydrogenases are due to higher
concentrations of these metabolites. To investigate the mechanisms of action, apoptosis/necrosis

pathways, PPARSs activities, NF-xB, and Nrf2 can be also assessed in these experiments.

If the results of the studies are promising, an in vivo experiment can be conducted. Dehydrogenase
enzymes inhibitors, 20-COOH-AA, 17-Keto DHA and 17-Keto DPA can be infused during
ischemia and post-reperfusion in different study groups in a rat model of myocardial I/R. Infarct
size, LV function, necrotic and apoptotic cell death assays, proinflammatory cytokine levels can

be measure and compared between study groups.

The third finding of our study was the elevated levels of diols, which was attributed to the higher

SEH enzyme activity. The beneficial effects of SEH enzyme inhibition have been shown in the
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experimental model of myocardial I/R (52, 53, 58). Currently, a clinical trial is assessing the effects
of sEH inhibitor drug (GSK2256294 (10 mg/day)) on cerebral ischemia (NCT03318783).
Pharmacokinetics, pharmacodynamics and adverse effects of GSK2256294 evaluated in a clinical
study in healthy and obese smokers (2—20 mg). GSK2256294 was well-tolerated with no serious
adverse events attributable to this drug (68). Hence, the administration of this medication before
PCI in MI patients can be tested in a double-blind randomized control trial (pilot study). STEMI
patients will receive either sEH inhibitor (GSK2256294: 15 mg) along with the conventional
therapy or conventional therapy and placebo after PCI in a single dose once daily for 30 days.
Same as the DHA trial, primary outcomes will be plasma oxylipin profile, infarct size and LV
function. As mentioned before, the secondary outcome will be markers of endothelial injury and

inflammation.
Conclusion

Data of the current thesis demonstrated that oxidized lipids, namely OxPCs and oxylipins are
produced during I/R. Using a targeted oxolipidomics approach, we were able to show that
fragmented OXPC species are the predominant group of OxPCs in the plasma of patients with
STEMI. Their levels increased during the ischemic episode but decreased during 30 days post-
reperfusion. Also, PONPC and POVPC levels, which are categorized as a fragmented aldo-OxPC
group, were correlated with levels of cardiac injury biomarker and inflammatory cytokines in these
patients. Oxylipins also underwent major changes during 30 days post-MIl. DHA-derived
compounds were the only group of oxylipins that increased during the ischemic episode and their
levels were significantly correlated with the markers of cardiac injury. On the contrary, ratios of
epoxides/diols, particularly n-6 derived compounds, decreased during ischemia and 30 days post-
reperfusion. The ratio of epoxides to diols during the ischemia was correlated with the levels of
cardiac injury biomarker. Therefore, decreasing levels of the aldo-OxPCs by using antibody EQ6,
increasing DHA-derived oxylipins levels and inhibiting the sEH enzyme can be proposed as

potential therapeutic options for myocardial I/R in STEMI patients.
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Appendix 2: Research Participant Information and Consent Form

Novel Lipid Biomarkers of Myocardial Reperfusion Injury - STEMI
Principal Investigator: Dr. Amir Ravandi MD PhD FRCPC
Institute of Cardiovascular Sciences

351 Tache Ave., Winnipeg, Mb. R2H 2A6
Tel: 235-3671 (Office); 204-235-3325 (Lab)

You are being asked to participate in this research study because you have experienced a heart
attack. During your cardiac catheterization procedure, bloodwork is routinely sent to help with
treatment and prognostic decisions. At the same time, a blood sample was acquired and set aside
for use within a research study, should you consent. Also, if applicable, material retrieved from
the blocked artery was collected at the time of the procedure. This information is to give you more
details regarding the study and your involvement in it, should you decide to participate. This Study
is voluntary. If you decide now not to participate in the study, or at any time withdraw from
the study, your normal medical care will not be affected in any way. If you decide to participate
now, and change your mind later, you should contact the study coordinator by mail or telephone.

The samples collected will then be discarded.

Please read the attached Research Participant Information and Consent Form that outlines the
research and your role in it. Should you have any questions you may contact the study staff
regarding the study and your decision to participate. You may also discuss it with your regular
doctor, friends and family. Please contact the study doctor or study staff to explain any words or
information that you do not clearly understand. The full scientific version of the study is available

upon request. A total of 192 participants will be enrolled in this study.

Participant Initials:

WHAT IS THE RESEARCH ABOUT?
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The aim of the research project is to discover new blood markers that cause injury once blood
supply is re-established to the heart. To do this research, we need volunteers who are experiencing
a heart attack to donate small amounts of blood and the material that resulted in the blocked artery
recovered at the time of the procedure. As well, we also need volunteers who do not have any
‘obstructive’ (>60% blockage) coronary artery disease to make a comparison. During your
angiogram procedure, hospital staff took 2 blood samples of two teaspoons (10 mL) each (4
teaspoons or 20 mL total) for this research. There were two reasons this was not discussed before
the sample was collected; first, if you were in the catheterization laboratory with a heart attack,
any delay to angiogram would result in further heart muscle damage, second, to avoid having to

do an additional needle poke to collect a blood sample.

As well, if a clot was identified during your angiogram, it was removed and also sent to be stored
and would be processed for analysis if you agree to participate in the study.

Your blood specimen was kept aside and the sample was assigned an alpha-numerical code and
labeled with that code at the laboratory. No other identifying information was attached to the
samples. If you decide not to participate in the study, the sample will be not be used for research
and will be destroyed. Otherwise, we will keep a secure record linking your identity to the samples

you provided.

