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ABSTRACT

Stability of oxylipins stored on biocompatible solid-phase microextraction
(SPME) devices

Oluwatosin Kuteyi, PhD.

Concordia University, 2025

Oxylipins are lipid mediators involved in inflammation, immunity, and oxidative stress. Accurately
measuring oxylipins in biospecimens is analytically challenging due to their poor stability and
susceptibility to enzymatic and non-enzymatic reactions during sampling, storage, and transportation.
Recently, in vivo solid-phase microextraction (SPME) has been introduced as an effective method for
direct sampling and extraction of oxylipins from biological tissues and fluids. Although in vivo SPME
protects oxylipins from enzymatic degradation, it is not known how the storage in the SPME coating
affects oxylipin stability and susceptibility to non-enzymatic reactions such as autoxidation,
hydrolysis, and isomerization. The objective of this thesis was to evaluate the stability of oxylipins
on SPME devices post-extraction and investigate whether the use of antioxidants, such as butylated
hydroxytoluene (BHT), is useful in minimizing degradation processes. To evaluate the effect of 3-
freeze-and-thaw cycles (3-FT), and 18-day room temperature (RT) storage on the stability of
oxylipins on SPME devices, oxylipins were extracted from standard solutions or citrated human
plasma samples using hydrophobic lipophilic balance (HLB) SPME devices and analyzed by C18
liquid chromatography-high-resolution mass spectrometry (LC-HRMS). The pre- and post-extraction
loading methods for antioxidants were successfully developed in order to investigate the ability of
BHT to minimize oxylipin autooxidation during storage of SPME devices. Finally, degradation
products of selected unstable oxylipins were comprehensively mapped by forced degradation studies

including photooxidation (365 nm for 5 and 7 days), copper sulphate oxidation, and elevated
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temperatures (37°C and 50°C for 3 days). In conclusion, this is the first study to characterize the
stability of oxylipins on SPME devices, demonstrating how SPME can effectively improve stability
during sample storage, handling, and shipping even without the use of BHT. Importantly, these results
also show how the degradation of unstable oxylipins can impact the accurate measurement of stable
oxylipins and provide novel insight into major degradation products of PUFAs and selected unstable

oxylipins.
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Chapter 1: Introduction

1.0 Oxylipins and eicosanoids

Oxylipins constitute a category of oxygenated lipid mediators derived from polyunsaturated fatty
acids (PUFAs), characterized by having more than one double bond in their structure. PUFAs are
broadly classified into two main groups, namely omega-3 and omega-6 essential fatty acids. The
key precursors of oxylipins in mammalian cells are composed of 18 or more carbon atoms and
include arachidonic acid (C20:4n-6, AA), docosahexaenoic acid (22:6n-3, DHA),
eicosapentaenoic acid (20:5n-3, EPA), linoleic acid (18:2n-6, LA), dihomo-gamma-linolenic acid
(C18:3n-6, DGLA), and alpha-linolenic acid (C18:3n-3, ALA) (Figure 1.1). PUFAs such as AA
and EPA produce a special class of oxylipins known as eicosanoids, originating from the Greek
word eicosa i.e. oxylipins with a 20-carbon atom [1], [2]. The biosynthesis of oxylipins (Figure
1.2) is initiated by cell stimulation, causing an elevation in intracellular calcium (calcium flux),
which results in the translocation of cytosolic phospholipase A2 (cPLA2) from the cell to the lipid
membrane. Subsequently, the phospholipids are cleaved at the sn-2 position, releasing free PUFAs

for oxidation within the cell and producing lipid products including oxylipins [1], [3].

i i i
/ COOH
COOH / NN COOH - -
(\

iv v Vi
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Figure 1.1. Structure of precursors. (i) arachidonic acid (ii) docosahexaenoic acid (iii)
eicosapentaenoic acid (iv) linoleic acid (v) dihomo-gamma-linolenic acid and (vi) alpha-linolenic
acid.
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The key enzymatic pathways to generate oxylipins include cyclooxygenase (COX), lipoxygenase
(LOX), or cytochrome P450 (CYP450) [1], [3], [4] but non-enzymatic oxidation of specific PUFAs

may also take place [1]-[7].

Eicosanoids play significant roles in cellular signal regulation [7]. They can be involved in various
regulatory mechanisms such as intercellular propagation (binding to G protein-coupled receptors),
direct interaction within the cell by activating peroxisome proliferator-activated receptors, and
inhibition of platelet regulatory functions [1], [3], [8]. They also have both anti-inflammatory and
pro-inflammatory properties, playing significant roles in the central nervous, cardiovascular,
gastrointestinal, genitourinary, respiratory, and immune systems [3], [5]. LOX metabolites of EPA
and DHA called resolvin EI(RVE1) and protectin D1(PD1) are also responsible for resolving
inflammation, and are called pro-resolving oxylipins [3], [9], [10]. Oxylipins produced from DHA
by both LOX and COX are called PDs and have important roles in inflammatory disease [1], [11],

[12] and tissue repair [1], [13], [14].

Numerous clinical and biomedical research studies have evaluated the involvement of oxylipins
in various diseases [3], [15]. Examples of such studies include Alzheimer’s disease [5],
cardiovascular disease [7], [16], diabetes [17], COVID-19 [18], metabolic syndrome [19],
neurodegenerative disease [20] and chronic pain [21]. Oxylipin pathways may also be important
targets in drug discovery and development, and several oxylipins may serve as oxidative stress

markers or potential biomarkers for several diseases.

1.1 Biosynthesis of oxylipins

The main biosynthetic pathways of oxylipins include COX, LOX and CYP450 enzymes.



1.1.1 Enzymatic biosynthesis of oxylipins: Cyclooxygenase (COX)

There are two predominant forms of the human COX enzymes (COX-1 and COX-2), however, the
expression of COX-1 is higher as compared to COX-2 [1], [22], [23]. COX (Figure 1.2) enzymes
are responsible for the synthesis of different classes of oxylipins, including prostaglandins (PGs)
and thromboxanes (TXs). These enzymes can modulate platelet function, exhibiting either pro-
thrombotic or anti-thrombotic effects[10], [24]. The PGs were the first oxylipins identified in 1930
[25]. For example, acetylsalicylic acid (Aspirin Cardio®) inhibits COX enzymes [9], [3], which
are known for their significant roles in inflammation and tumorigenesis [26]. Different PGs and
TXs series exist. The 1-series PGs (PGD1 and PGE1) and TXs (TXA1) are produced by COX-1
acting on DGLA, an o-6 PUFA in human platelets [27], [28]. These compounds inhibit platelet
function in humans, both in vivo and in vitro [29]. The 2- series PGs (PGE2, PGD2, PGI2) and TX
(TXA2) [16] are COX-1 products derived from prostaglandin endoperoxide-H2 [1], [30].
Depending on its concentration, PGE2 can elicit both pro- and anti-platelet responses [22], [23].
PGD2 can dehydrate to produce compounds such as PGJ2, A12PGJ2, and 15-deoxy-A12,14-PGJ2,
which can inhibit platelet activation [27]. PGI2 inhibits platelet function via its receptors and
peroxisome proliferator-activated receptors and can be used for treating cardiovascular-related
diseases [27]. TXA2 functions to activate platelets, enhancing aggregation and thrombosis [31].
The 3-series PGs (PGE3, PGD3, PGI3) and TX (TXA3) [32] are anti-inflammatory and inhibit
platelet aggregation, produced by COX-2 acting on EPA [32], [33]. PGE3 can exert either pro- or

anti-thrombotic effects in human platelets [33], [34].
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Figure 1.2: Schematic diagram of oxylipins in our study and their derived pathways via
lipoxygenase (LOX), cyclooxygenase (COX), cytochrome P450 (CYP), and non-enzymatic
oxidation. Colors depict the precursor pathway metabolite families: LA (orange), AA (green),
DGLA (yellow), EPA (blue), DHA (purple), and non-enzymatic (colourless). HODE, hydroxy-
octadecadienoic acid; oxoODE, keto-octadecadienoic acid; DIHOME, dihydroxyoctadecenoic
acid; HOTTE, hydroxyoctadecatrienoic acid; PG, prostaglandin; TX, thromboxane; LT,
leukotriene; HpETE, hydroperoxyeicosatetraenoic acids; HETE, hydroxyeicosatetrenoic acid;
oxoETE,  keto-eicosatetraenoic  acid; EET, epoxyeicosatrienoic  acids;  HEPE,
hydroxyeicosapentaenoic  acid; HDHA, hydroxyl-docosahexaenoic acid; DiHDHA,
hydroxydocosahexaenoic acid; DiIHETE, dihydroxyeicosatetraenoic acid and DIHET, dihydroxy
eicosatrienoic acid.

1.1.2 Enzymatic biosynthesis of oxylipins: Lipoxygenases (LOXSs)

The LOXs (Figure 1.2) are enzymes that act on AA to produce oxygenated oxylipins that play
significant roles in the activation and regulation of metabolic activities such as hemostasis and
thrombosis [24]. LOXs can convert AA into different hydroperoxyeicosatetraenoic (HpETE)
oxylipins exhibiting positional isomerism such as 5-, 8-, 9-, 11-, 12- and 15-HpETE metabolites.

These isomers can be further converted to their corresponding hydroxyeicosatetraenoic (HETE)



products by the LOXs [1]. The HETE metabolites are converted to oxoeicosatetraenoic (0xoETE)
products through the dehydrogenase pathway. Similarly, various LOX enzymes can convert other

precursors such as LA, EPA, DHA, and DGLA to their metabolites [1].

Common LOXs which play significant roles in mammals are 5-LOX, 12-LOX, and 15-LOX [1],
[35], [36]. The 5-LOX class helps improve airway smooth muscle cell proliferation [30],
inflammation, and immune response [37]. 5-LOX acts on AA to generate S-HpETE which in turn
produces 5-HETE which can dehydrogenate to 5-oxoETE [1]. In a similar pathway, 5-HETE can
dehydrate to produce leukotrienes (LTs) [5], such as LTA4, which further produces LTB4 and LTC4
[38]. LTC4 synthesizes LTD4 and LTE4 by the removal of the glutamyl residue mediated by
dipeptidases [39]. 12-HpETE, a metabolite that inhibits platelet activation and thrombosis [40], is
further metabolized to 12-HETE, which is known to exhibit anti-thrombotic and pro-thrombotic

effects [40] as well as platelet activation [32].

12(S)-hydroxyeicosatrienoic acid (12(S)-HETrE), a 12-LOX metabolite of DGLA, has been
reported to inhibit thrombosis through gas signalling in platelets [36]. It also exhibits anti-platelet
or anti-thrombotic effects in vivo [41]. 11- and 14-HDPA, 12-LOX products of docosapentaenoic
acid (DPA) act as an anti-thrombotic agent in platelets [42], [43]. 12(S)-hydroxyeicosapentaenoic
acid (12-HEPE), a metabolite of eicosapentaenoic acid (EPA), exhibits an anti-thrombin effect in

washed human platelets [36], [40].

15-LOX exists in two forms in mammalian tissue: leukocyte-type 15-LOX-1 and 15-LOX-2 found
in eosinophils, leukocytes, reticulocytes, macrophages, dendritic cells, epithelial cells and
epidermis [44], [45]. AA-derived oxylipins mediated by 15-LOX in humans such as 15-HETE and
8,15- 8,15-diHETE and 14,15-diHETE help to regulate platelet functions by inhibiting platelet

aggregation [46]-[48]. 15-HpETE and its reduced product, 15-HETE, have been reported to
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increase platelet aggregation and thrombin generation in macrophages [49]. DHA, via the 15-LOX
pathway, produces 17-hydroxy docosahexaenoic acid (17-HDHA) [50], also known to play a
critical role in platelet function and pro-thrombotic effects [20]. LA with LOX synthesizes 13-
hydroxyoctadecadienoic acid (13-HODE) from precursors in humans [1], [51], [52], a metabolite
that affects the stimulation of thrombin in platelets. 15-LOX activity on DGLA generates 15-
HETrE which enhances platelet aggregation in humans [53] and inhibits platelet aggregation

induced by different agonists [54].

1.1.3 Enzymatic biosynthesis of oxylipins: Cytochrome P450

CYP450 (Figure 1.2) is another critical pathway for oxylipin synthesis. The CYP450 enzymes are
membrane-bound proteins that derive their unique name from the characteristic absorption peak at
450 nm when they are bound to carbon monoxide in their reduced state [1]. CYP450 enzymes are
diverse oxygenases, with over 50 forms identified in both humans and mice [55]. They can be
expressed mainly in the liver, with some forms expressed in the heart, lungs, vasculature, kidney,
and gastrointestinal tract [26], [32]. They play a significant role in the metabolism of various
endogenous and exogenous compounds, such as oxylipins, steroids, fatty acids [55], as well as
xenobiotics such as drugs and toxins. They are also involved in enzymatic control of vascular
reactivity and systemic blood pressure [55]. CYP450 enzymes mediate the metabolism of AA,
DHA and EPA through either the w-hydoxylase or the epoxygenase pathways [1]. However, for
other precursors such as LA and DGLA, only the epoxygenase pathways are utilized [1]. The ®-
hydoxylase pathway leads to the formation of the HETE oxylipins while the epoxygenase yields

the epoxy-oxylipins (Ep) that can be further metabolized to dihydroxy DiHETEs [1].

Well-known oxylipins derived from CYP450 pathways include 5,6-epoxyeicosatrienoic acid (5,6-
EET), 8,9-epoxyeicosatrienoic acid (8,9-EET), 11,12-epoxyeicosatrienoic acid (11,12-EET), and
6



14,15-epoxyeicosatrienoic acid (14,15-EET). These metabolites have been reported to
hyperpolarize platelets by activating Ca*>" and K channels, which leads to a decrease in the
expression of platelet surface-bound P-selectin [56]. Other endothelial CYP450-derived oxylipins
such as 19-HETE are known to have an anti-thrombotic effect in mouse platelets by activating the
prostacyclin (IP) receptor [27], whilst the 20-HETE has shown both pro-and-anti-thrombotic

effects on platelet function in humans [28]-[30].

1.2 Non-enzymatic reactions of oxylipins

Oxylipins may also be produced non-enzymatically. This usually occurs under conditions of
oxidative stress, where reactive oxygen species (ROS) and other free radicals mediate the
peroxidation of PUFAs [57]. A radical is an ion, atom or molecule which contains more than one
pair of valence (unpaired) electrons that can occupy a molecular orbital space [57]. This radical
ion can take part in various chemical reactions by contributing its unpaired electrons to molecules
to achieve stability [57]. Examples of ROS free radicals are superoxide, hydroxyl, hydroperoxyl,
peroxyl and singlet oxygen (*O2) [57], [58]. The non-radical ROS are also oxidizing agents, and
include hydrogen peroxides, ozone and organic peroxides. These ROS can be produced both
enzymatically (oxidative reaction process in mitochondria) [24] and non-enzymatically and can be
either beneficial or harmful once in excess to the body [59]. These ROS are produced non-
enzymatically when exposure to radiation such as UV or visible light, enabling the excitation of
triplet oxygen to produce ('O2) and can further be reduced to non-radical forms (less reactive)
called hydrogen peroxides or hydroxy radicals. Lipids such as oxylipins, can be degraded by their
oxidization with the radicals [60],- [62]. The increase in the number of double bonds in the fatty
acid chain increases the lipid’s susceptibility to oxidation by hydrogen abstraction. This makes

PUFAs and oxylipins especially vulnerable to autooxidation reactions [63], [64].



1.2.1 Non-enzymatic reactions of oxylipins: Autoxidation

Autoxidation reaction involves three major steps: initiation, propagation, and termination
(Figure 1.3) [65]. The initiation step starts with the abstraction of a hydrogen atom from a non-
radical lipid [R], typically by ROS such as hydroxyl radicals (*OH), leading to the formation of a
lipid radical [65]. The loss of the hydrogen atom depends on its position, as the location determines
the energy required to remove it from the compound. The bond type between two elements
determines the energy required to break the bonds [66]. For example, for autooxidation of LA
(refer to Figure 1.1 iv for structure), the energy required to remove the hydrogen attached to C8
or C14 is 75 kcal/mol, while at C17 or C18 a higher energy such as 100 kcal/mol is needed [65],
[67]. The autoxidation of LA with double bonds at C9 and C13 produces 9-hydroperoxide and 13-
hydroperoxide oxylipins (Figure 1.4), which are primary oxidation products [65]. During
propagation, the lipid alkyl radical [Re] reacts with *O- to form a lipid peroxyl radical [ROO¢] [65].
In the presence of a lipid or saturated compound with hydrogen atoms, the peroxyl radical abstracts
hydrogen to produce hydroperoxide [ROOH], which is considered stable in the absence of
reactions with metals such as copper or iron at room temperature (RT) [65], [68], [69]. The
autoxidation reaction involves the continuous production of lipid alkyl radicals and
hydroperoxides as long as there is oxygen, lipids (to donate hydrogen atoms), and heat; otherwise,

the reaction is terminated [65].

In other words, the chain reaction is terminated when two radicals react to form a non-radical
product, such as lipid peroxides. The termination phase can be facilitated by the presence of
antioxidants which can react with ROOe* to produce a non-radical by donating a hydrogen atom

[65], [70]. Therefore, the main roles of antioxidants include inhibiting the formation of lipid alkyl



or peroxyl radicals, quenching ('O:) and controlling the effects of transition metals if present [65],

[71].

Initiation RH — R-+H-
Propagation R-+30, — ROO-
ROO-+RH — ROOH +R-
Termination ROO:-+R- —» ROOR
R-+R- — RR
(Where R: lipid alkyl)

Figure 1.3: Main steps of autoxidation reactions include a) initiation b) propagation ¢) termination
reactions.
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Figure 1.4: A diagram showing the production of 13-hydroperoxide and 9-hydroperoxide from
linoleic acid. Diagram reprinted from reference [65].



1.2.2 Non-enzymatic reactions of oxylipins: Photooxidation

Photooxidation is another mechanism of free radical oxidation of PUFAs involving the formation
of 0, from 20; in the presence of light and a photosensitizer [65], [72], [73]. Unlike radicals, 'O,
directly reacts with the isolated double bonds of unsaturated FAs, producing two hydroperoxides
for each double bond. The reaction rate correlates with the number of double bonds present in the
FA. 'Oz reacts approximately 1500 times faster with dienoic FAs compared to normal >0, [74].
Because no free radical intermediates are formed, this reaction is not inhibited by radical chain-
breaking antioxidants. Both 'O, and free radicals yield similar hydroperoxides during FA
oxidation. Nevertheless, specific hydroxylated fatty acids such as 10- and 15-OH-FAs, are

exclusive markers of !O>-dependent FA oxidation [74].

Photooxidation reactions can be classified as Type I and II [65], [75]. With Type I, the sensitizer
used is one which easily absorbs light and becomes excited from the singlet state. This follows the
acceptance of hydrogen, or an electron, from a reactant, leading to radical formation. The electron
transfer process between >0, and an excited sensitizer produces superoxide, further creating
hydroperoxides in the presence of metals [65], [73], [76]. The hydroperoxides can further react
with superoxide to create 'O, in a process called Haber—Weiss [65], [77]. Sensitizers such as
phenols, amines, and easily reducible quinones tend to promote the Type I process due to their
oxidation or reduction capabilities [73], [78]. In contrast, olefins, dienes, and aromatic compounds,
which are less readily oxidized or reduced, typically favour the Type II process [65]. Type II
reaction involves a photosensitizer whereby excited oxygen is oxidized to create 'Oz and later goes
back to its singlet ground state [65], [79]. The rates of Type I or II processes varies based on factors
such as the types of sensitizers and substrates [65], [75], [79], as well as the concentrations of

substrates and oxygen [80].
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UV light from direct sunlight, or fluorescent lights, can lead to the decomposition of unsaturated
lipids, hydrogen peroxide (ROOH), and other peroxide compounds (ROOR). Via direct
photooxidation, the 'O, produced from an activated *O2 can react directly with the bond of
unsaturated fatty acid, by an attachment to the end of the carbon double bond (C=) to produce
hydroperoxides. For example, linoleate undergoes oxidation to produce the hydroperoxide isomers
such as 9-hydroperoxy-trans-10-cis-12-octadecadienoate (trans, cis-9-OOH), 13-hydroperoxy-
cis-9-trans-11-octadecadienoate  (cis, trans-13-OOH),  10-hydroperoxy-trans  8-cis-12-
octadecadienoate (trans, cis-10-OOH) and 12-hydroperoxy- cis-9-trans-13-octadecadienoate (cis,
trans-12-O0H) as shown in Figure 1.5. This free radical reaction is prevented if there is no

availability of UV light or can be stopped if antioxidants are added [74].

12 9 12 9
s
0 — —
linoleate ———» ~TA:Z;\/P_\\—— o
=0 0=0y,
H | H

| |

OOH OOH
.V RV AN

OOH OOH

132N, +m_

Figure 1.5: Mechanism of singlet oxygen oxidation in the presence of UV light. Mechanism
reprinted from reference [74].

1.3 Analytical techniques for measurement of oxylipins

Several analytical challenges affect oxylipin accurate quantification in biological matrices for
clinical and research studies. The three critical challenges are the presence of isomeric and isobaric
oxylipins which make correct identification challenging, low concentration in biological samples
necessitating the development of very sensitive assays, and their poor stability during sample

collection, transportation, and storage. Common sample preparation methods to extract oxylipins
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and potentially increase assay sensitivity include protein precipitation (PPT), liquid-liquid
extraction (LLE), solid-phase extraction (SPE), and, more recently, solid-phase microextraction
(SPME). To separate various oxylipins, chromatographic techniques such as gas chromatography-
mass spectrometry (GC-MS) [81]-[83] or chiral chromatography [84] may be employed. To
enhance sensitivity, antibody-based methods such as immunoassays including enzyme
immunoassay (EIA) and radioimmunoassay (RIA) have been utilized in oxylipin analysis but may
provide limited specificity and/or may not be able to measure multiple analytes in one analysis
[85], [86]. For example, immunoassays focus on specific oxylipin subclasses such as IsoPs [87],
LTs [88]-[90], TxBs [91], and PGs [90]. Some oxylipin classes such as regioisomers of EETs, and
DHETSs can be separated using capillary electrophoretic methods with long run times such as 196
minutes (min.) [92]. Therefore, immunoassays may provide limited selectivity for oxylipins with
high structural similarity and may be used to measure a limited number of oxylipins in the same
assay [93]. On the other hand, GC methods require high temperatures that can degrade oxylipins
and necessitate derivatization [86]. Due to these various limitations, in the past decade, liquid
chromatography (LC) coupled with mass spectrometry (MS) has proven to be more effective and
is increasingly used for studying oxylipins. The next subsections will provide a more detailed

overview of current sample preparation and LC-MS methods for oxylipin analyses.

1.3.1 Protein Precipitation (PPT)

PPT is a sample extraction approach that generally uses the addition of organic solvent to
precipitate proteins and disrupt metabolite protein binding. Centrifugation is then used to remove
the precipitated proteins. This prevents protein build-up on the chromatographic column during
the chromatography run. PPT can also be performed by addition of acid in lieu of organic solvent.
The addition of acids leads to the protonation of amino acid side chains on the protein surface,

12



reducing their overall charge [94]. This reduction in charge decreases the protein's solubility,
causing it to aggregate and precipitate [94]. Also, the acid may alter the native conformation of
proteins by disrupting the biomolecule’s characteristic hydrophobic interactions or breaking its
hydrogen or ionic bonds that maintain its structural integrity. Thus, the biomolecule becomes less
soluble leading to precipitation. Another mechanism may involve the formation of insoluble salt
complexes when acids react with proteins [94]. Organic solvents such as methanol (MeOH),
ethanol (EtOH), acetonitrile (ACN) or isopropanol (IPA) are mostly used for PPT of oxylipins
[95], followed by centrifugation and the removal of the supernatant which can then be analyzed
on LC-MS [94]. PPT methods do not include an enrichment step, so their limits of quantification
(LOQ) may not be sufficient for the measurement of very low abundance oxylipins [96]. Using
MeOH, Lee et al. measured 50 oxylipins in serum [97], similar to what was obtained by
Chocholouskova et al. who used ACN PPT to measure 50 oxylipins in plasma [98]. Wang et al.
measured PUFA precursors such as AA in plasma using ACN [99]. PPT is a simple and rapid
extraction method but one of its limitations is the high likelihood of analyte ion suppression when
measuring complex biological samples such as plasma due to limited sample clean-up. This can
adversely affect assay sensitivity [100]. On the other hand, if acid-based PPT methods are used,
this may promote the formation/degradation of oxylipins by non-enzymatic reactions such as
hydrolysis, which can impact the accurate quantification of oxylipins. In conclusion, solvent-based
PPT methods may be suitable for the measurement of high-abundance PUFA precursors and
oxylipins, but low-abundance oxylipins will typically require further sample clean-up and analyte

enrichment, which may be provided by LLE or SPE.
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1.3.2 Liquid-liquid extraction (LLE)

LLE is a conventional sample extraction technique which depends on the differential solubility of
an analyte between two immiscible liquids such as aqueous and water-immiscible organic solvents.
With LLE, the analytes separate between aqueous and organic phases based on their interactions
with the two phases [101]. Compound properties such as polarity should be considered with
performing LLE. To obtain high extraction efficiency of oxylipins, changing the pH of the
extraction system is necessary to ensure oxylipins are present in their neutral form to be effectively

extracted into the organic phase [95].

LLE is a common technique used for various classes of lipids including oxylipins. The classic
Folch and Bligh and Dyer (BD) LLE methods utilize mixtures of chloroform: MeOH [44], [102],
[103], and can be used for oxylipin extraction. For example, using red blood cells, S-HETE, 5-
HPETE and 5-0xoETE were quantified using LLE with the replacement of methylene chloride for
chloroform in the BD method [45]. In brain samples, PGs (PGE2, 11B-PGE2, PGD2) and IsoPs
(isoPGE2, 8-isoPGE2) were extracted using LLE with chloroform [23]. Another approach
proposed by Jelena et al. confirmed better reproducibility and higher yield with methyl tert-butyl
ether (MTBE) LLE in comparison to the BD method using biofluids (human serum and urine) and
tissue (whole Daphnia Magna) [104]. Specifically, this study compared (MTBE)/methanol/water
solvent system (here termed modified Matyash; 2.6/2.0/2.4, v/v/v) to original Matyash method
(10/3/2.5, v/v/v) and the conventional chloroform/methanol/water (stepwise BD, 2.0/2.0/1.8,
v/v/v). Such LLE methods can be applied for highly abundant oxylipins in biological matrices,
however, the measurement of oxylipins with low concentrations in pg/mL can be a challenge [15].
Another limitation of LLE is its incompatibility with direct injection on LC-MS, which

necessitates further steps before injection such as evaporation/reconstitution. Other limitations of
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LLE are the time consumption, the possibility of formation of emulsions, and the use of large
volume of organic solvent(s) as compared to PPT. However, although LLE continues to play an
important role in the extraction of oxylipins from biological samples, due to the low concentrations
of many oxylipins, high enrichment ratios are required. SPE methods, with more easily attained

high enrichment values, predominate in oxylipin analysis [15], [105].

1.3.3 Solid-phase extraction (SPE)

Solid-phase extraction (SPE) works on the principle of partitioning of analytes of interest between
a liquid-phase sample and a solid-phase sorbent. SPE can enrich analytes of interest while also
providing extensive sample clean-up to purify complex matrices. This may improve assay
sensitivity and detection limits by removing interfering compounds or impurities that can

contribute to the matrix effect [46], [105], [106].

Prior information on the properties of the analytes and selection of type of sorbent is important to
ensure interference compounds are removed while the analyte is retained on the cartridge [49].
The main steps of SPE are (i) conditioning the SPE cartridge (containing solid sorbent), (ii) loading
the sample to ensure the binding of the analyte of interest to the sorbent, (iii) washing of the
cartridge with a solvent having high potential of removing interfering compounds, and (iv) eluting
of analytes of interest with an appropriate organic solvent. It is possible to prevent the binding of
interfering proteins to the SPE cartridge with the addition of inorganic salts (such as ammonium
sulphate, sodium sulphate, or zinc sulphate) or acids (such as formic, perchloric, and

trichloroacetic acid) to the washing solvent [15].

The choice of SPE cartridge and sorbent should be based on the chemical properties of the

compound of interest. The most widely used cartridges for the extraction of oxylipins in SPE are
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(1) reversed-phase (RP), commonly C-18, which enables the interaction of the aliphatic fragment
of oxylipins with the non-polar stationary phase; (i1) normal-phase (NP) (silica), used for sample
cleanup and polar compound retention; (iii) anion ion exchange, which retain oxylipins based on
their interactions with positively charged sorbent and (iv) polymeric sorbents capable of extracting
wide range of polar to hydrophobic analytes [15], [105]. Polymeric sorbents that have both
lipophilic and hydrophilic functional groups such as Oasis Hydrophilic-Lipophilic Balance (HLB),
offer better wetting properties and retention of polar compounds compared to silica-based

absorbents, which are more difficult to optimize [15].

SPE has been applied for sample preparation of oxylipins in numerous studies [27], [35], [53],
[54], [107]- [115]. For example, Phenomenex C18 cartridges (500 mg, 6 mL) with 20 mL 15%
(v/v) MeOH, 20 mL water and 10 mL of hexane as wash solvent followed by elution using 15 mL
of methyl formate were successfully used for qualitative and quantitative analysis of twenty mono-
and poly-hydroxy fatty acid derivatives of LA, AA, EPA, and DHA [54]. Galvao ef al. measured
22 oxylipins in human plasma using Sep-Pak C18 (2.8 mL, 500 mg) with modification of elution
the solvent composition to 2 mL of 0.1% acetic acid (HAc) in MeOH, which has also been shown
to improve the recovery of some classes of oxylipins such as LTs, HETEs, and lipoxin A4 [109].
Weng et al. reported a comprehensive quantitation of 184 oxylipins with 26 deuterated internal
standards in plasma with Strata-X- C18 SPE and elution solvent of 1 mL MeOH [86]. Another
study compared three SPE types (Strata X-AW, C18 Sep-Pak, and Oasis HLB) for the
quantification of 13 oxylipins in urine samples [116]. Strata X-AW showed better reproducibility
for 1soPGs than other SPE types tested [116]. For solid tissue samples such as brain tissue, care
must be taken with the selection of the appropriate solvent with SPE, because there is a need to

ensure proper homogenization of tissue for the release of oxylipins [117]. Some disadvantages of
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SPE include high cost per sample and the use of a large volume of sample and solvents. However,
despite these drawbacks, SPE is currently the most widely used approach for analyzing oxylipins
because of its reproducibility, high recovery of a broad range of oxylipins, sample clean-up, and

high enrichment factor [106].

1.3.4 In vivo solid-phase microextraction (SPME) for oxylipin profiling

Solid-phase microextraction (SPME) is an equilibrium, non-exhaustive technique that can be used
for direct in vivo and in vitro sampling and extraction of analyte(s) of interest from tissue and blood
in living systems or ex vivo [118], [86]. In recent years, it has become a powerful microextraction
technique for metabolomics and lipidomics, although it was first reported in 1989 for coupling

with GC-MS [119].

The SPME devices consist of a metal fibre coated with an appropriate sorbent and coating
thickness can vary from 5-400 um. Similar to SPE, the selection of SPME sorbent is based on the
properties of the analyte of interest, with the coatings with high partitioning coefficients (Kg)
values selected for a given application [120], [121]. The entire coated fibre is then inserted inside
a hypodermic needle for protection and to facilitate sampling (Figure 1.6). For in vivo applications,
biocompatible SPME coatings are used. These coatings are designed to minimize the adhesion
and extraction of cells and proteins by adding a top layer of biocompatible polymer such as
polydimethylsiloxane, polyacrylonitrile, polypyrene or polyethene glycol to completely cover the
sorbent. Controlling the pore size of sorbent particles also helps to prevent extraction of proteins.
(Figure 1.6) [120]. SPME coatings can be classified as adsorptive or absorptive coatings. With
adsorptive coatings, analytes only interact with the surface of the sorbent, so they have limited

capacity, limited linear range and may be susceptible to competition effects. In absorptive coatings,
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analytes can be extracted by the entire volume of the sorbent, so they do not have the same

limitations.
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Figure 1.6: A diagram showing the key components of in vivo and in vitro SPME devices and a
summary of commonly used SPME coatings. Reprinted from reference [120].

The SPME principle of extraction is based on the equilibration of analytes of interest between the
coated organic polymeric phase fused to the SPME solid-support and the sample matrix [121].
This microextraction process involves the extraction of the analyte onto the coating until
equilibrium is reached between the sample matrix and the coated fibre (Figure 1.7). For both in
vivo and ex vivo studies, the analyte(s) extracted on SPME sorbent can be desorbed by exposing
the sorbent directly to the capillary inlet system (GC) for thermal desorption or indirectly by

desorption in an appropriate solvent (GC or LC) [120].

SPME can be performed in headspace or direct immersion mode. For oxylipins, due to their low
volatility and poor stability at high temperatures, direct immersion is preferred. The main steps of
in vivo SPME, employed for oxylipin extraction from the rat brain were: (i) pre-conditioning of
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the fibre with an organic solvent to clean the fibre and condition the sorbent, (ii) direct immersion
of the fibre into the biological matrix for the selected extraction time, (iii) removal of the fibre
after the allocated time and rinse in water to avoid carryover of the matrix into the desorption
solvent and (iv) placement of the fibre into the desorption solvent with agitation for a selected
length of time to desorb the analytes of interest into solvent [121], [122]. The resulting desorption
solvent containing the analytes can then be directly analyzed by injection into LC-MS or if need
be, can undergo a reconstitution/evaporation step to improve the limit of detection by increasing

the enrichment factor [121], [123].

The amount of the analytes extracted by SPME at equilibrium is given by Equation 1.1 [121],
[124] where different terms are defined in Figure 1.7. For large sample volumes, if K<<V, then
Equation 1.2 is applicable, and does not require the use of a defined sample volume. This allows
the use of SPME for in vivo studies, for example, sampling directly the flowing blood of an animal,
or for environmental studies, such as sampling directly a lake or river. To determine the distribution

coefficient K¢ Equation 1.3 is used.
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Figure 1.7: Principle of extraction of solid phase microextraction (SPME). Where V¢= volume of
fibre coating; Kg = fibre/sample distribution coefficient; Vs = volume of sample; Co = initial
concentration of analyte in the sample, Crand Cs = concentration of analyte in the sorbent and
sample, ne= the amount of analyte extracted onto the coating, t = extraction time.
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The geometry of the SPME device can be modified depending on the type of sampling required.
A syringe-like arrangement has been successfully used for various applications [120], [125], [126],
[127] and various specimen types such as human [81], [128], [129], plant [130]-[132] and animal

[133], [134].

In vivo SPME 1is an extraction method which can be employed for the measurement of both
exogenous and endogenous compounds present in living systems. It has been applied to various
animal studies [87], [92], [126], [135] due to its excellent selectivity and sample enrichment
efficiency without the need to sacrifice the animal. Another common in vivo sampling technique
is microdialysis, but it is mostly effective for polar analytes, unlike SPME which is suitable for
intermediate hydrophobic analytes and hydrophobic compounds [136]. A major development in
oxylipin analysis from tissue samples is using SPME for both in vivo sampling and extraction in a
single step [123]. In vivo SPME is a promising approach for oxylipin analysis because (i) it is
possible to obtain a true concentration of oxylipins in the brain of living animals without sacrificing
the animal for the first time, (ii) it enables the study of the changes in oxylipin concentrations in
an individual animal in response to a perturbation such as medication, stress or disease onset and
(ii1) it can protect the oxylipins from enzymatic reactions during the sampling step because the

enzymes are not extracted and can avoid post-mortem changes. True oxylipin concentration is the
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actual concentration of the oxylipins in the sample present at the time of sampling, ensuring that
no artifactual release of oxylipins occurs during the sample collection (See Section 1.4.2). Using
this approach, Napylov ef al. measured the largest panel of oxylipins in vivo in rat brains with a
total of 52 oxylipins obtained, 26 were successfully identified and the remaining 26 require further
investigation [123]. Despite these advantages, there are limitations of in vivo SPME including the
following: (1) it is a non-exhaustive technique so very small amounts of analyte are extracted, thus
requiring analytical methods with excellent limits of detection (LOD), (ii) the inter-fibre variability
can be high, especially for very thin coatings and (iii) the concentrations determined in vivo
correspond to time-weighted average over the sampling time. /n vivo SPME sampling times in
flowing blood can be short (0.5-2 min.), because blood flow serves as a means of agitation in the
system. In tissue, sampling in interstitial fluid relies on diffusion as the main mass transfer process,
thus longer extraction times of 15-30 min. are typically required for tissue sampling and analytes
present at low concentrations, such as oxylipins [121], [123]. SPME and SPE both use similar
principles for the extraction of oxylipins from the biological milieu, but when considering the
amount of solvent used, sample volume required, and ability to directly integrate sampling and
extraction, SPME is preferable. A key limitation of SPME, as compared to SPE, is its non-
exhaustive nature, which can affect sensitivity [15]. In conclusion, using in vivo SPME for oxylipin
measurements in blood and tissue opens up new possibilities to improve oxylipin stability during

sampling, transportation and storage.

1.3.5 Liquid chromatography (L.C) methods for oxylipin analysis

The analysis and correct identification of oxylipins in biological samples is challenging due to the
difficulty in distinguishing various isomers, many of which may have similar MS/MS

fragmentation patterns. These could be regioisomers or stereoisomers, and thus often
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chromatographic separation may be required for accurate measurement of selected oxylipins. The
most common method used for the analysis of oxylipins is LC-MS because it provides better

sensitivity and selectivity for various biological sample types for oxylipin studies [86].

The separation of analytes using LC relies on their partitioning between the stationary phase (SP)
and mobile phase (MP). Separation with LC requires knowledge of the properties of the compound
to aid method development and optimization. The chemical properties of the analytes of interest
determine the choice of MP and SP. Depending on the chromatographic mode employed,
compounds may be separated based on their polarity, size and/or interactions with both phases.
Different modes of LC can be employed in the separation of oxylipins, including normal, reversed-
phase (RP) and chiral chromatography [137]. RP-HPLC is the most frequently used for the
separation of oxylipins [138]. Normal-HPLC [139] is not typically compatible with MS analysis,

so will not be discussed further in this thesis.