If you agree to participate, we will collect medical information from you and your medical record
to determine the amount and type of molecules that predict heart damage. Delegated study staff
will review the hospital records relevant to the diagnosis and determine if and why you present to
hospital over the next 30 days. These records will include such things as the electrocardiogram,
the results of certain blood tests, and any other tests carried out to diagnose your condition. As
well, when you were admitted with a ST elevation myocardial infarction (a specific type of heart
attack), 2 blood samples of 2 teaspoons (10 mL) each were collected with your standard bloodwork

during your catheterization procedure (as previously mentioned).
Participant Initials:

And then additional blood samples of 2 teaspoons (10 mL) each are to be collected at 1 day and at

2 days after your angiogram. Also, if available, material retrieved from the blocked artery was
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collected at the time of the procedure. These samples will be tested for levels of oxidized
phospholipids and other biomarkers. During a follow up visit with the cardiologist 4-6 weeks after
the heart attack we will collect one last 2 teaspoon (10 mL) blood sample to compare the changes
to the samples collected during the heart attack.

Samples will be stored in a freezer at the St. Boniface General Hospital Research Centre in the lab
of the principal investigator for up to 5 years. Upon completion of the study any leftover sample

will be destroyed. At no time will genetic testing be done on your sample.

This Study is voluntary. If you decide now not to participate in the study, or at any time

withdraw from the study, your normal medical care will not be affected in any way.
WHAT WILL | HAVE TO DO?

If you decide to remain enrolled in the study, you will need to be a patient at St. Boniface Hospital
for the first 2 days and then when you come back to St. Boniface Hospital Cardiac Clinics to see

the cardiologist there will be one additional study blood sample taken (2 teaspoons or 10 mL).
IS THE STUDY CONFIDENTIAL?

Information gathered in this research may be published or presented in public forums; however
your name will not be used or revealed. Medical records that contain your identity will be treated
as confidential in accordance with the Personal Health Information Act of Manitoba. All data
obtained during the study will be stored with an alpha-numerical code instead of your name, and
only Dr. Amir Ravandi and delegated study staff will know the code that links the sample to your
medical records. Despite efforts to keep your personal information confidential, absolute
confidentiality cannot be guaranteed. Organizations that may inspect and/or copy your research
results for quality assurance and data analysis include groups such as the Research Ethics Board
at the University of Manitoba and St. Boniface General Hospital.

Participant Initials:

WHAT ARE THE POSSIBLE HARMS OR BENEFITS?
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This is a research study, so you will not personally benefit by participating in this study.
Eventually, the results of this study may benefit future patients with a heart attack. You will receive
no payment or reimbursement for any expenses related to taking part in this study. The
measurements to be carried out for this study will not immediately reveal any diagnostic
information, so there is no possibility that the researchers will accidentally/incidentally discover

anything relevant to your present health status.
WHAT ELSE SHOULD I KNOW?

You have the right to withdraw from the study at any time. The Investigators reserve the right to

end your participation for any reason.

You are entitled to know the scientific and technical results at the end of the research project, and

may request that a copy of any reports be sent to you upon completion of the study.
WHO CAN | CONTACT FOR MORE INFORMATION?

Dr. Amir Ravandi, Principal Investigator,

SBGH Research Centre Institute of Cardiac Sciences, 204-235-3325.

For questions about your rights as a research subject, you may contact:

University of Manitoba Biomedical Research Ethics Board, 789-3255.

CONSENT FORM

| have received a copy of and | have read the Research Participant Information and Consent Form
for the study titled “Novel lipid biomarkers of myocardial reperfusion injury”. I understand the
nature of the study, including the potential risks and benefits. | understand that my decision
whether to participate or not should not be rushed, and that if I am hesitant | should not participate.

| have had adequate time to consider the information.

Participant Initials:
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| have talked to delegated study staff and all my questions about the study have been answered. If
| have any more questions, | may contact or the Biomedical Research Ethics Board at the
University of Manitoba, at 789-3255. | understand that | will be given a copy of this consent form,

after signing it.

| understand that my blood specimen will be assigned an alpha-numeric code and stored in a freezer
at the SBGH Research Center Institute of Cardiac Sciences, and will be thawed to take samples
for the spectroscopy measurements. The remainder will be kept frozen, to be available in the event
that it is necessary to redo a spectrum. Upon completion of the study, any remaining sample will
be destroyed. | understand that all data obtained during the study will be stored with an alpha-
numerical code instead of my name, and that the investigators will have information which relates

my name to the code.

| understand that information regarding my personal identity will be kept confidential, but that
confidentiality is not guaranteed. | agree to the inspection of my research records by the Health
Research Ethics Board at the University of Manitoba and St. Boniface General Hospital.

| understand that clinical and laboratory data collected on me will be used in analyzing the results
of this study. I give permission for a researcher to access my medical records relevant to this study
and review my clinical and treatment history and results from laboratory tests relevant to this study.

| realize that by signing this document | am not waiving any legal rights.

I hereby agree to participate in the research study, “Novel lipid biomarkers of myocardial
reperfusion injury’’ and I understand that I can end my participation at any time and for any reason.

My consent has been given freely.

Name of research subject (Print)

Signature of research subject Date (d/m/y) and time of day

Name of person obtaining consent Role in Study

Signature of person obtaining consent Date (d/m/y) and time of day

197