Oxylipin analysis can be performed using different flow rates. Using flow rate in nanoliter/min.
and reducing column diameter can enhance sensitivity for measuring low-concentration
compounds such as oxylipins with nano-LC-MS. Nano-LC allows the use of smaller sample
volume, and can offer better sensitivity and separation of compounds [140]- [ 142], but suffers from
very long analyses times and poor retention time (rt) reproducibility which is especially
detrimental for accurate oxylipin identification. Thus, the most used LC methods rely on ultra-
high performance liquid chromatography (UHPLC) with conventional flow rates [115], [143],
[144]. This includes 2.1 mm x 5-20 cm long chromatographic columns packed with sub-2 pm

particles and the use of flow rates ranging from 0.3-0.8 mL/min.

Chiral chromatography can be used for the separation of oxylipin stereoisomers but may require

long run times. For example, a 107 min. separation was used to separate 16 isomers of
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trihydroxyoctadecenoic acids using same LC-MS/MS instruments to perform both chiral analysis
and quantification. The columns used are BEH C18 and Chiralpak AD-RH in two separate analysis
[145]. Vickery et al. separated 18-R/S-HEPEs and 18R/S-resolvin (Rv) E2 stereoisomer pairs from
human sera using the Chiralpak AD-RH column [84]. Another chiral method was developed to
characterize S-HETEs in colonic mucosa [146]. Chiral HPLC can also be used for the
measurement of oxidative stress biomarkers such as PGs and isoPGs [23], or when chiral

information is required.

The most common stationary phases for oxylipin separations with HPLC/UHPLC are octadecyl
silica (C18) or octyl silica (C8) RP columns [147]. Using core-shell C18 columns can help achieve
good resolution in a shorter analysis time. Shorter analysis times are achieved due to the porosity
of the shell layer, which provides a large surface area and allows rapid diffusion (mass transfer) of
analytes from the MP to the SP. Better resolution results from the solid core, which limits diffusion
of the analyte to only the porous outer layer of the particle. This reduces peak broadening and leads
to sharp peaks. For example, Chen et al. successfully quantified 131 endogenous oxylipins in
human plasma using an HSS T3 column and reduced the analysis time from 20-60 min. to 4-12
min. [115]. A comparative study of standard C18 column and Kinetex core-shell column by Kortz
et al. reported better separation of seven PUFAs and 94 oxylipins with a run time of 7 min. for the
core-shell column [148]. Considering the wide range of oxylipin polarities, using gradient elution
is common practice with the addition of additives (0.1% formic acid, 0.1% HAc) to the MP which
enhances ionization efficiency in the MS. MP A is usually water with an additive, while MP B is
the organic solvent such as ACN, IPA, or MeOH. These solvents can be used individually or mixed
to enhance the chromatographic resolution of analytes including oxylipins [116]. Monnin et al.

compared the performance of ammonium acetate and HAc as MP additives and found that HAc
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can enhance lipid ionization by 2-9x as compared to ammonium acetate [149]. Specifically, very
low concentrations of HAc (0.02% v/v) are recommended [147], [149] for best LOQs. Another
study further demonstrates the efficiency of acetic acid additive in the LC-MS separation of lipids
[146]. The use of additive such as ammonium acetate has also shown excellent separation for
oxylipins such as 5-HETE, 11,12-EET, 15-HETE, 5,15-DiHETE, 6-transLTB4, 11-HETE, 12-

HETE, 4-and 14-HDHA along with other endogenous oxylipins in human plasma [115].

Numerous UHPLC-MS/MS methods have been reported to date. For instance, a large panel of 141
oxylipins was successfully analyzed with C18 LC-MS/MS using a 25 min. run time with MP (A:
H>O/ACN/HAc (70/30/0.02, v/v/v) and B B: ACN/IPA (50/50, v/v) [150]. Another method
covering 85 oxylipins used the Agilent Zorbax Eclipse Plus C-18 column and 16 min. run time
[49]. Thakare et al. quantified 34 oxylipins in human serum, sputum and bronchoalveolar lavage
fluid (BALF) using BEH Shield RP18 UHPLC-MS/MS with a 25 min. gradient run [151]. High
sensitivity assay on SCIEX Triple Quad™ 6500 plus QTRAP was developed by Fu et al. for the
detection of 87 oxylipins within 20 min. run time, with LODs of 0.05-0.5 pg observed [152]. A
larger panel of 184 oxylipins, including their deuterated internal standards, was measured within
a very short 5 min. run time by Wang et al. in human plasma using Acquity UHPLC BEH Shield
RP18 [86]. Napylov et al. measured 65 oxylipins and 7 internal standards, with successful
separation of isomers using Zorbax Eclipse Plus C-18 column in a 40 min. run [123]. In this thesis,
the optimized UHPLC-MS/MS method developed in our laboratory by Napylov et al. for

successful quantification of oxylipins in both in vivo [123] and ex vivo [153] studies will be used.

1.3.6 Mass spectrometry

MS is an analytical technique used for qualitative and quantitative analysis of a wide range of

compounds, including small molecules and large biomolecules such as complex proteins in
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biological matrices [154]. The use of MS for metabolomics and lipidomics typically involves
coupling MS with separation techniques such as GC or LC [155]. Using appropriate sample
preparation is key with MS when applying it to complex matrices. SPE, LLE, PPT [156], or
derivatization are frequently used [157] to simplify the sample matrix and potentially enhance

analyte concentration.

MS consists of three main components: the ion source, which ionizes the analyte(s); the mass
analyzer, which separates the ions based on their m/z ratio; and the detector which detects the ions.
The detected ions are displayed on the computer as the mass spectrum chart. The x-axis of the

spectrum represents the m/z, and the y-axis represents the count rate, or intensity, of the ions [158].

MS coupled with LC typically uses soft ionization techniques performed at atmospheric pressure,
such as electrospray ionization (ESI) and atmospheric pressure chemical ionization [159]. GC-MS
uses electron ionization, which involves exposing the analyte molecules to an electron beam with
70 eV typically [160]. For ionization of complex biological samples, ESI-MS is commonly used
due to its soft ionization (less kinetic energy applied) causing little or no fragmentation damage to
the molecule of analytes of interest [161]. Additionally, no derivatization is required for most
analytes of interest, including oxylipins which are commonly detected in negative ESI mode as
the deprotonated molecular ion [M-H]". In positive ESI mode, common adduct ions observed are
the protonated ion [M+H]", sodium [M+Na]" and ammonium [M+NH4]" adducts [162], [163]. ESI
involves three key steps to ionize the analyte from LC effluent using high voltage: (i) formation of
a fine spray of charged droplets, (ii) evaporation of the solvent, typically with the assistance of
high temperature and high flow of nitrogen gas, and (iii) ejection of ions from the charged droplets.
The resulting gas phase ions are then directed to the mass analyzer [161]. The mass analyzer in

MS helps identify compounds by measuring the m/z of ions. Analyte identification can be further
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aided by intentionally fragmenting the precursor ion and analyzing the fragmentation patterns

produced [164].

Using electric or magnetic fields, mass analyzers can separate ions based on their m/z. Common
mass analyzers include quadrupole (Q), time-of-flight (TOF), Fourier transform ion cyclotrons,
ion traps, and orbitrap. These mass analyzers can be categorized based on their mass resolving
power. Low resolving power mass analyzers include ion traps and quadrupoles which provide
nominal resolution (0.1-1.0 Da), whereas TOFs, ion cyclotrons and Orbitraps can provide

resolving powers of over a million and 0.01-0.0001 Da accuracy [165].

Using tandem MS (MS/MS), where two or more of the mass analyzers are coupled together can
improve both identification and quantification using MS. The selection of the tandem MS is based
on the application of interest. These include tandem quadrupole or triple quadrupole (QQQ) mass
spectrometers for quantitative analysis, and quadrupole-time of flight (Q-TOF), ion trap-orbitrap,
and quadrupole-orbitrap mass spectrometers frequently employed for metabolomic, lipidomic and
proteomic studies where both analyte identification and quantification are required. For in-depth
structural identification, Fourier-transform ion cyclotron resonance or Orbitrap Tribrids combining

ion trap, Q and Orbitrap analyzers with various fragmentation techniques can be preferred.

The two most used tandem mass spectrometers for oxylipin analysis are QQQ and Q-TOF, so these
will be described in more detail. The Q mass analyzer is made up of four parallel-positioned rods
arranged in circular cross-sections with each opposite rod under the influence of an electric field.
The electric field generated between the opposing rods allows ions with specific m/z to pass based
on the applied frequency (radiofrequency) and the direct current. Depending on the radiofrequency
and direct current applied, only specific m/z have a stable trajectory throughout the quadrupole

and can reach the detector [166]. QQQ is made of three quadrupoles, which operate as full
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quadrupoles (Q1 and Q3) or allow ion fragmentation and transmission of all resulting ions (Q2).
It is frequently employed in selected reaction monitoring (SRM) mode where precursor m/z ion of
interest is isolated in the first quadrupole (Q1), this precursor ion is then fragmented in Q2 by
introduction of a collision gas such as argon, nitrogen, or helium and lastly the selected product ion
is isolated by the third quadrupole and measured by the detector. Q-TOF is made of a quadrupole
and time of flight (TOF) mass analyzer, whereby the third quadrupole of QQQ is replaced with a
TOF. Briefly, in TOF, ions are accelerated to a uniform kinetic energy into a field-free TOF tube
[167]. Lower-mass ions will travel faster and reach the detector earlier than heavier ions, which
are slower. The time of arrival of the ions at the detector can be measured very accurately and then
converted into m/z value. TOF spectrometers can be equipped with a Reflectron, which is an ion
mirror, which helps to improve the resolving power of TOF by (i) doubling the flight path of the
ions and (i1) compensating for small differences in kinetic energy of the ions with the same m/z
when they are accelerated into the TOF tube. Q-TOF mass spectrometers use a microchannel plate
(MCP) detector, which is made up of an array of electron multiplier detectors with large
photoelectric surfaces for ion detection [168]. The MCP principle involves an ion hitting the
surface and releasing an electron, which in turn creates a cascade of electrons to amplify the signal.
The resulting electrons then hit a scintillator surface to convert the electrical signal to an optical
signal. This light signal is finally converted back to an electrical signal via a photomultiplier tube
to allow signal measurement at ground potential [169]. A Q-TOF was used in this thesis for
oxylipin analysis and degradation product characterization. QTOFs can provide excellent
sensitivity and fast data acquisition speed. Typical resolving powers achievable by QTOFs depend

on the model and range from ~20,000-60,000, with some newer models today capable of resolving
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powers up to 200,000, whereas the model used in this thesis can provide resolving power up to

40,000.

MS/MS fragmentation techniques include collision-induced dissociation (CID) and electron-
activated dissociation (EAD) such as electron-capture dissociation (ECD), and electron transfer
dissociation (ETD). By far, the most used fragmentation method for LC-MS analyses, including
oxylipins, is CID. EAD methods were historically more frequently used for protein analyses, but
new applications of EAD are gradually surfacing which use low-energy electrons for
fragmentation and are applicable for small molecules such as oxylipins. CID fragmentation
involves a collision between a neutral gas and the ions. The collision energies of CID range from
1-100 eV [166] to fragment the precursor compound to its product ion(s). CID is applicable for the
quantification and identification of various ions in complex matrices [170]. Limitations to the use
of CID for metabolomics and lipidomics include structural characterization of analytes, whereby
depending on the analyte structure, insufficient information for unambiguous identification may
be obtained [171]. For example, for oxylipins, this means that the location of all double bond

positions may not be assigned based on CID MS/MS spectra.

ECD is a type of dissociation where ions capture free electrons leading to the formation of a radical,
which can further undergo fragmentation. These multiply charged ions are irradiated with electron
beams to produce radical cations followed by a cleavage fragmentation process called electron-
transfer dissociation [172]. EAD operation involves the collision between ions and electrons. An
electron is attracted to the positively charged precursor ions (typically multiply charged precursor
ions such as commonly observed for peptides and proteins), leading to a reduction in the charge
state and forming a radical product which is dependent on the electron kinetic energy (0-3 eV)

applied [171]. For oxylipin structural characterization, EAD has proven to produce more fragment
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ions for the structural identification of ring oxylipins such as cis and trans isomers of PGs [173].
Major limitations of EAD versus CID are the need for multiple positively charged precursors and
the lack of comprehensive MS/MS databases for compound identification and structural

interpretation.

The advantage of Q-TOF versus QQQ for oxylipin analysis is the ability to combine targeted and
non-targeted analysis. This allows the targeted measurement of pre-selected oxylipins with
authentic standards available for accurate quantification. Additional unknown, or untargeted,
oxylipins may also be measured during the same analysis. This is because a full MS1 scan in TOF
mass analyzer can collect information on all ions present within a selected wide range of m/z.
Precursor ions of interest can be further prioritized to collect MS/MS spectra to aid in the
identification of any unknowns of interest. This makes it possible to re-analyze the collected data
for future identification of unknown masses in untargeted studies and makes it suitable for forced
degradation studies. In contrast, QQQ is run in SRM mode, whereby specific precursor m/z and
product ion m/z of interest are selected before starting the analysis. Therefore, it provides
information only on targeted oxylipins. The main advantage of QQQ is its high sensitivity, due to
its ability to significantly reduce background noise, which increases signal-to-noise ratio and
enables the detection of the analyte of interest at low concentrations. Even the best Q-TOF

instruments still cannot beat the exquisite sensitivity of QQQ for many analytes.

1.3.7 Key LC-MS/MS methods for analysis of oxylipins

As mentioned in previous sections, the use of MS/MS coupled with HPLC or UHPLC has been the
best approach for the analysis of oxylipins to improve resolution, sensitivity, selectivity, and analysis
time [105]. LC-MS/MS with QQQ is frequently used for the quantitation of oxylipins in various

biological matrices. For urine analysis, PGs were quantitated with C18 UHPLC-SRM-MS (QQQ),
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and LODs of 0.002-0.06 ng/mL were achieved [143]. Similarly, Balgoma et al. reported LODs of
0.55-154 fmol for 26 lipids in urine samples [174]. For the analysis of oxylipins in whole blood and
plasma, various LC-MS methods have been explored (Table 1.1). For example, IsoPs and isofuran,
which are autoxidation products of PGs, have been quantified by Rund et al. [113]. Sens et al. used
SPE with C18 UHPLC QQQ MS QTRAP 6500 " for the measurement of 67 oxylipins in whole
blood and plasma with a 17 min. run time [175]. In another study, 34 oxylipins were quantified in
human serum, sputum and BALF using C18 SPE and C18 UHPLC-MS/MS (Q3-LIT) with LOQs
of 0.2-1 ng/mL depending on the matrix evaluated [151]. Solid biological matrices were also
successfully analyzed by SPE-LC-QQQ-MS/MS. For example, Arnold ef al. measured oxylipins
in rat heart, kidney, brain, lungs, pancreas, red blood cells, and plasma and achieved 0.05-0.1 ng
LODs [27]. PGs and isoPGs were quantified in murine brains with LOD of approximately 3 pg/mg
in tissue for five PGs [23]. Fu et al. developed a highly sensitive method to evaluate 87 oxylipins,
including lipoxins and resolvins, in mouse plasma and liver tissue as well as human plasma samples

[152].

In addition to these targeted low-resolution MS methods, in our laboratory, Napylov et al.
successfully developed an analytical method to measure 62 oxylipins and 7 internal standards
using Q-TOF in 40 min. (Table 1.1) [153]. The method also separated critical pairs of isomers,
such as 8- and 12-HETE. The same method was also employed in another study for in vivo SPME
sampling of living rat brain tissue to successfully measure 52 oxylipins, of which 26 were
identified and 26 unknowns [ 123]. The focus of this thesis is on improving the stability of oxylipins
and identifying degradation products. Although QQQ is the most used mass spectrometer for
oxylipin studies, because of its high sensitivity, since this thesis is focused on both target and non-

target oxylipins, Q-TOF will be used as it can provide accurate quantitative information on target
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oxylipins while simultaneously helping to monitor any degradation products during my study.
QQQ would not be ideal for this research because not all degradation products are known a priori
so appropriate SRMs cannot be set up. Furthermore, short analysis times on QQQ could also lead

to potential interference(s) because some oxylipins have similar fragmentation spectra.

Table 1.1: Summary of LC-MS methods for analysis of oxylipins

Number of
oxylipins in each Extraction method LC-MS methods LOD
study and
references
35, [113] Bond Certify II SPE C18 C-18 LC - QQQ-LIT 0.005-1.0 nM
57,[106] C-18 SPE C18 UHPLC-QTRAP5500 0.02-0.2 ng/mL
131, [115] HLB SPE HSST3 UHPLC- QQQ 0.24-156.25 picogram (pg)
C-18 UHPLC-
110, [86] Strata-X-C18 SPE Triple Quad™ 6500 plus 0.1-300 pg
QTRAP
C-18 UHPLC-
87, [152] HLB-SPE Triple Quad™ 6500 plus 0.05-0.5 pg
QTRAP
69, [153] C-18 SPE C-18 UHPLC-Q-TOF 0.1-0.8 ng/ml

1.3.8 Quality control (QC) procedures for oxylipin measurement by LC-MS

The key quality control (QC) strategies which should be incorporated for any study of oxylipins
are: running of blank samples including extraction blanks, the addition of internal standards to
monitor extraction recovery and LC-MS performance including correction of matrix effects and
analysis of calibration standards to establish and verify linear dynamic range of the method.
Solvent and extraction blanks are typically analyzed to check for contamination or interferences
that could affect accurate quantification. Additionally, solvent blanks are used to evaluate or

prevent carryover between samples [176]. Internal standards are used in oxylipin studies to
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compensate for any loss of oxylipins during the sample preparation process or to correct for ion
suppression. In most cases, stable isotopic labelled standards are used with the same chemical
properties as the analyte of interest [177]. Internal standards can also help measure or compensate
for any degradation or loss of the analyte during sample preparation and analysis [150]. Stable
isotopic labelled standards are not commercially available for all oxylipins of interest so typically
one or few internal standards per oxylipin subclass are used for all members of that subclass. Two
commonly used calibration methods for the quantification of analytes are internal standard or
external standard calibration [178]. For the oxylipin studies presented in this thesis, external
standard calibration were mainly used, as it was not desirable to correct for oxylipin degradation
using internal standards. In addition to these strategies, ensuring repeatable performance of LC-
MS throughout long analytical runs is important. For this purpose, QC samples are usually run
periodically (e.g. after every 10 samples) to verify instrument performance. This QC sample could
either be a pooled sample prepared by combining aliquots of all study samples or a standard mix

of oxylipins prepared at a specific concentration [179].

1.4 Stability of oxylipins in biological samples

Analytical challenges such as the measurement of low concentrations of oxylipins have been
successfully resolved by combining an appropriate sample extraction approach with high
enrichment and powerful analytical techniques such as LC-MS/MS to improve resolution,
sensitivity and selectivity for adequate quantitation [152], [180]. However, the stability of
oxylipins remains a critical research problem. Ensuring stability is of keen importance in the study
of oxylipins, due to the possible degradation of these compounds during sampling, storage and

transportation, affecting their accurate measurement. Resolving this challenge is of great
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importance, considering the physiological roles that oxylipins play. Table 1.2 summarizes various

stability studies of oxylipins in plasma samples with and without additives.

1.4.1 Short and long-term stability studies of biological fluids

Blood samples are typically collected into tubes containing anticoagulants, from which plasma can
be collected after a short centrifugation step to remove cells. In biological fluids such as blood,
serum, and plasma (Table 1.2), enzymatic pathways such as 5-LOX, COX, and CYP450 and non-
enzymatic pathways may be activated for some classes of oxylipins. Therefore, prolonged blood
storage time and temperature conditions immediately after specimen collection also contribute to
the degradation of oxylipins even before the centrifugation process occurs [181], [182]. The use
of additives such as ethylenediaminetetraacetic acid (EDTA) helps improve the stability of
oxylipins for both blood and plasma, and is common for research and clinical studies [181]. EDTA
is an anticoagulant and a chelating agent which binds to metal ions such as calcium and iron to
produce soluble complexes. It also helps to prevent or suppress the formation of free radicals,
which can participate in chemical reactions such as autoxidation, causing poor stability. EDTA is
generally the preferred anticoagulant for oxylipin analysis in blood. Various studies have evaluated
short-term stability (up to 120 min.) of whole blood and plasma with EDTA anticoagulant. Several
AA-derived subclasses of oxylipins, such as HETEs, LTs and HDHAs were found to be unstable
as summarized in Table 1.2 [96], [183]-[185]. 12-HETE was found unstable by both Ramsden et
al. and Dorow et al. studies [184], [185] when stored at RT for up to 120 min. in EDTA whole
blood. However, 15-HETE was stable in Ramsden et al. study but was found to significantly
increase with time by Dorow e al. [184], [185]. Willenberg et al. evaluated the stability of
oxylipins in EDTA whole blood when stored for short-term 60 min. at RT [96]. In this study, the

concentrations of 15-HETE and 14(15)-EpETrE decreased as compared to the control. Koch ef al.
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evaluated the stability of 26 oxylipins in EDTA-whole blood for 24 h at 4°C or 4 h at 20°C before
centrifugation, and found all tested oxylipins were stable [182]. The effect of other anticoagulants,
such as heparin, was also tested. For example, Jonasdottir e al. compared the stability of 18
oxylipins at RT (2 and 8 h storage) and 6°C (2, 8, and 24 h storage) with/without EDTA and

heparin, and found no significant difference between the two additives [186].

The long-term oxylipin stability at -20°C for EDTA plasma with and without additives for storage
of one month to a year has been evaluated [107], [184]. Another long-term storage study of EDTA
or heparin plasma with and without additives such as BHT confirmed the stability of all 18 tested
oxylipins up to 1 year [186]. Polinski et al. studied the stability of 90 oxylipins stored at -80°C up
to 356 days and reported significant changes for oxylipins such as 12-HETE, TXB,, 14-HDHA,
and 18-HEPE [183]. Finally, Hewawasam et al. investigated RT storage of 12 oxylipins in dried
blood spots for up to 2 months and showed all were stable [187]. In summary, for liquid blood-
based samples, EDTA is the preferred anticoagulant, while newer studies have also shown

promising results for microsampling methods such as dried blood spots.

The presence of enzymes which can promote the enzymatic synthesis/degradation of oxylipins,
such as epoxide hydrolase esterase, has been investigated [113], [188]. One possible way to reduce
enzymatic activity is the use of organic solvents such as methanol with 12-(3-adamantan-1-yl-
ureido)dodecanoic acid (AUDA or Paraoxon), which acts as an acetylcholinesterase inhibitor in
human plasma to prevent further degradation [83]. Other inhibitors, such as 12-(3-adamantan-1-
yl-ureido) dodecanoic acid and phenylmethylsulphonyl fluoride, were successfully used [83],

[188].

Immediate freezing (-80°C ) or flash-freezing using liquid nitrogen is recommended for biological

samples collected to study oxylipins [83]. However, repeated FT cycles of biospecimens can
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contribute to the poor stability of oxylipins. The effect of FT cycles on the concentration of
oxylipins in plasma stored at -80°C was investigated by Dorow et al. [184], who found that
oxylipins such as 12-HETE, 12-HEPE, and 5-HETE increased significantly during the first cycle.
Another recent 4-FT cycle study of 46 oxylipins by Polinski et al. [183] also identified 12-HETE,
5-HETE, 18-HEPE, and 14-HDHA to be unstable, confirming some of the results previously

reported by Dorow et al. [184].

In general, for plasma, the recommended storage conditions are to add methanol (50% and above,
v/v), avoid FT cycles, and store samples at temperatures of -20 to -80°C [189], [184], [182], [181].
Even if the recommended conditions are employed, some oxylipins may still be unstable and
antioxidants or enzyme inhibitors tested to date could not effectively protect all oxylipin
subclasses. Therefore, these various stability study results indicate a need to investigate better ways

to ensure the stability of oxylipins throughout the analytical process and sample storage.
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Table 1.2: Summary table of oxylipin stability studies in blood-derived samples using various sample collection and storage

conditions
Number of Number
oxylipins in Storage Duration of . of freeze Type Identified unstable
each study Analytes conditions storage Sample matrix and of oxylipins
and thaw additive
references cycles
Non-
: Pre-processed EDTA
eiﬁrsﬁid RT > 30, fﬁ;j“d 120 plasma NA NA Increase 14,15-EpETrE
8, [96] .. ) (whole blood)
oxylipins
EDTA whole blood
Non- RT or 4°C 30, 60, 99’ and processed for 5-cycles NA
esterified 120 min. plasma 12- and 15-HETE i
-and 15- increase
28, [184] plasma and RT or 4°C 30, 60, .90’ 120 EDTA plasma (with @ RT
Serim S d without NA BHT
oxylipins | —20°C, —80°C, | 1 day, 1, 2, and 6 an i
and —150°C months additives)
RT or 4°C 2and 8 h
2,8,and 24 h
6°C @—20°C 24 h and
Non- 1 week
: 1,4,12,26, and EDTA and heparin
esterified —20°C T :
18, [186] plasma 52 weeks pliasma (w1t.h' and NA BHT
oxylipins without additives) TXB2, 12-HETE, 5-
4,12,26, and 52 HETE, LTB4 and LTE4
—80°C weeks (short- and long-term
storage without methanol
addition)
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Number of Number
oxylipins in of freeze
ea);hpstudy and Type
and Analytes Storage Duration of Sample matrix thaw of Identified unstable
conditions storage additive oxylipins
references cycles
Non- Whl?le biio'Od I f 12-HETE, 14
. collected in ncrease of 12- , 14-
16, [185] esterified RT orice 0,10, 20, 30? 60, potassium- EDTA NA NA HDHA and TXB?2 in
plas:rr%a and 120 min. tube and centrifuge whole blood @ RT
oxylipins
for plasma
Nqn— Increase of TXB2, 5-
4, [189] esterified ~80°C 2.5 years EDTA plasma NA NA HETE, 12-HETE, and 15-
pla§ma HETE
oxylipins
Whole blood
collected in
4°C 24 h potassium- EDTA NA NA
tubes and centrifuge
for plasma
Non- 20°C 4h Processed EDTA
esterified and —20°C 5 days P lasmah(w1th & NA
133, [182] total plasma without) Increases in 9-HETE and
’ oxylipins 8,15-DiHETE
BHT
—80°C 16,9, 12, and 15 EDTA plasma NA

months
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Number of Number
and y Analytes Storage Duration of Sample matrix thaw of Identified unstable
conditions storage additive oxylipins
references cycles
Whole blO.Od Increase of PGE2,
Non- 4 and 24 h, or collected in
) ) . TxB2 and 12-HHT,15-
esterified and | Whole blood at | after pneumatic potassium-EDTA
; HETE, 5-HETE, 11-
total plasma | RT for 30 min, | tube system tubes .
and serum | storage at 4°C | transport centrifuge for HETE, 5-HETE in serum
23, [181] .. g P £ NA NA compared to plasma
oxylipins plasma and serum
Significant increase of 11-
HETE, 9-HpOTtE, 5-
HETE, 11-HETE, 12-
Free and total EDTA plasma (with HETE, 11,12-DiHETYE,
87, [190] plasma and 4°C 24-120 h and without 5-FT BHT 12-HEPE, 9-HODE, 13-
oxylipins additives) HODE, 9(10)-EpOME,
12(13)-EpOME, 12,13-
DiHOME, after 2-FT
cycles
3, 7-days, 1, 3, 6 -
_80°C months, and 1 EDTA plasma NA Increase of 12-HETE and
Non- year (no additives) 5-HETE after 2-FT cycles
46, [183] esterified Whole blood NA Decreases in 18-HEPE
plasma RT 0, 10, 30, 60, and | collected in EDTA, 4-cveles and increases in 14-
oxylipins 120 min or heparin tubes an Y HDHA

centrifuge for
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plasma)

Number of Number
and y Analytes Storage Duration of Sample matrix thaw of Identified unstable
conditions storage additive oxylipins
references cycles
0, 20, 60, 120,
240 min.
e (whole blood and
Free and total whole blood an .

68, [175] plasma and plasma) NA NA Increase of 12-HETE in

oxylipins : K5EDTA whole blood @

. 60, 240 min. K3EDTA blood and RT
21°C (whole blood and plasma

*RT = Room Temperature *Min. = Minutes *Hour = h *NA=not applicable
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1.4.2 Short and long-term stability studies of tissue samples

For tissue samples, the stability of oxylipins can be improved by immediate freezing with liquid
nitrogen. During laboratory operations, storage on ice during sample preparation, minimizing FT
cycles and long-term storage at -80°C have been recommended to prevent, or reduce, the
degradation of these compounds [184]. This is because polyunsaturated precursors such as EPA
and DHA are prone to non-enzymatic degradation at -20°C, especially for PGs and Rvs class [191].
However, even at —80°C, not all oxylipins will be stable. A study on brain samples reported a two-
fold decrease in prostaglandins after one month of storage at —80°C [110]. The use of a pre-additive
such as trans-4-[4-(3-adamantan-1-yl-ureido)cyclohexyloxy]-benzoic acid (t-AUCB) in mouse

heart to inhibit the soluble epoxide hydrolase has been reported [192].

Different methods of euthanasia and tissue collection may adversely affect oxylipin measurement.
For example, collection of brain tissue using traditional methods such as decapitation [117], [193]
can result in artefactual release of oxylipins due to activation of phospholipase cascade. This
release can lead to extremely inaccurate measurements of oxylipins which do not reflect true
oxylipin concentrations in the brain. Golovko et al. [110] compared the use of decapitation and
microwave irradiation for euthanized rodents, and showed that the use of head-focused microwave
irradiation helped to reduce the PG by 10- to 40-fold in comparison to the use of decapitation due
to effective inactivation of enzymes [110]. However, although head-focused microwave irradiation
represents one way to ensure accuracy of oxylipin profiling, there is a critical need to develop new
strategies that can accurately measure oxylipin profiles over time and without requiring animal
sacrifice. In addition, the time required for tissue dissection can also impact the accuracy of

oxylipin measurement. For instance, dissection time as short as 10 min drastically increased the
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concentration of oxylipins such as diHOMEs, DIHETEs and DiHETrEs [194]. In vivo SPME

method provides an attractive alternative to address these challenges.

1.4.3 Effect of antioxidants on the stability of oxylipins in biospecimens

The addition of antioxidants to improve the stability of oxylipins has been commonly employed
to reduce their degradation during sample collection, extraction, storage and during transportation.
Examples of sensitizers are light (UV) and transition elements as they promote autoxidation to
produce 'O, from Oz gas [195]. One approach to measuring the level of oxidation is the
determination of the concentration of hydroperoxide plotted against time [195]. Another approach
to measuring oxidation is by measuring the consumption of oxygen or the degradation of

antioxidant concentration over time [196], [197].

Antioxidants can be classified as primary which are phenolic compounds which prevent oxidative
stress even at low concentrations [198]. Examples of primary antioxidants are butylated
hydroxytoluene (BHT), butylated hydroxy anisole (BHA), propyl gallate (PG), and tertiary butyl
hydroquinone (TBHQ) while tocopherols are a natural antioxidant. For example, 0.01% BHT,
and 0.01% BHA were found effective for the stability of a triglyceride called trilinolein [198]. As
the temperature plays a significant role in degradation, the thermal stability of these antioxidants
has been evaluated at 110°C with PG> TBHQ > BHA > BHT [199]. Secondary antioxidants
reduce oxidation reactions by scavenging for oxygen and reduce radical formation to improve
stability of lipids [200]. Examples include water soluble antioxidant (ascorbic acid), ascorbyl
palmitate (soluble in liquid, solid and alcohols), metabisulfites (sodium and potassium salt), EDTA
salts (disodium and calcium), etc. [195]. The combination of antioxidants to obtain synergistic
effects can also be useful, for example using EDTA as a metal chelator and primary antioxidants

such as TBHQ, BHA or BHT can be beneficial [199].
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BHT is an artificial phenolic antioxidant which can be used as an additive to potentially improve
the stability of oxylipins in plasma [182], [184]. Koch ef al. focused on 27 oxylipins including 13
unstable oxylipins and determined that the addition of BHT alone to plasma improved the stability
of 15-HETE and 18-HEPE compared to indomethacin, EDTA, trans-4-(-4-(3-adamantan-1-yl-
ureido)-cyclohexyloxy)-benzoic acid (t-AUBT), and even the mix of all the additives [182].
Dorow et al. [184] and Hulda et al. [186] also confirmed that the addition of BHT to plasma
improved stability in combination with other additives such as MeOH or EDTA. The addition of
antioxidants such as 0.0001% BHT to improve stability with K3EDTA collected whole blood or
plasma at RT and ice up to 240 min. has been reported [175]. An increase of 12-HETE was
observed even with BHT addition, while other analyzed HETEs were stable under the conditions
tested [175]. The use of natural antioxidants such as vitamin C was also investigated, but vitamin
C did not improve the stability of oxylipins prone to oxidative stress in blood samples stored at

4°C for 5-days or plasma samples stored at 4°C for 25-days [201].

If antioxidants are used to help improve the stability of oxylipins they should be added as early as
possible to prevent degradation during both sample collection and storage phases. For tissue
sample collection, the addition of BHT (stops radical reaction) and triphenylphosphine (reduces
peroxides) was used to help prevent peroxyl radical formation and degradation of oxylipins [180].
BHT was also used to improve the stability of HETEs and IsoPs [96]. A recent study by Moran-
Garrido et al. evaluated 5-FT cycle stability of oxylipins with BHT[190]. Poor stability was
reported after 3 or 4-FT cycles for most oxylipins. Short-term stability at -4°C for 120 h or at —
80°C for 98 days reported no significant effect of BHT. However, BHT improved the stability of
oxylipins stored at —20°C for 98 days [190]. Of all antioxidants, the most used to improve the

stability of oxylipins in biological samples is BHT, which will be further evaluated in this thesis
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to examine whether it can improve the stability of oxylipins when stored on SPME devices during

various storage conditions.

1.5 Research objectives

Analyte stability is a critically important factor for accurately measuring unstable oxylipins. The
goal of this thesis is to investigate and propose new analytical approaches to improve oxylipin
stability during sampling, transportation, and storage. The selected oxylipin library (Figure 1.2)
which was used throughout this thesis includes unstable oxylipins identified in the literature, and
various enzymatically and non-enzymatically produced oxylipins, to determine if their stability

improves when stored in vivo on SPME devices.

The first objective of this thesis was to test the stability of oxylipins when stored on SPME devices
and subjected to 3-FT cycles or stored at room temperature (RT) over 18 days without antioxidants.
In addition, it was evaluated whether the degradation of unstable oxylipins can adversely impact
the quantitation of unstable oxylipins. These studies and results are described in Chapter 2 of this

thesis.

The second objective of this thesis was to investigate whether the stability of the unstable oxylipins
can be enhanced by loading antioxidants onto SPME devices. As part of this objective, antioxidant
loading procedures, including pre-extraction and post-extraction loading, were optimized for
phenolic antioxidants, BHA and BHT. Pre- and post-extraction loading of BHT was then compared
to see which method better improves the stability of oxylipins during 3-FT cycle and the RT

stability studies. These studies and results are described in Chapter 3 of this thesis.

Finally, the last objective of this thesis was to conduct forced degradation studies (heating,

photooxidation, and copper sulphate oxidation) on the unstable oxylipins determined from the first
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and second objectives to map their degradation products and further examine how they may
interfere with accurate oxylipin quantification. These studies and results are discussed in Chapter

4 of this thesis.
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Chapter 2

2.0 Stability of oxylipins stored on biocompatible solid-phase microextraction
(SPME) devices.

2.1 Introduction

Oxylipins are oxygenated lipid mediators produced both enzymatically and non-enzymatically
from PUFAs such as AA, DHA, EPA and LA [96]. The 20-carbon PUFA precursors such as EPA
and AA produce well-known oxylipins called eicosanoids [2]. PUFAs can be oxidized via three
main enzyme families: COX which produces PGs and TxA; LOX which synthesizes mid- or
multiply-hydroxylated PUFAs such as LTs; and CYP450 enzymes which produce hydroxy- or
epoxy-PUFAs [37], [202]. Additionally, non-enzymatic reactions include lipid peroxidation,
isomerization, hydrolysis, and photooxidation. Lipid peroxidation reactions involve the initiation
stage with the formation of a free radical and the propagation stage by the addition of ROS to an
unstable lipid radical to produce fatty acid peroxyl radicals, further reacting with unsaturated fatty
acid to form fatty acid hydroperoxide and a new lipid radical [203]. In contrast, photooxidation
reactions involve the addition of ROS to a double bond [203]. The non-enzymatic reactions

produce numerous hydro(pero)xy-PUFA, epoxy-PUFAs, and IsoPs [204], [205].

Oxylipins play significant roles in health and disease. For example, PGD2 promotes sleeping
[206], 9-HODE acts as a proinflammatory mediator [207], and some LA- and AA-derived
oxylipins are possible biomarkers of brain injury [208]. On the other hand, an oxylipin can also
show different effects depending on its concentration or receptor, for example, PGs such as PGE2
and PGD2 can act as pro-thrombotic or anti-thrombotic agents [209]. Based on these important

and dynamic biological roles, the accurate measurement of oxylipins is required in many fields.
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Oxylipins are commonly measured using LC-MS/MS due to high assay sensitivity and the ability
to separate and distinguish many positional isomers either chromatographically and/or by the
differences in MS/MS fragmentation [152]. To ensure adequate sensitivity, SPE with C18 or HLB
polymeric sorbents are frequently used for sample clean-up and enrichment of biospecimens prior
to LC-MS/MS analysis [210], [211]. A major challenge often encountered when measuring this
lipid subclass is their poor stability during sample collection, transportation, and storage. These
oxylipins are unstable due to the presence of their polyunsaturated backbone and/or transient
functional groups (e.g. epoxides) in their structure, which can promote degradation by enzymatic
or non-enzymatic reactions (oxidation, hydrolysis, etc.). For example, HETEs, HODEs, HDoHEs,
and HEPEs were previously shown to change over time during pre-analytical handling steps or
storage [181], [182], [184], [185]. Pre-analytical steps such as FT cycles play a significant role in
the degradation and formation of new compounds [183], [184]. Various studies to date have
investigated ways to improve the stability of oxylipins in biospecimens. For example, the use of
citrate [184] or EDTA [182], [183], [184], [186] anticoagulants (chelating agents) was shown to
improve the stability of oxylipins in human plasma during storage. EDTA helps to suppress or
prevent the formation of free radicals, which can promote autoxidation. This is because EDTA
helps suppress or prevent the formation of free radicals by strongly chelating metal ions (iron and
copper) that can promote autoxidation. EDTA, binds to these metals, inhibiting oxidation and
degradation. Citrate is used to minimize platelet activation by weakly binding calcium ions,
forming a reversible complex. Also, citrate prevents coagulation during blood collection and
reduces the risk of inaccurate quantification of platelet-derived oxylipins, such as 12-LOX
products of DHA However, degradation was still observed for some classes, such as HETEs and

HODEs [182], [184], [185], despite the use of these anticoagulants. Since non-enzymatic oxidation
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involves free radicals, the use of antioxidants such as BHT [182]- [184] to capture the free radicals
and terminate further oxidation of oxylipins has also been investigated. BHT improved the stability
of oxylipins during long-term storage in combination with other additives such as MeOH or EDTA
[182], [184]. Temperature also significantly affects the stability of oxylipins, with the preferred
storage temperature at -80°C or lower [182]. Short-term storage at room temperature (>2 hours)
contributed to the degradation of oxylipins even when antioxidants were added in plasma samples
[181], [184], [185]. Higher temperatures can increase the oxidation of PUFA precursors to
oxylipins and increase the degradation of various oxylipins, especially of the hydroxy and
dihydroxy-PUFAs [182]- [186]. In sum, the instability of many oxylipins during common pre-
analytical steps and storage can severely impact their accurate measurement. Thus, new strategies

to ensure oxylipin stability before LC-MS measurement are urgently needed.

In vivo SPME is a non-exhaustive sampling technique that can be used for in vivo sampling and
extraction of oxylipins in a single step from tissue [123]. This technique represents a major
development in oxylipin analysis because it provides an effective approach to measuring true
oxylipin concentrations in the brain of living awake animals without the need for tissue collection
[123]. Biocompatible SPME devices can minimize the adsorption and extraction of proteins by
using biocompatible polymers such as polydimethylsiloxane, polypyrrole, polyacrylonitrile or
polyethene glycol, and sorbents with small pore sizes. Such in vivo SPME devices thus protect the
extracted oxylipins from enzymatic degradation. However, it is currently not known if the
oxylipins extracted on the SPME devices may be susceptible to non-enzymatic oxidation and/or
degradation. This chapter systematically examines 3-FT cycles and 18-day RT stability of
oxylipins stored on SPME devices after extraction from a standard solution and spiked plasma to

demonstrate that storage on SPME devices can improve oxylipin stability after extraction.
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2.2 Materials and methods

2.2.1 Chemicals

HAc, MeOH, EtOH, water, ACN and IPA, all LC-MS grade, were purchased from Fisher Scientific
(Ottawa, Ontario, Canada). All oxylipin standards and PUFA precursors, listed in Supplementary
Table A1, were purchased from Cayman Chemical Company (Ann Arbor, MI, USA) or their
Canadian distributor (Cedarlane, Burlington, Ontario, Canada). A stock standard mix of all
oxylipins and precursors was prepared at 10 ug/mL in methanol. Pooled human plasma with
sodium citrate as an anticoagulant was purchased from Bioreclamation Inc. (Baltimore, MD,
USA). Hydrophilic-lipophilic balanced (30 pm HLB) SPME fibres (10 mm coating length) were

obtained from Millipore-Sigma (Bellefonte, PA, USA).

2.2.2 Freeze-and-thaw (FT) stability study of oxylipins

The FT study was performed according to the experimental design shown in Figure 2.1 using new
HLB SPME. 100 ng/ml mix of standards in 10% MeOH was prepared from the stock standard
solution. Blank extraction was performed using 10% MeOH in lieu of standard or plasma. The
HLB fibres were conditioned for one hour in 1.5 mL EtOH:water (1:1, v/v), prior to use.
Conditioned HLB SPME fibres were then inserted into 100 pL of standard solution, plasma or
spiked plasma placed in a 250 pL glass insert held within 2 mL HPLC vial and extracted for 30
min at 450 rotations per minute (rpm) on a shaker. All extracted fibres were rinsed by dipping for
5 secs in LC-MS grade water. Control samples (0-T) were desorbed immediately for analysis. For
FT stability samples, the fibres were retracted into the needle, wrapped with aluminum foil and
stored in a -80°C freezer. The fibres were desorbed using 100 pL of 80% methanol with agitation

at 450 rpm for 1 hour and transferred for analysis on LC-MS. Each freeze cycle lasted for a
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minimum of 22 h, whereas each thaw cycle lasted 2 h. On the first day, one set of FT fibres was
thawed, on the second day two sets were thawed, and on the third day all three sets were thawed,

to enable LC-MS analysis on the same day and control the length of storage for all fibres.

Non-spiked Plasma spiked Precursors at 5 pg/mL Standard at
plasma at 6.7 ng/mL in standard 100 ng/mL
CONTROL SAMPLES | 3-FT CYCLE SAMPLES
l nz3 l
| HLBSPME | | HLBSPME |
v Rinse in water
Rinse in water l
-80°C
' I [n=3 |n=3
Desorption 1-FT 2-FT 3FT
Cycles Cycles Cycles
. ! |
LC-MS T
Desorption
y
LC-MS

Figure 2.1: Experiment design for 3-cycle freeze-and-thaw (FT) stability study.

2.2.3 Freeze-and-thaw stability study of precursors

One additional FT study was performed according to the experimental design shown in Figure 2.1

and procedure described in Section 2.2.2 with reusable HLB SPME fibres but 5 pg/mL standard
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of AA, EPA, LA and DHA in 10% MeOH was used for extraction to mimic higher precursor

concentrations found in various biospecimens.

2.2.4 Room temperature (RT) stability study

The room temperature stability study was performed for 18 days. Plasma samples spiked with 6.7
ng/mL of standards (140 pL) were extracted using newly conditioned HLB SPME fibres (n>3)
using the same extraction procedure as described in Section 2.2.2. One replicate of non-spiked
plasma was also extracted. After extraction, fibres were rinsed for 5 seconds and allowed to air dry
for 3 seconds before SPME coating was retracted into the needle, capped and then wrapped with
aluminum foil. The 0-T were placed in a freezer box stored in a -80°C freezer immediately, while
room temperature samples were stored at room temperature for 3, 6, 9, 12 or 18 days before
transferring into the -80°C freezer. On the 18" day, all fibres were desorbed using the same

procedure as for the FT experiment, followed by LC-MS analysis.

2.2.5 LC-MS analysis of oxylipins

For the quantification of oxylipins, a serial dilution calibration range from 0.1 to 125 ng/mL was
performed in 80% MeOH. Oxylipins were separated using UHPLC, model 1290 (Agilent
Technologies), with an Agilent ZORBAX Eclipse plus C-18 (1.8 um particle size, 2.1 mm x 100
mm) equipped with a 2.1 mm x 5 mm guard column containing the same stationary phase. MP A
was LC-MS grade water containing 0.02% (v/v) of HAc, and MP B was a mixture of 10% IPA/
90% ACN/ 0.02% HAc [149]. The flow rate was 0.4 mL/min. while the column temperature was
50°C. The total run time for the analysis was 40 min. The gradient started at 5% of B for 1 min.,
then increased to 20% over 1 min., followed by a shallow linear gradient from 20% to 80% B over

29.9 min. This was followed by a % B increase to 95% held for 3.9 min., then % B was returned
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to 5% over 0.1 min. before column re-equilibration to the initial condition for 5 min. The injection

volume was 6 pL [123].

MS analysis was performed on an Agilent 6545 Q-TOF equipped with dual AJS ESI source
operated in negative mode [123]. ESI capillary voltage of 3500 V, nozzle voltage of 500 V, drying
gas temperature of 250°C, drying gas flow of 15 L/min, sheath gas temperature of 275°C, sheath
gas flow of 12 L/min were used. The mass range was 100 to 1000 m/z, using three-time segments
(1) 0-22.08 min. (MS only), (ii) 22.08-22.48 min. (MS/MS at 3 spectra/sec) (iii) 22.48-40 min. (MS
only), all performed with an acquisition rate of 2 spectra/sec. For internal calibration, a dual AJS
system and an isocratic pump set at 0.3 mL/min. flow rate, with calibrant masses 119.03632
(purine) and 980.01638 (HP-0921 acetate adduct) from Agilent mass reference solution were
utilized. Agilent MassHunter software (version B.07.00) was used for data acquisition [123].
Technical repeatability during all studies was monitored using a pooled sample as QC. This QC
sample was run after every 10 samples. All oxylipins in QC samples showed relative standard

deviation (RSD) below 20% for all studies.

2.2.6 Data analysis

Data analysis was performed using MassHunter software (TOF Qualitative Analysis B.07.00 and
QTOF Quantitative Analysis B.07.00), with an extraction window of 10 parts per million (ppm).
The calibration curves were prepared using 1/x weighted linear regression except for PGF2aEA,
PGE2, PGD2, 20-HEPE, 15(R)-PGF2a, 8-iso-PGF2a, 8-iso-PGF2f, 11,12-EpETE, PGF2a, 13-
HODE, 9-0x0ODE, 9-HODE, 13-0x0ODE, LA, DHA, 15-HEDE, 8-iso-15(R)-PGF2a and EPA for
which 1/x weighted quadratic models were used to improve accuracy. For stability data analysis,
one-way ANOVA and post-hoc t-test were used at a 95% confidence level to compare the amount

of oxylipins in the stability test samples against the freshly extracted samples (0-T). ANOVA
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testing was performed using JASP statistics 0.18.1 software [212]. The stability acceptance criteria
for both RT and the FT study were (1) the mean extracted concentration within 80 to 120% of the
control (0-T) samples and (ii) no significant difference using ANOVA. Heat maps were prepared

with log transformation with hierarchical clustering using Metaboanalyst 6.0 [213].

2.3 Results and discussion

This study investigated whether it is possible to reduce the non-enzymatic degradation/formation
of oxylipins when stored on in vivo SPME devices. The stability evaluations were performed after
SPME extraction from (i) standard solutions of defined composition and (i1) human plasma, to
mimic a relevant complex biological matrix. All experiments were performed using 30 min.
extraction time to ensure suitable amount of oxylipins was extracted for subsequent LC-MS
analysis. Also, a 1h desorption time was selected to ensure complete desorption of oxylipins from
the fibre. Precise control of both the extraction and desorption timing are important to ensure

accurate quantitation of oxylipins during all stability studies.

2.3.1 3-cycle freeze-and-thaw stability study results after SPME extraction from standard

solutions

A standard mix of 49 oxylipins (Supplementary Table A1), including numerous oxylipins
reported to be unstable in the literature under various conditions, were extracted using HLB SPME
devices. The devices were stored in a -80°C freezer and then subjected to no (0-T), one, two, or
three FT cycles. Each FT cycle included 22 h of FT for 2 h. The results obtained are summarized
in the heatmap shown in Figure 2.2. Statistical analysis using ANOVA (p<0.05) showed that out

of the 49 oxylipins extracted only AA and PGE2 were unstable (Supplementary Table A2). AA
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decreased over 3-FT cycles whereas PGE2 showed an increase across three FT cycles. The box

plot representation of the change in concentration of AA and PGE2 is shown in Figure 2.3.
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Figure 2.2: Heatmap results of 3-cycle freeze-and-thaw stability study for 49 oxylipins extracted
on HLB SPME devices from the standard mix. Heatmap was built using log transformation with
hierarchical clustering and Euclidean distance using MetaboAnalyst, where A = control (0-T), B =
1-FT cycles, C =2-FT cycles, and D = 3-FT cycles. The row A-SCALE and B-SCALE were added
to the raw data to show all hierarchical maps in this chapter on the same scale.
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Figure 2.3: Box-plot diagram showing unstable oxylipins extracted on HLB SPME devices in a
3-freeze-and-thaw cycles stability study of Standard (a) PGE2 and (b) AA. Spiked plasma (c) 11-
HDHA and (d)13-HDHA, non-spiked plasma and (e) 9-0oxoODE and (f) 9-HOTrE. The Y-axis
shows the concentration (ng/mL) of the stated oxylipin extracted using SPME.

2.3.2 3-cycle freeze-and-thaw stability study results after SPME extraction from plasma

Next, it was examined whether other co-extracted compounds from a complex biological matrix
may further influence oxylipin stability on SPME devices. Thus, 3-FT cycle stability experiment
was repeated using spiked citrate plasma. Out of the 49 oxylipins spiked in citrate plasma, 26
oxylipins (Supplementary Table A1) were measured due to inadvertent low concentration used
for spiking and 3 additional oxylipins, which were not spiked, were detected (5-HETE, 15-HETE
and 5-0xoETE), as shown in Figure 2.4. Two oxylipins out of 29 measured oxylipins failed the
acceptance criteria as shown in Supplementary Table A3 and Figure 2.4. 8 9-EET, 11,12-EET,
7-HDHA, 8-HDHA, PGE2, PGD2, 12,13-DiHOME, 9-10-DiHOME, 19,20-DiHDPA, PGF2aEA,

PGF20, 8-isoPGF2a, 12-HEPE, 20-HEPE, 11,12-EpETE, 15-HEDE, 11-HEPE, 5,6-DiHETE,
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LTDA, 18-HEPE, 14,15-DiHET, 8-iso-15-(R)-PGF2a and 8-HEPE were not measured, so no

stability determination was made for these compounds.

In the spiked plasma results, two metabolites; 13-HDHA and 11-HDHA were identified as being
unstable. These are metabolites of DHA, and they increased as compared to the 0-T. We
investigated the degradation of the precursors, without the presence of oxylipins, to identify the
degradation products formed and whether the degradation of precursors can explain the observed
increases of 13-HDHA and 11-HDHA. The results for the 3-FT cycle stability evaluation of
precursors are shown in Supplementary Table A4. The apparent increase of both 11- and 13-

HDHA, could not be linked to the degradation of DHA precursor itself.

The typical concentrations of the precursors, such as AA (14 uM) [214], LA (83.8 uM) [214],
DHA (94.2 uM) [215] and EPA (0.44 uM) [216] in plasma are significantly higher than most
oxylipins (=0.0001puM). If even a small fraction of these precursors degrades, it can significantly
interfere with (increase) the oxylipins detected. A good example is reported in Supplementary
Table AS, summarizing how the degradation of precursors may interfere with the measurement of

oxylipins obtained from the 3-FT cycle precursor stability study when stored on SPME devices.
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Figure 2.4: Heatmap results of 3-freeze-and-thaw cycle stability study for 29 oxylipins extracted
on HLB SPME devices from spiked plasma samples. Heatmap was built using log transformation
with hierarchical clustering, and Euclidean distance using MetaboAnalyst, where A = control (0-
T), B = 1-FT cycles, C = 2-FT cycles, and D = 3-FT cycles. The row A-SCALE and B-SCALE
were added to the raw data to show all hierarchical maps in this chapter on the same scale.

For non-spiked plasma, 27 endogenous oxylipins were measured as shown in Supplementary
Figure Al. 11BF2a, 15(R)-PGF20, and were not quantified because their concentrations were
below the limit of quantitation (LOQ), so their levels of stability in non-spiked plasma could not
be determined. 9-0xoODE and 9-HoTrE are unstable, 9-0xoODE increased while 9-HoTrE

decreased shown in Supplementary Table A6 and Figure 2.3.
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Prior studies have shown 5-HETE to be unstable during short-term storage in plasma [185], [186]
but it was stable in our study. This shows SPME can improve the stability of oxylipins and even

the HETE classes, which were also stable in our study when stored on an SPME device.

As shown in Figures 2.2 to 2.4, inter-fibre SPME variability may be high with some fibres
extracting lower or higher amounts than average, depending on the exact amount of sorbent
deposited on each fibre. This is a well-known challenge with single-use SPME fibres. Although
the use of an internal standard of oxylipins could have been introduced for this purpose, however
stability of oxylipins using an internal standard would not be possible. This is why 80-120%

criteria were applied in addition to ANOVA.

2.3.3 18-day room temperature stability study results after SPME extraction from spiked

citrate plasma

35 oxylipins were measured after the extraction of pooled spiked citrate plasma with HLB SPME
devices. The fibres were then kept at room temperature for 0, 3, 6, 10, or 18 days. Figure 2.5
shows the results of this study. All oxylipins were stable for 18 days at room temperature except
for 4-HDHA acid, 13-0x0ODE, 5-0xoETE, 15-HETE, and 11,12-EpETE, as shown in Table 2.1.
These oxylipins showed significant differences when comparing 0 and 18-day conditions. The
results obtained from this study showed that even known auto-oxidation products such as 11-
HDHA, 13-HDHA, and 9-HODE were stable. This confirms that SPME devices can effectively
protect oxylipins after extraction and that cold-chain storage, at least for short-term storage and
transportation, is not required. In summary, we observed improved stability for non-enzymatically
derived oxylipins during 3-FT cycle and RT stability studies, including some unstable oxylipins

from literature studies (Figure 2.6).
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Table 2.1: Summary of the results of 18-day room temperature study for oxylipins extracted using
SPME from spiked citrate plasma. The results are shown as mean concentration (ng/mL) + SD for
oxylipins that failed accepted criteria of concentration within 80-120% of 0-T and ANOVA <0.05.

Oxylipins Control 3 days 6 days 10 days 18 days | ANOVA
(0-T) p-value
11,12-EpETE 4.9+0.7 5.242 7.6£1.6 6.8+1.4 4.2+0.8 0.033
13-0x0ODE 7.2+0.9 8.7+3.4 11.7£2 11.2+1.9 6.7+3 0.044
4-HDHA 4.1+0.4 2.6+0.7 1.940.5 1.75+09 | 4.4+£1.7 0.006
15-HETE 28.3+2.7 30.9+8.7 39.9+6.6 37.6+£3.1 24.5+7 0.028
5-0xoETE 5.7+0.7 6.2+0.4 8.4+1.4 8.0+1.8 6.1+0.3 0.013

* The number of replicates was n=4 for control and 6-day while n=3 for 3, -10- and 18 days room
temperature conditions.
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Figure 2.5: Heatmap results of room temperature stability study for 35 oxylipins extracted on
HLB SPME devices from spiked plasma. Heatmap was built using log transformation with
hierarchical clustering, and Euclidean distance using MetaboAnalyst, where A = control, B = 3
days, C = 6 days, D = 10 days, and E = 18 days. The number of replicates was n=4 for all days
except 10 — and 18 days, where n=3.
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List of non-enzymatic derived unstable 3-FT cycle and 18-day stability results of non-

oxylipins from literature stability studies (EDTA enzymatic derived oxylipins stored without BHT on SPME
plasma) included in-house library (standard & citrate plasma)

Non-enzymatic W Non-enzymatic
9-HODE % 9-HODE /?*
13-HODE 2 0\8\\% § 13.HoDE [ <X OY\V g

Red: Increase

5 HEPE 8-HDHA S HETE Blue: decrease 5-HEPE 8-HDHA 5-HETE
8-HEPE 10-HDHA 8-HETE Black: stable 8-HEPE 10-HDHA 8-HETE
11-HEPE 11-HDHA 11-HETE Purple : Not 11-HEPE | 11-HDHA (FT) 11-HETE
12-HEPE 13-HDHA 12-HETE measured 12-HEPE 13-HDHA (FT) 12-HETE
15-HEPE 14-HDHA 15-HETE 15-HEPE 14-HDHA 15-HETE (RT)
18-HEPE 16-HDHA 5-0x0ETE FT: Freeze—and-thawing 18-HEPE 16-HDHA | 5-oxoETE (RT)
15-HEDE 17-HDHA RT: Room temperature 15-HEDE 17-HDHA

11-HEDE 20-HDHA | 11-HEDE | 20-HDoHE

Figure 2.6: Diagrams showing improved oxylipin stability during storage and pre-analytical
handling using SPME.Where A = identified unstable oxylipins from literature studies and B =
stability results for 3-FT cycle and RT of oxylipins study on SPME devices extracted from standard
or citrate plasma samples.

2.4 Conclusions

Overall, our results show that SPME facilitates the quantitative analysis of oxylipins by improving
their stability during storage. Therefore, repeated FT cycles of SPME devices should be avoided
when comprehensive oxylipin coverage is required, especially if oxylipins such as AA, PGE2, 9-
ox0ODE, 9-HoTrE, 13-HDHA, and 11-HDHA are of interest. The room temperature stability
results are particularly important, as SPME simplifies sample collection, shipping, and short-term

storage procedures by eliminating the need for ultra-cold temperatures.

In future, SPME-based devices may facilitate at-home sampling of oxylipins and provide a new
approach for easier longitudinal monitoring of oxylipin concentrations in clinical and biomedical

studies.
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Chapter 3

3.0 Effect of antioxidants on oxylipin stability using solid-phase microextraction
(SPME) devices

3.1 Introduction

Oxylipins are oxygenated derivatives of polyunsaturated fatty acids. These precursors of oxylipins
include both omega 3 and 6 fatty acids and are typically made of 18-22 carbon atoms and contain
two or more double bonds. Oxylipins are produced by enzymatic (LOX, COX, and CYP450) and
non-enzymatic oxidation of their precursors such as AA, LA, DHA, and EPA [217]. The type of
enzyme can determine the specific oxylipins produced in biosynthetic reactions. Oxylipins play a
significant role in many biological processes [218], [219]. The CYP450 oxidation of the -
terminal of LA can synthesize 11-HETE which is responsible for vasoconstriction, and vascular
dysfunction [219]. Other classes of oxylipins produced by the CYP450 enzymes such as EpOMEs
were shown to be vascular endothelial cell oxidative stress elevators [220] and EETs were shown to
have cardioprotective effects on ischemia [221]. PGEz which is produced by the COX oxidation of
AA, is involved in inflammation, infection, and pain [34], [222]. LA produces HODEs, including
9-HODE with pro-inflammatory [219] and 13-HODE [223] with anti-inflammatory roles in
humans. Non-enzymatic oxidation reactions of precursors with ROS can produce oxylipins such as
9-HETE and IsoPs from AA [204] and 9-HODE from LA which are biomarkers of stress [217].
Interestingly, some precursors can be converted into other precursors. For example, LA is
converted to AA, and a-LA produces DHA, which can further be converted into EPA in the
presence of enzymes such as delta-5 desaturase and delta-6 desaturase [224]. Given their
significant roles such as lipid mediators, studying oxylipins is important in many biomedical and

clinical studies.
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The challenges in studying oxylipins lie in their correct identification due to the existence of
numerous isomers and/or isobars, and their low concentrations in biological samples, requiring the
use of highly selective, sensitive, and robust analytical techniques such as LC-MS/MS [54], [123],
[149]. In addition, some members of oxylipin classes are short-lived, creating a need for appropriate
sample collection, transportation, and storage to ensure adequate measurement of these compounds.
This makes sample stability a crucial challenge. Developing (pre-)analytical approaches to enhance
the stability of oxylipins during storage and transportation, such as using anticoagulants, solvents
and antioxidants to minimize degradation/formation during sampling, transportation, and storage of
tissues and biological fluids, has been investigated [ 180], [182]-[184], [186], [190], [201]. However,
successful stabilization of some classes has yet to be achieved. Anticoagulants are commonly added
for blood sample collection to prevent platelet activation and reduce lipid oxidation in the presence
of trace metals such as iron and copper. For instance, the use of EDTA and heparin has been
investigated to prevent lipid oxidation in blood samples during short and long-term storage
conditions [186]. EDTA also reduced lipid oxidation in whole blood compared to citrate plasma
[184], [225]. Antioxidants are added to prevent/minimize further oxidation of oxylipins, especially
during sampling and storage [190]. Antioxidants may be classified as natural and synthetic. Natural
antioxidants such as ascorbic acid were used in biological matrices such as blood and tissue [201],
[226]. Synthetic phenolic antioxidants such as triphenylphosphine minimized peroxidation and
autoxidation of oxylipins in both blood and biofluids such as BALF during sample collection
[180]. Synthetic phenolic antioxidants BHT and BHA are common antioxidants used to scavenge
free radicals. As discussed in Section 1.4.3, reported antioxidants tested for the stability of
oxylipins are ascorbic acid [201], t-AUBT [182] and BHT. Among these, BHT was the most

commonly used antioxidant to improve the stability of oxylipins in biofluids [180], [182], [184],
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[186] or tissues [180], [96]. BHT is often used with other additives such as methanol or
anticoagulants such as EDTA [186]. However, the effectiveness of BHT to reduce lipid and
oxylipin oxidation is questionable. For instance, Moran-Garrido et al. showed that the addition of
BHT for storing oxylipins at -80°C did not result in a significant difference and therefore, did not
notably improve oxylipin stability [190].

One novel approach to simultaneously sample and extract oxylipins directly from tissues, used in
vivo, is SPME, which can accurately measure oxylipin concentrations in living rat brains [123]. Such
SPME devices protect oxylipins from enzymatic reactions immediately after the sampling step.
This is possible because enzymes are not co-extracted by the device due to the use of biocompatible
polymer materials and sorbents with small pore sizes, such as HLB. Post-mortem changes that can
contribute to the degradation/formation of oxylipins are thus avoided [194], [227]-[229]. However,
it is currently not known how stable the extracted oxylipins are on SPME devices post-extraction
and whether the devices can reduce degradation due to auto-oxidation, isomerization and other
non-enzymatic processes.

Oxylipins can degrade during the sampling, storage, and sample handling process. The loading of
antioxidants onto the SPME devices before extraction (pre-extraction loading) may assist in
preventing any degradation processes that can occur during sampling, transportation or storage.
However, small amounts of the preloaded antioxidant(s) will be desorbed during the sampling
process, requiring the use of antioxidants safe for consumption. Alternately, it is possible to load
antioxidant(s) onto the SPME devices after in vivo extraction (post-extraction loading), for
example during a rinsing step. In this approach, antioxidant(s) may help improve the stability of

oxylipins during storage and/or transportation.
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This study first aimed to develop methods for pre- and- post-loading of phenolic antioxidants,
BHA and BHT, on SPME devices. The optimized pre- and -post-loading procedures of BHT were
then used to investigate the stability of oxylipins on SPME devices after extraction from standards
and spiked plasma samples during a 3-FT cycle stability study and RT stability study. In addition,
the LC-MS oxylipin method was modified to enable simultaneous measurement of the BHA and

BHT antioxidants.

3.2 Materials and methods

3.2.1 Chemicals

All oxylipin standards and organic solvents were purchased as reported in Section 2.2.1 and
Supplementary Table B1. Antioxidants (Figure 3.1) were purchased from Cayman Chemical
Company. For the 3-cycle FT and RT stability study, citrate plasma was purchased from BiolVT
(Westbury, New York, US). The HLB SPME fibres, with 37 pm coating thickness, were obtained

from Millipore-Sigma (Bellefonte, PA, USA).

3.2.2 Selection of antioxidants and optimization of antioxidant loading on SPME fibres

BHT and BHA antioxidants were chosen because of their free radical scavenger properties, their
logP values, and their solubility properties, which will ensure their efficient loading by HLB SPME
(Table 3.1), and their frequent use as food additives to ensure their safe use in in vivo SPME
workflows. These antioxidants are a good choice for either pre- or post-extraction loading on
SPME. However, these are not water-soluble antioxidants as shown in Table 3.1. For this study,
BHA was also selected as a backup synthetic antioxidant for BHT, just in case loading enough
BHT on the SPME fibre was not achieved due to its poor aqueous solubility. Considering organic

solvents must be used to dissolve these antioxidants, the optimization of the solvent composition
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of standards used for antioxidant loading onto SPME fibre was required. In general, increasing the
organic solvent proportion decreases Ky, thus reducing the amount of antioxidants loaded.
Therefore, it was important to determine the appropriate solvent composition to effectively
dissolve the antioxidants of interest during the loading step while maintaining as high a K¢ as
possible (Supplementary Figure B1). However, if sufficient BHT can be loaded on SPME using

optimized conditions, then BHA will not be further investigated.

Table 3.1: Properties of selected antioxidants

Antioxidant | Formula |Antioxidant class| Solubility Structure logP
Butylated Ci5Hp40 Phenolic Organic ol 5.3
. . (CH)C C(CH),
hydroxytoluene antioxidant solvent
(BHT) (methanol) CH,
Butylated C11H602 Phenolic Organic 2.3
OH
hydroxyanisole antioxidant solvent C(CH,),
(BHA) (methanol) OCH,

*Log P values obtained from www.pubchem.com.

3.2.3 Optimization of oxylipin LC-MS method for analysis of BHT and BHA antioxidants

To investigate if BHA and BHT could be analyzed using the existing oxylipin method to ensure
their adequate quantitation during the stability study, a stock mixture of 5 pg/mL of BHT and BHA
in 80% methanol was prepared and analyzed using the oxylipin method. BHT was successfully
measured in negative ESI mode with m/z of 219.1781 using the oxylipin method as described in
Section 2.5 while for BHA, the [M-H] mass 179.1073 (C11Hi502") was not detected, but its

demethylated ion corresponding to the loss of CH3; with m/z of 164.0838 (C10H1202") was detected

64


http://www.pubchem.com/

in negative ESI mode. To reduce the observed in-source fragmentation, two ESI parameters: gas
temperature (175°C, 200°C, and 250°C) and fragmentor voltage (170 V, 190 V, and 210 V) were
optimized while other ESI parameters were kept constant. The impact of changing these

parameters on oxylipin measurement was also investigated (Supplementary Figure B2).

3.2.4 Optimization of SPME method for pre- and post-extraction loading of BHT and BHA

on SPME devices

The antioxidant pre- and post-extraction loading procedures and full SPME workflow for
determination of the amount of antioxidant loaded are shown in Figure 3.1. To determine when
equilibrium was reached for antioxidant loading onto the SPME devices and to load the maximum
possible amount of antioxidants, long extraction times of 1, 3, 5, and 18 h were tested for pre-
extraction loading. Two replicates per time point were used. Antioxidant loading was incorporated
using reused SPME fibre for conditioning procedure as follows. SPME fibres were immersed in
1.5 mL of 5 pg/mL of BHT and BHA standard prepared in 50% MeOH (v/v), and the extraction
times were varied from 1 to 18 h with agitation of 450 rpm. 2.0 mL HPLC glass vials were used
for the antioxidant loading step. This was followed by fibre rinsing in water for 5 secs, followed

by desorption in 80% MeOH for 1 h on a shaker (450 rpm) and immediate analysis on LC-MS.

For post-extraction loading of antioxidants, very short extraction times of 1, 2, and 5 min. were
tested. These short times and low proportions of organic solvent were investigated to prevent the
desorption of oxylipins from the fibres during the post-extraction antioxidant loading approach. In
this approach, the fibre rinsing step was removed and replaced with the antioxidant loading step
before desorption or storage. The SPME fibres for post-extraction loading of antioxidants were
conditioned in 50% EtOH (v/v), followed by antioxidant loading from 1.5 mL of 5 pg/mL BHT

and BHA standard solution prepared in 5% MeOH (v/v) for the selected times ranging from 1 to 5
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min. with 450 rpm agitation. 2.0 mL HPLC glass vials were used for the antioxidant loading step.
A similar desorption approach, as reported for pre-extraction loading, was used, and the samples

were immediately analyzed by LC-MS.

The amount of antioxidants loaded was calculated by multiplying the concentration of the
antioxidant found in the SPME extract (obtained from the calibration curve prepared from 10
pg/mL mix of BHT and BHA in 80% MeOH) by the volume of the desorption solvent. The goal
was to achieve a minimum BHT-to-oxylipin ratio of 10:1 for both standard and plasma samples.
For example, in standard samples, an average concentration of 40 ng/mL of each oxylipin was
found after desorption. This corresponds to ~4 ng (40 ng/mL x 0.1 ml) of each oxylipin loaded.
When multiplied by the total oxylipins measured (33), a total of ~132 ng of oxylipins is extracted
onto the SPME fibre. To achieve the mole ratio of BHT-to-oxylipin ratio (10:1), meaning that
~992 ng of BHT must be loaded per SPME device. In the spiked plasma sample, the total extracted
amount of oxylipins and PUFA precursors was 103 ng. Therefore, the loading of >992 ng of BHT,
as calculated for standard, will also be sufficient for plasma samples to achieve a minimum of 10:1

molar ratio of antioxidant: oxylipin.
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Th

Figure 3.1: Overview of SPME procedure used for the optimization of antioxidant loading on
SPME fibre for (a) short antioxidant loading during the fibre rinsing step to be incorporated for
the post-extraction antioxidant loading procedure and (b) conditioning and pre-loading of
antioxidant procedure for pre-extraction loading of antioxidant.

The next step was to further optimize the post-extraction loading of BHT and evaluate which
extraction time yields the highest antioxidant loading, without inducing inadvertent oxylipin
desorption during this short antioxidant loading step. To achieve this, the desorption of oxylipins
during all the post-extraction loading time points of BHT was investigated, as 5% of organic
solvent was used in the post-extraction procedure, in lieu of typical fibre rinsing with pure water.
Prolonged time and the increase in the volume and organic solvent proportion may altogether
promote undesirable oxylipin desorption during antioxidant loading. To investigate this possibility,
100 pL of a 100 ng/mL standard mix containing 33 oxylipins was extracted using SPME (n = 2),
followed by post-extraction BHT loading. For the post-extraction loading, the same approach as
shown in Figure 3.1 was used, but with an optimized loading concentration of BHT at 10 ng/mL
in 5% methanol. This adjustment was made for all three time points to ensure a high antioxidant-

to-oxylipin ratio. Next, BHT and oxylipins were desorbed using 100 pL of 80% MeOH for 1 h on
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a shaker (450 rpm) and analyzed on LC-MS to measure the amount of BHT and oxylipins extracted

on SPME devices.

3.2.5 3-cycle freeze-and-thaw stability study of oxylipins stored on SPME devices with BHT

This experiment was performed to investigate the effect of pre- and -post-extraction loading of
BHT on the stability of oxylipins during 3-FT stability study. The study was performed using
oxylipin extraction from standard solution, to mimic a less complex matrix for easy monitoring of

the effect of BHT on the stability of oxylipins when stored on new batch of SPME devices.

The 3-FT cycle stability was performed as follows. After SPME fibre conditioning, oxylipins were
extracted onto SPME devices from 100 pL of 300 ng/mL oxylipin standard containing 38 oxylipins
including precursors prepared in 10% MeOH. The selection of 5 h for pre-loading and 5 min for
post-loading conditions was based on the results discussed in Section 3.2.5. The 3-FT cycle study
was then repeated after SPME extraction of spiked citrate plasma. 140 uL of citrate plasma was
spiked with 10 uL of 20 ng/mL of the oxylipin standard mix, extracted and stored on SPME with
replicate n=4. Figure 3.2 summarizes the complete SPME procedure incorporating either pre-
extraction loading of BHT or post-extraction loading of BHT. The same 3-FT cycle stability study

experimental design was used as reported in Section 2.2.2.
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Figure 3.2: Overview of SPME procedure for stability testing with pre-and post-extraction loading
of BHT and oxylipins where (a) antioxidant loading during SPME conditioning procedure before
extraction of oxylipins and (b) oxylipin extraction before short antioxidant loading of BHT.
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3.2.6 LC-MS analysis of antioxidants and oxylipins

For the quantification of oxylipins, a serial dilution calibration in the range from 0.17 to 350 ng/mL
in 80% MeOH was performed. 80% MeOH was run periodically as blank sample during LC-MS
analysis [123]. BHT calibration standards in the range from 17 ng/mL to 20 pg/mL in 80% MeOH
were prepared while the BHA calibration curve ranged from 17 ng/mL to 10 pg/mL in 80% MeOH.
An example of calibration for BHA and BHT is shown in Supplementary Figure B3. LC-MS
analysis was performed on an Agilent 6545 QTOF [123], [149] as described in Section 2.2.5, all
parameters fixed as BHT was measured successfully with the existing oxylipin method. Agilent
MassHunter software (version B.07.00) was used for data acquisition [123]. Technical

repeatability during all studies was monitored using 100 ng/mL oxylipin standard as a QC. This
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QC sample was run after every 10 samples. All oxylipins in QC samples showed a relative standard

deviation (RSD) below 20% for all studies.

3.2.7 Data analysis

Data analysis was performed using MassHunter software (TOF Qualitative Analysis B.07.00 and
QTOF Quantitative Analysis B.07.00), with an extraction window of 100 ppm. The calibration
curves were prepared using 1/x weighted linear regression except for PGE2, PGD2, 20-HEPE,
15(R)-PGF2a, 8-iso-PGF2a, 8-iso-PGF2B, 11,12-EpETE, PGF2a, 13-HODE, 9-0x0oODE, 9-
HODE,13-0x0ODE, LA, DHA, 15-HEDE, 11-HDHA, AA and EPA for which 1/x weighted
quadratic models were used. For stability data analysis, one-way ANOVA and post-hoc t-test were
used at a 95% confidence level to compare the amount of oxylipins in the stability test samples
against the freshly extracted samples (0-T). ANOVA testing was performed using JASP statistics
0.16.1 software [212]. The stability acceptance criteria for all studies were (i) the mean extracted
concentration within 80 to 120% of the 0-T samples and (i1) no significant difference using

ANOVA. Heat maps were prepared using hierarchical clustering using Metaboanalyst 6.0 [213].

3.3 Results and discussion

3.3.1 Results of optimization of oxylipin LC-MS method for the analysis of antioxidants

BHA and BHT can be measured using LC-MS [226] and LC-HRMS/MS [230] for in vitro studies.
The suitability of the oxylipin LC-MS method to measure the amounts of BHA and BHT
antioxidants loaded and remaining on SPME fibres after the completion of stability studies were
evaluated. Standard solutions of BHA and BHT were analyzed using the oxylipin method and
showed rt of 25.78 min. for BHT and 13.11 min. for BHA and suitable chromatographic peak

shape (Supplementary Figure B4). However, for BHA, in-source fragmentation was observed
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whereby no parent [M-H] ion was detected. Instead, only its fragment ion m/z (164.0838)
corresponding to CH3 loss was observed. To investigate whether in-source fragmentation can be
minimized, ESI conditions were optimized, with focus on fragmentor voltage (170-250 V) and gas
temperature (175-250 °C) as shown in Figures 3.3 and 3.4 respectively. Lowering of fragmentor
voltage to 170 V reduced the amount of in-source fragmentation and m/z 179.1073 (BHA-H")
could be detected with considerably reduced in-source fragmentation (Figure 3.3). For BHT,
fragmentor voltage did not significantly impact its observed signal intensity. In summary, the
optimization of gas temperature and in-source fragmentation for BHT (m/z) showed no significant
effect on the detected peak area compared to the existing oxylipin method (250°C and 250V).
However, for BHA (m/z 179.1073), in-source fragmentation optimization at 170 V showed a
significant improvement compared to the existing oxylipin method. Based on these results, since
BHT, the primary antioxidant of focus, showed no impact from the optimization, all parameters in

the oxylipin method were kept constant.
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Peak area of
antioxidants

m BHA (164.0838) mBHA (179.1073) mBHT(219.1749)

Figure 3.3: Effects of the fragmentor voltage on the peak area of BHA and BHT and in-source
fragment of BHA (164.0838). A 5 pg/mL standard mix of BHA and BHT in 80% MeOH was
analyzed on LC-MS, and all ESI settings were kept as described in Section 3.2.9 except fragmentor
voltage which was varied from 170-250V. The mean of 2 replicates is shown, and error bars
represent the standard error. The initial fragmentor setting of oxylipin LC-MS assay was set at 250
V, showing that this resulted in excessive in-source fragmentation of BHA, whereas it was suitable
for the analysis of BHT.
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Figure 3.4: Effects of the gas temperature on the peak area of BHA and BHT and BHA in-source
fragment (164.0838). A 5 pg/mL standard mix of BHA and BHT in 80% MeOH was analyzed on
LC-MS, and all ESI settings were kept as described in Section 3.2.9 except gas temperature, which
varied from 175-250°C. The mean of 2 replicates is shown, and error bars represent the standard
deviation. The initial gas temperature setting of oxylipin LC-MS assay was set at 250 °C, showing
that this resulted in the decreased signal of BHA in-source fragment (164.0838), whereas gas
temperature did not impact the signal intensity of BHT.

3.3.2 Results of the optimization of pre-extraction loading of BHT and BHA on SPME devices

The extraction time is a crucial factor in determining the amount of analyte extracted using SPME.
One option to pre-load antioxidants before extraction is to combine the SPME fibre conditioning
procedure and antioxidant loading into a single step. If this approach is used, long loading times
can be employed to load the maximum possible amount of antioxidant(s) using equilibrium
extraction. The effect of long extraction times (1-18 h) on the amount of BHA or BHT loaded on
the SPME fibre using 1.5 mL volume of 5 pg/mL of BHT and BHA standard in 50% MeOH is
shown in Figure 3.5 and Figure 3.6 respectively. As expected, increasing the extraction time
significantly increased the amount extracted on SPME devices. For both BHA and BHT,
equilibrium was reached by 5 h as there was no significant difference in the amount extracted at 5
h compared to the 18 h extraction. Based on these results, 5 h extraction time was selected for the
pre-loading of BHT in subsequent experiments. The minimum desired amount of BHT to load on

SPME fibre was calculated as 992 ng in order to reach 10:1 mole ratio of BHT to oxylipin., As
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shown in Figure 3.6, about 1276 ng of BHT was loaded after 5 hr. This exceeds the target amount

and no further optimization of this procedure was required.
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Figure 3.5: Optimization of pre-extraction antioxidant loading procedure. Effect of long extraction
times (1-18 h) on the amount of BHA extracted by HLB SPME fibre (n=2 per time point). A 5
pg/mL standard mix of BHA and BHT in 80% MeOH was used for antioxidant loading and fibre
conditioning.
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Figure 3.6: Optimization of pre-extraction antioxidant loading procedure. Effect of long extraction
times (1-18 h) on the amount of BHT extracted by HLB SPME fibre (n=2 per time point). A 5
pg/mL standard mix of BHA and BHT in 80% MeOH was used for antioxidant loading and fibre
conditioning.
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3.3.3 Results of the optimization of post-extraction loading of BHT and BHA on SPME

devices

The selection of an appropriate loading time is crucial for the post-extraction loading of
antioxidants on SPME. The selected loading time must ensure that enough antioxidant is loaded
on the SPME device while also ensuring that it is short enough to avoid the desorption of oxylipins
during the antioxidant loading. To meet the latter criterion, low concentration of organic solvent
should also be used in this approach, as normally high proportion of organic solvent is required to
efficiently desorb oxylipins from HLB SPME fibres. To determine the loading time, which is the
most suitable for post-extraction antioxidant loading, short loading times of 1, 2 and 5 min. were
tested, and the loading was performed using a 1.5 mL of 5 pg/mL of BHT and BHA standard in
5% MeOH. The results for BHA and BHT are shown in Figure 3.7 and Figure 3.8 respectively.
As expected, the post-extraction loading of BHA and BHT showed an increase in the amounts of
oxylipins extracted as proportional to extraction time. 5 min. loading successfully loaded
approximately 425 ng of BHA and 538 ng of BHT. For the desired ratio of BHT to oxylipin (10:1),
the required amount to load is 992 ng per SPME fibre. This amount was not successfully loaded
and further increase in the concentration of BHT extraction solution was required to achieve this

goal.
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Figure 3.7: Optimization of post-extraction antioxidant loading procedure. Effect of short
extraction times (1-5 min) on the amount of BHA extracted by HLB SPME fibre (n=2 per time
point). A 5 pg/mL standard mix of BHA and BHT in 80% MeOH was used for antioxidant loading
and fibre conditioning.
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Figure 3.8: Optimization of post-extraction antioxidant loading procedure. Effect of short
extraction times (1-5 min) on the amount of BHT extracted by HLB SPME fibre (n=2 per time
point). A 5 pg/mL standard mix of BHA and BHT in 80% MeOH was used for antioxidant loading
and fibre conditioning.

The next experiment aimed to determine which of the post-extraction loading conditions of BHT

would result in sufficient BHT being loaded on SPME devices while also ensuring minimal or no

75



loss of oxylipins during the BHT loading procedure. To investigate this, a standard mix containing
33 oxylipins was extracted on SPME followed by post-extraction loading of BHT for 1-5 min. For
BHT loading, the same results as reported in Figure 3.9 were obtained with 5 min. loading time
resulting in the highest amount of BHT extracted across the tested extraction times.

Next, the amount of 33 oxylipins extracted by SPME with/without post-extraction loading of BHT
was compared as shown in the bar graph (Figure 3.10). Similar amounts of oxylipins were
extracted with and without BHT for most oxylipins. The t-test of all oxylipins for all short
extraction conditions was performed. Oxylipins that failed t-test with reported p-values shown in
brackets were 18-HEPE (0.04), 13-0xoODE (0.04) 17-HDoHE (0.03), 13-HDHA (0.02), 11,12-
EpETE (0.04), 11-HDHA (0.04), EPA (0.04), and LA (0.03) (Figure 3.10). Although the results
were not significant for most oxylipins, (Figure 3.10) shows that there is a small decrease in the
amount extracted of oxylipins when BHT is loaded post-extraction. To determine if oxylipins were
desorbed during the loading of BHT, the 1.5 mL solution of 10 pg/mL BHT in 5% methanol which
was used for post-extraction loading of BHT was also analyzed by LC-MS. In this experiment, all
oxylipins were below the limit of quantification. This result shows that 5 min. post-extraction
loading of BHT is suitable for measurement of oxylipins as it minimizes the desorption of
oxylipins during antioxidant loading step while ensuring an adequate amount of BHT is loaded,
with minimal impact on the amount of oxylipins extracted. In future, the loss of oxylipins during
BHT loading could be further reduced by (i) reducing loading time while increasing the
concentration of BHT standard used for antioxidant loading or (ii) decreasing the volume of
solution used for BHT loading. Fundamentally, PUFA precursors are more hydrophobic than
oxylipins with higher K¢ values and lower solubility in highly aqueous solutions. Therefore, we

would expect to see lower % desorbed as the hydrophobicity of the analyte increases. In general,
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we see the expected trend for PUFAs with % desorbed <5%, but the highest amount desorbed

appears to belong to several oxylipins of intermediate polarity such as PGE2 and HDHA sub-class.
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Figure 3.9: Optimization of post-extraction antioxidant loading procedure with extraction of
oxylipins. Effect of short extraction times (1-5 min) on the amount of BHT extracted by HLB
SPME fibre (n=2 per time point). A 5 pg/mL standard mix of BHA and BHT in 80% MeOH was
used for antioxidant loading and fibre conditioning. Oxylipins were extracted from 100 pL of 100
ng/mL of standard mix of 33 oxylipins on SPME devices.
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Figure 3.10: Comparison of the amount of 33 oxylipins extracted with (n=2) and without (n=4)
post-extraction loading of BHT. The result for using BHT antioxidants was obtained from the
average value for all short loading times for each oxylipin respectively. Oxylipins were extracted
from 100 pL of 100 ng/mL standard mix for 30 minutes on a shaker.

77



To reach a high BHT-to-oxylipin ratio of 10:1, our results showed that for 33 oxylipins,
approximately 992 ng of BHT was required for the standard sample and for the pooled plasma
sample. This was successfully achieved for pre-extraction loading (5 h) but not in post-extraction
loading (5 min.), so loading BHT concentration needs to be further increased. The amount of
oxidant required for loading can be calculated for different tissue types, expected levels of
oxylipins and/or different SPME coatings. In addition, having the ability to measure the amount
of unreacted BHT remaining on SPME fibres using the same LC-MS assay as for oxylipins, allows
to quickly verify that sufficient BHT was loaded, and that sufficient amount of antioxidant remains

on the fibre to protect the oxylipins from oxidation during the storage period.

3.3.4 3-cycle freeze-and-thaw stability study to compare the effect of pre-and post-extraction

loading of BHT on oxylipin stability on SPME devices after extraction from standard

Although pre-and post-extraction loading procedures were optimized for both BHA and BHT,
BHT was selected for further evaluation in stability studies due to its reported ability in the
literature to help protect some oxylipins from degradation [182], [190] and its higher K¢ value,
which allows the loading of higher amounts of antioxidant(s). The stability study was conducted
to determine whether pre- or post-loading of BHT would enhance the stability of oxylipins stored
on SPME devices. 38 oxylipins were extracted from the standard solution by SPME devices and
subjected to 3-FT cycles. For pre-extraction loading of BHT, all 38 oxylipins tested were found to
be stable, except 11B-PGF2a which was found unstable with a decrease in concentration as
compared to the control (Table 3.2). For the post-extraction loading of BHT, all oxylipins were
stable with stability within the range of 80 to 120% of control and passing the ANOVA test. The

heatmap for both pre-and post-extraction loading is shown in Figure 3.11 and Figure 3.12.
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Table 3.2: Summary of the results of the 3-cycle freeze-and-thaw stability study for pre-extraction
loading of BHT from standard solution. The results are shown as mean oxylipin concentration
(ng/mL) £ SD for oxylipins that failed the acceptance criteria of concentration within 80-120% of
0-T and ANOVA <0.05.

Oxylipin Control 1-FT cycle 2-FT cycles 3-FT ANOVA
0-T (ng/mL) (ng/mL) (ng/mL) cycles p-value
(ng/mL) | (Control and
3 FT cycles)
11B-PGF2a 58.8+7 42.2+9 40.1+11 38.6+4 0.014
* The number of replicates was n=4 for all conditions
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Figure 3.11: Heatmap results of 3-cycle freeze-and-thaw stability study for 38 oxylipins with pre-
extraction loading of BHT. Oxylipins were extracted from standard after pre-extraction loading of
BHT. Where A= control, B=1-FT cycle, C =2-FT cycles and D =3-FT cycles. Heatmap was built
using log transformation with hierarchical clustering, and Euclidean distance using MetaboAnalyst
software. The row A-SCALE and B-SCALE were added to the raw data to show all hierarchical
maps in this chapter on the same scale.
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Figure 3.12: Heatmap results of 3-cycle freeze-and-thaw stability study with post-loading of BHT
for 38 oxylipins stored on SPME device extracted from standard. Where A= control, B= 1-FT
cycle, C =2-FT cycles and D =3-FT cycles. Heatmap was built based on log transformation with
hierarchical clustering, and Euclidean distance using MetaboAnalyst software. The row A-SCALE
and B-SCALE were added to the raw data to show all hierarchical maps in this chapter on the same
scale.

In my previous stability study in Chapter 2, PGE2 and AA (Section 2.3.1) were identified to be
unstable during the 3-FT cycle stability test of oxylipins extracted and stored on SPME after

extraction from a standard solution. The results in this section show that PGE2 and A A were stable
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using both BHT loading approaches as shown in Figure 3.13 and the summary tables for pre-and
post-extraction loading of PGE2 and AA (Supplementary Tables B2 and B3). In general, when
possible, pre-extraction BHT loading is preferred as it (i) ensures the stability of analytes even
during the sampling step, (ii) allows higher amounts of BHT to be loaded to ensure excess
antioxidant is present and (iii) improves overall method precision as it avoids desorption of

oxylipins during loading step.
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Figure 3.13: Box plot results for 3-cycle FT stability of (A) PGE2 and (B) AA stored on SPME
devices with pre-and post-extraction loading of BHT (n=4). Oxylipins were extracted from
the standard mix of 300 ng/mL. Pre-extraction loading of BHT was from 1.5 mL of 50% methanol
and the post-extraction loading of BHT was from 1.5 mL of 5% MeOH.

Next, the amount of BHT remaining on all SPME fibres was determined. As shown in Figure 3.14
there was no significant difference in the amount of BHT desorbed between the control and 3-FT

cycle samples when BHT was pre-loaded on SPME fibres. However, for the post-extraction
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loading of BHT, there was a significant loss of BHT in fibres that underwent 1-FT to 3-FT cycles
which could explain why most of the oxylipins were stable as the decrease might have contributed
to their stability (Figure 3.14). The BHT summary results for both pre-and post-extraction loading

are shown in Supplementary Tables B4 and BS.
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Figure 3.14: Amount of BHT remaining on SPME devices during 3-FT cycle stability study
comparing pre- (n=4) and post-extraction (n=4) loading of BHT. Oxylipins were extracted
from 300 ng/mL standard mix. Pre-extraction loading of BHT was performed using 1.5 mL of 10
pg/mL BHT standard in 50% MeOH for 5 h and the post-extraction loading of BHT was performed
using 1.5 mL of 10 pg/mL BHT standard 5% methanol for 5 min.

3.3.5 3-cycle freeze-and-thaw stability study of oxylipins extracted from spiked citrate

plasma and stored on SPME devices with pre-and post-extraction loading of BHT

The 3-FT cycle stability study was conducted to determine whether pre- or post-loading of BHT
would enhance the stability of oxylipins stored on SPME devices when extracted from spiked
plasma. 38 oxylipins were spiked into citrate plasma, and the resulting samples were subjected to
SPME with both pre- and post-extraction loading of BHT, followed by 3-FT cycles. Our results

from both studies on pre- and post-extraction BHT loading showed some oxylipins that did not
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meet the stability criteria i.e. within the range of 80 to 120% of the control and failed the ANOVA
test in both approaches. For the pre-extraction loading of BHT, out of the 38 spiked oxylipins, 24
oxylipins were measured. 8 oxylipins out of the 24 measured showed an increase as compared to
control, including PGF2a, 8-iso-15-R-PGF2a, 14,15-DiHET, 13 HODE, 13-HDHA, 12-HETE, 5-
HETE, and LA. On the other hand, AA, 16-HDoHE and 11-HDHA showed decreasing amounts
as compared to the control (Table 3.3 and Figure 3.15). For the post-extraction loading, 20
oxylipins were measured out of 38 spiked from the standard study. Seven oxylipins failed the
stability criteria. An increase was noted in 13-HDHA, while LTB4, 9-HETE, 12-HETE, 16-
HDoHE, 11-HDHA, and DHA showed a decrease compared to the control samples (Table 3.4 and

Figure 3.16).

Table 3.3: Summary of the results of 3-freeze-and-thaw cycle stability study using pre-extraction
loading of BHT and oxylipins extracted using SPME from spiked citrate plasma. The results are
shown as mean concentration (ng/mL) = SD for oxylipins that failed the accepted criteria of
concentration within 80-120% of 0-T and ANOVA <0.05.

Oxylipins Control 1-FT 2-FT 3-FT ANOVA ANOVA

0-T cycles cycles cycles p-value p-value

(ng/mL) | (ng/mL) | (ng/mL) | (ng/mL) | (Control and (Between

3 FT cycles) FT cycles
8-iso-15-R- 0.9+0.1 | 0.6£0.1 | 0.47+0.2 | 0.5+0.2 0.007 0.460

PGF2a

PGF2a 1.3+0.2 | 1.0+£0.2 0.7£0.2 0.9£0.2 0.014 0.169
14,15-DiHET | 0.3+0.1 | 0.7#0.1 0.3+0.2 0.5+0.2 0.027 0.052
16-HDoHE 3.740.6 | 2.0+0.4 1.9+0.4 1.8+0.2 0.003 0.803
13-HDHA 2.1£0.6 | 4.7+0.7 4.5+1 4.2+0.6 0.004 0.801
12-HETE 2.9+0.2 | 53409 | 4.5+£0.3 4.2+0.3 <0.001 0.081
11-HDHA 6.840.7 | 5.0+£0.5 4.3+0.5 4.6+0.3 <0.001 0.216
5-HETE 8.140.6 | 12.3+2 | 11.842.3 | 11.6+0.4 0.005 0.841
13-HODE 8.8+0.5 12.3£2 | 11.3£2.3 | 11.9£0.7 0.038 0.731
LA 41.9+7 63.1+9 67.9+11 61.9+6 0.004 0.606
AA 73.5+4 | 42.547 36.9+8 42.0+11 <0.001 0.692

* The number of replicates was n=4 for all conditions
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Table 3.4: Summary of the results of 3-freeze-and-thaw cycle stability study using post-extraction
loading of BHT and oxylipins extracted using SPME from spiked citrate plasma. The results are
shown as mean concentration (ng/mL) = SD for oxylipins that failed the accepted criteria of
concentration within 80-120% of 0-T and ANOVA <0.05.

Oxylipins | Control 1-FT 2-FT 3-FT ANOVA ANOVA
0-T cycles cycles cycles p-value p-value
(ng/mL) | (ng/mL) (ng/mL) (ng/mL) (Control (3-FT
and cycles)
3FT
cycles)
LTB4 2.7+0.2 1.540.1 1.2+0.1 1.4+0.2 <0.001 0.046
16-HDoHE | 2.940.1 1.740.3 1.6+0.3 1.7+0.2 <0.001 0.962
13-HDHA | 2.3+0.2 4.0+0.8 4.2+0.7 4.1+0.7 0.005 0.882
12-HETE 6.4+1 3.5+1.3 3.2+0.3 4.2+0.6 0.001 0.334
11-HDHA | 7.2+0.7 4.440.6 4.3+0.7 4.6+0.7 <0.001 0.749
9-HETE 3.5+0.2 2.7+0.4 2.7+0.2 2.6+£0.3 0.001 0.932
DHA 2.440.1 1.7+0.2 1.8+0.3 1.7+0.2 <0.001 0.863

* The number of replicates was n=4 for all conditions.

11- and 13-HDHA which were unstable from the 3-FT cycle stability study in spiked citrate plasma
without BHT in Section 2.3.2 were investigated. Using the pre-and post-extraction loading with
BHT, we observed poor stability for these two compounds (Table 3.3 and 3.4) when comparing
the control samples and the 3-FT cycles. ANOVA between the 3-FT cycles for these two
compounds showed no significant difference with the increasing number of FT cycles (Table 3.3

and 3.4), indicating no effect of FT when stored on SPME devices.

ANOVA between the 3-FT cycles samples, excluding the control for both BHT loading approaches
was investigated to identify if the poor stability of the unstable oxylipins can be connected to the
number of FT cycles. Only LTB4 (Table 3.4) in the post-extraction loading failed the ANOVA
between the cycles. The extracted BHT amounts are presented in Figure 3.17, and the summary
tables are shown in Supplementary Tables B6 and B7. Also, for the post-extraction loading of
BHT, there was no significant loss of BHT in fibres that underwent 1-FT to 3-FT cycles (0.485),

which could explain why most of the oxylipins were stable, as the decrease might have contributed
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to their stability. This suggests the possibility of a systematic error on the control day, as there was

no significant difference or decrease in the amount of BHT across all three cycles.

IS0 class class

8-is0-PGF2p i L
84s0-15(RIPGF2a | , B8
14,15-DHET D
9-Ox00ODE 1

PGF2a
11p- PGF2a 0
15(R)-PGF2a

-1
B-SCALE

DHA

LTB4
16-HDoHE
9-HETE
13-Ox0ODE
1 4-HDoHE

9-HODE
11-HDHA
13-HDHA
S-HETE
L 13-HODE
15-HETE
8,15-DIHETE
12-HETE
A-SCALE
AA

LA
5,12-DIHETE

v
v
eV
v
14
<d
€4
va
10
f4e]
€0
128}
1a
e
€a
va

Figure 3.15: Heatmap results of 3-FT cycle stability study for 24 oxylipins for pre-extraction
loading of BHT and oxylipins stored on SPME device extracted from spiked citrate plasma. Where
A= control, B= 1-FT cycle, C =2-FT cycle and D =3-FT cycle. Heatmap was built based on log
transformation, hierarchical clustering, and Euclidean distance using MetaboAnalyst software.
The row A-SCALE and B-SCALE were added to the raw data to show all hierarchical maps in
this chapter on the same scale.
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Figure 3.16: Heatmap results of 3-FT cycle stability study for 20 oxylipins for post-extraction
loading of BHT and oxylipins stored on SPME device extracted from spiked citrate plasma. Where
A= control, B= 1-FT cycle, C =2-FT cycle and D =3-FT cycle. Heatmap was built based on log
transformation, hierarchical clustering, and Euclidean distance using MetaboAnalyst software.
The row A-SCALE and B-SCALE were added to the raw data to show all hierarchical maps in

this chapter on the same scale.
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Figure 3.17: Bar graph results for 3-FT cycle stability with pre- and post-extraction loading of 10
pg/mL BHT (n=4). Oxylipins were extracted from spiked citrate plasma. Pre-extraction loading of
BHT was from 1.5 mL of 50% MeOH and the post-extraction loading of BHT was from 1.5 mL
of 5% methanol.
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Comparing our study to the FT cycle stability in literature, Polinski et al. performed a 4-FT cycle
with EDTA and heparin plasma without BHT and identified an increase of 12-HETE and 5-HETE
after 2-cycle FT [183], [190]. Our study also confirmed a similar trend in the pre-extraction loading
approach, but a decrease in 12-HETE as compared to the control in the post-extraction loading
with BHT. 5-HETE was stable in combination with the post-extraction loading of BHT when
stored on the SPME devices. Dorow et al. reported an increase in 12- and 15-HETE when stored
at RT with no effect of BHT [184] and our result showed stability of 15-HETE using both pre-and
post- and post-extraction loading with BHT when stored on SPME. Jonasdottir et al. reported poor
stability of 12-HETE, 5-HETE, and LTB4 using EDTA and heparin plasma when stored for
the short- and long-term without methanol [186]. Similarly, LTB4 and 12-HETE were identified

to be unstable in the 3-FT cycle with post-extraction loading with BHT in our study.

Additionally, EDTA was shown to improve the stability of oxylipins, as it prevents platelet
activation and may reduce lipid oxidation. However, our study was performed with citrate plasma,
to eliminate the effects of EDTA from the results. Our results showed stability for most of the
LOX-synthesized oxylipins in our library, including 15-HETE (unstable as reported in literature)
for both loading approaches when compared to control samples. 5S-HETE and 5,12-DiHETE were
stable using post-extraction loading with BHT, while LTB4 remained stable with pre-extraction
loading with BHT. 5-HETE, and 12-HETE have been reported to increase after 2-FT cycles using
EDTA plasma [183], [190] were also found unstable with citrate in either loading approaches.
Some unstable oxylipins, such as 16-HDoHE, 13-HDHA, 11-HDHA, and 12-HETE, failed
stability criteria for both pre-and post-extraction loading when compared to control (Figure 3.18).
Non-enzymatic pathways oxylipins such as 9-HODE and 13-HODE were stable using post-

extraction loading with BHT when stored on SPME devices during the 3-FT cycle. Although,
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Moran-Garrido ef al. reported a significant increase of these compounds after 3, 4 and 5-FT cycles
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Figure 3.18: Box plot results of oxylipins unstable in 3-FT cycle stability study with pre- and -
post-extraction loading of oxylipins from 10 ug/mL BHT extracted from spiked citrate plasma.
(A) 16-HDoHE, (B) 13-HDHA, (C) 11-HDHA and (D) 12-HETE.Oxylipins were extracted from
citrate plasma spiked with 300 ng/ml of standard mix. Pre-extraction loading of BHT was from
1.5 mL of 50% MeOH (5 h) and the post-extraction loading of BHT was from 1.5 mL of 5% MeOH
(5 min). The number of replicates n=4.

3.4 Conclusions

In conclusion, pre- and post-extraction loading procedures for BHT were successfully developed
for SPME devices. The application of these procedures to improve the stability of oxylipins when
stored on SPME devices was evaluated in 3-FT cycle stability study after extraction from both
standard and spiked citrate plasma samples. In the 3-FT cycle stability study with standard
samples, all oxylipins were stable in combination with post-extraction loading of BHT. In the more
complex plasma matrix, several unstable oxylipins, such as 16-HDoHE, 13-HDHA, 11-HDHA,

and 12-HETE, failed stability criteria in combination with both pre- and post-extraction BHT
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loading. Additionally, other unstable oxylipins identified for pre-extraction loading included 8-iso-
15-R-PGF2a, PGF2a, 14,15-DiHET, 5-HETE, 13-HODE, AA, and LA. For post-extraction
loading, LTB4, 9-HETE, and DHA were unstable. Comparing the results in Chapters 2 and 3,
better stability was observed in standard samples, as shown in Table 3.5 below. However, BHT
did not improve the stability of oxylipins after extraction from complex biological samples Table
3.6. Therefore, the loading of BHT might be useful for selected oxylipins but not a necessity for

improving the stability of oxylipins when stored on SPME devices for broad oxylipin profiling.

Table 3.5: A summary table evaluating the impact of pre-extraction and post-extraction BHT
loading on oxylipin stability on SPME fibres. All samples were extracted from standard samples.

3-FT cycle stability of | 3-FT cycle stability of | 3-FT cycle stability
Oxylipins oxylipins without oxylipins with pre- with post-loading of
loading of antioxidants loading of BHT BHT
LA Stable Stable Stable
9-HOTrE Stable Stable Stable
9-0x00ODE Stable Stable Stable
13-0x0ODE Stable Stable Stable
9-HODE Stable Stable Stable
13-HODE Stable Stable Stable
EPA Stable ND ND
AA Unstable Stable Stable
12,13-DiHOME Stable Stable Stable
9,10-DIHOME Stable Stable Stable
18-HEPE Stable Stable Stable
11,12-EpETE Stable Stable Stable
8-HEPE Stable Stable Stable
20-HEPE Stable Stable Stable
5-HEPE Stable Stable Stable
11-HEPE Stable ND ND
12-HEPE Stable ND ND
12-HETE ND Stable Stable
15-HETE ND Stable Stable
11-HETE Stable ND ND
9-HETE Stable Stable Stable
11,12-EET Stable Stable Stable
8,9-EET Stable ND ND
15-HEDE Stable Stable Stable
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3-FT cycle stability of | 3-FT cycle stability of | 3-FT cycle stability
Oxylipins oxylipins without oxylipins with pre- with post-loading of
loading of antioxidants loading of BHT BHT
DHA Stable Stable Stable
LTB4 Stable Stable Stable
8,15-DiHETE Stable ND ND
5,15-DiHETE Stable ND ND
5,12-DiHETE Stable Stable Stable
5,6-DIHETE Stable Stable Stable
11,12-DiHET Stable Stable Stable
14,15-DiHET Stable Stable Stable
7-HDHA Stable ND ND
8-HDHA Stable Stable Stable
13-HDHA Stable Stable Stable
11-HDHA Stable Stable Stable
10-HDHA Stable ND ND
14-HDoHE Stable ND ND
20-HDoHE Stable ND ND
17-HDoHE Stable ND ND
4-HDoHE Stable Stable Stable
PGE2 Unstable Stable Stable
PGD2 Stable ND ND
8-1s0-15(R)-PGF2a. Stable Stable Stable
8-1s0-PGF2a Stable ND ND
8-1s0-PGF2f3 ND Stable Stable
11B-PGF2a Stable Unstable Stable
15(R)-PGF2a Stable Stable Stable
PGF2a Stable Stable Stable
19,20-DiHDPA Stable Stable Stable
PGF20EA Stable ND ND
LTD4 Stable ND ND

Where: ND (not measured).
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Table 3.6: A summary table evaluating the impact of pre-extraction and post-extraction BHT
loading on oxylipin stability on SPME fibres. All samples were extracted from spiked citrate

plasma samples.

3-FT cycle stability of

3-FT cycle stability of

3-FT cycle stability

Oxylipins oxylipins without oxylipins with pre- with post-loading of
loading of antioxidants loading of BHT BHT
LA Stable Unstable Stable
9-HOTrE Stable ND ND
9-0x00ODE Stable Stable Stable
13-0x0ODE Stable Stable Stable
9-HODE Stable Stable Stable
13-HODE Stable Unstable Stable
EPA Stable ND ND
AA Stable Unstable Stable
5-HEPE Stable ND ND
12-HETE ND Unstable Unstable
5-HETE Stable Unstable Stable
15-HETE Stable Stable Stable
5-0xoETE Stable ND ND
11-HETE Stable ND ND
9-HETE Stable Stable Unstable
DHA Stable Stable Unstable
LTB4 Stable Stable Unstable
8,15-DiHETE Stable Stable Stable
5,15-DIHETE Stable ND ND
5,12-DiHETE Stable Stable Stable
11,12-DiHET Stable ND ND
14,15-DiHET ND Unstable ND
13-HDHA Stable Unstable Unstable
11-HDHA Stable Unstable Unstable
10-HDHA Stable ND ND
14-HDoHE Stable ND ND
20-HDoHE Stable ND ND
17-HDoHE Stable ND ND
16-HDoHE ND Unstable Unstable
4-HDoHE Stable Stable Stable
8-1s0-15(R)-PGF2a. ND Unstable ND
8-1s0-PGF2f3 ND Stable ND
11B-PGF2a Stable Stable ND
15(R)-PGF2a Stable Stable Stable
PGF2a ND Unstable ND
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CHAPTER 4

4.0 Forced degradation of oxylipins and their precursors using ultraviolet light (UV), copper

sulphate oxidation, and elevated temperatures.

4.1 Introduction

Oxylipins are oxygenated lipid mediators which are produced from omega-3 (»-3) and omega-6
(0-6) polyunsaturated fatty acids such as AA, 20:4 (w-6), DHA, 22:6 (©-3), EPA, 20:5 (»-3), and
linoleic acid LA, 18:2 (»-3) [1]. These mediators are of keen interest due to their roles in health
and are possible biomarkers of diseases such as cancers[98], [231], neurodegenerative disorders
[232], etc. Many oxylipins are highly unstable because they contain PUFA backbone and may
contain peroxide or epoxide functional groups. This instability can lead to rapid
degradation/formation, resulting in primary or secondary degradation products through enzymatic
and non-enzymatic oxidation reactions [69], [233]. The enzymatic oxidation reactions of COX,
LOX, and CYP450 produce various classes of oxylipins [2]. The non-enzymatic reaction of
precursors with reactive oxygen species can also produce various oxylipins. For example, the
oxidation of EPA produces HEPEs such as 18-HEPE, 8-HEPE, and 9-HEPE, while the oxidation

of DHA can produce HDoHEs such as 4-HDoHE, 20-HDoHE [3].

Lipids undergo non-enzymatic reactions such as autooxidation, photooxidation, hydrolysis,
reduction, and isomerization. In non-enzymatic reactions, lipids with more unsaturated bonds tend
to oxidize faster due to the rate of formation and concentration of the primary oxidation product
being dependent on the number of double bonds present in the lipid [67]. Autoxidation reaction is
a common non-enzymatic pathway to produce oxylipins and involves three major steps: initiation,

propagation, and termination. In the initiation step, a non-radical lipid [R] undergoes the removal
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of a hydrogen atom, transforming it into a lipid free radical. The energy required for this cleavage
depends on the position of the hydrogen atom within the compound structure. The next phase is
the propagation stage, where the lipid alkyl radical [R-] further reacts with molecular oxygen 02
to produce a lipid peroxyl radical [ROO]. This is a fast reaction at normal atmospheric conditions,
resulting in increased peroxyl radical concentrations [65]. In an autoxidation reaction, the lipid
alkyl radical and hydroperoxide synthesis is continuous as long as oxygen and lipid are available
to donate hydrogen atoms and heat; otherwise, the reaction terminates [65], [234]. Photooxidation
involves a free radical reaction induced by UV light radiation, whereby exposure to direct sunlight
or fluorescent light (i.e. the left-over UV from the mercury in fluorescent light) can cause the
degradation of unsaturated lipids, forming hydrogen peroxide (ROOH) and other peroxide
compounds (ROOR). Exposure to UV light generates activated triplet oxygen, which produces
'0,. Hence, 'O, can further break the double bond of unsaturated fatty acids by photooxidation

reaction.

This free radical reaction ceases in the absence of UV light radiation or in the presence of
antioxidants [74]. Heating can also lead to the degradation of oxylipins as higher temperatures
increase reaction rates of various chemical reactions. Primary products of oxidation (lipid
peroxides) are generally stable at room temperature but at elevated temperatures, these peroxides
promote homolytic cleavage of oxygen bonds, leading to degradation into alkoxyl and hydroxyl
radicals, which further degrade into aldehydes and ketones [65]. Alternatively, the alkoxy radical
can undergo homolytic B-scission of carbon-carbon bonds, producing oxo-compounds and other
alkyl radicals [74]. Copper sulphate (CuSOs4) can induce oxidative stress and initiate oxidation
reactions in plants [235] and promote low-density lipoprotein (LDL) oxidation in humans [236]-,

238].
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To date, a limited number of studies in literature have examined the degradation pathways of
oxylipins using forced degradation studies but PUFAs were well-studied. For example, Yin ef al.
identified autoxidation products of EPA in vitro and in vivo studies using thin-layer
chromatography. They identified bicyclic endoperoxides by two-5-exo cyclization and oxidation
and 5-, 8-, 9-, 11-, 12-, 14-, and 15-hydroperoxides of EPA [239]. The non-enzymatic degradation
of hydroperoxyl and hydroxyl DHA-derived oxylipins was studied using photooxidation and LC-
MS [240]. Another study focused on the oxidation of DHA in mackerel using photooxidation
incubation (LED) for 24, 48 and 72 h at 4°C, 2000 Ix and heating for 4, 6 and 8 min. at 100°C
[241]. Their results showed the successful formation of DHA photooxidation products after
reaction with 'O2. Rober et al. evaluated the in vivo oxidation of DHA to produce IsoPs [242].
Miyamoto et al. studied the autoxidation of LA to produce LA peroxyl radicals and 'O, by reacting
linoleic acid hydroperoxides under various conditions [243], [244] including photooxidation of
isotopic labelled of LA hydroperoxides [245], peroxynitrite [246] and hypochlorous acid reaction
[243], [244]. Esterbauer ef al. evaluated the autoxidation of aldehydes that can be produced non-
enzymatically [247]. Weiny et al. evaluated the autoxidation of AA to EETs such as 14,15-EET,-
11,12-EET, 8,9-EET and 5,6-EET after heating at 60°C for 45 min. or air incubation for 6 h [248].
Hennebelle et al. studied the degradation of LA, AA, 13-HODE, and PGE2 in artificial
cerebrospinal fluid, with constant bubbling of 95% oxygen at 37°C for 10 min. to track any
potential degradation products [249]. The resulting LC-MS analysis revealed significant
degradation of PGE2, with PGD2 as the major degradation product. These results highlight the

large number of degradation products that may arise from PUFA autoxidation.

To characterize oxylipin degradation pathways, untargeted LC-MS can be used. MS/MS involves

the isolation of a precursor compound, which is then fragmented to produce product ions [250].
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For a given molecular formula, many oxylipin isomers may exist which makes the characterization
difficult and co-elution of several isomeric species possible. The use of MS/MS fragmentation can
help to distinguish isomers which give characteristic fragments depending on the position of the
modification of the PUFA backbone. However, some isomers may produce similar fragmentation
spectra, in which case other separation approaches may be required. The most common type of
fragmentation used for small molecule identification in ESI-MS is collision-induced (CID),
whereby ion collisions with gases such as argon or nitrogen provide the internal kinetic energy for
unimolecular fragmentation (1-100 eV) [251] that can break the weakest chemical bond(s) in an
ion [252], [253]. Newer electron-activated dissociation (EAD) methods were introduced recently
as they can provide additional complementary information to CID to aid structural determination

[254].

The objective of this study was to map non-enzymatic degradation products of selected unstable
oxylipins and their precursors. The study employs forced degradation studies in combination with
LC-MS/MS analysis using both CID and EAD fragmentation techniques to characterize both
standard and plasma samples. In addition to the systematic mapping of the forced degradation
products of oxylipins and their precursors in standard solutions exposed to the conditions that
promote degradation, the study also examines if the observed degradation products interfere with
the analysis of stable oxylipins of interest in our panel. These findings contribute to a more detailed
understanding of oxylipin degradation processes, examine the utility of EAD fragmentation to aid
in structural determination of oxylipins and may improve the accuracy of oxylipin measurements

in future studies.
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4.2 Materials and methods

4.2.1 Chemicals

Acetic acid, methanol, ethanol, water, acetonitrile, and isopropanol, all LC-MS grade were
purchased from Fisher Scientific (Ottawa, Ontario, Canada). 15-HETE, PGE2, 5-0xoETE, 9-
HoTrE, 9-0x0ODE, 4-HDoHE, 13-HDHA, 13-0x0ODE, 11B-PGF2q, 11,12-EpETrE, 16-HDoHE,
9-HETE, LTB4, 12-HETE and 11-HDHA oxylipin standards and PUFA precursors (AA, LA, EPA,
and DHA) were purchased from Cayman Chemical Company (Michigan, US) via their Canadian
distributor (Cedarlane, Burlington, Ontario, Canada). All oxylipins with their full names and

abbreviations are listed in Supplementary Table C1.

4.2.2 Forced degradation study experimental design

For each of the oxylipins mentioned Section 4.1.1, individual stocks were prepared at 100 ng/mL
in 20% MeOH (v/v) and subjected to the conditions likely to promote their degradation described
in Figure 4.1. These oxylipins were selected for the forced degradation studies based on the
findings of our previous studies in Chapters 2 and 3, where they were found unstable in some of

the conditions tested.

Control (t=0) LC-MS
100 ng/mL of individual 3 days @ 37°C & 50°C
oxylipin in 20%
methanol 587 days in uv @365

T

3 & 6 hours with CuSO, CASE A: 1:50 (CuSO,: Precursor)

in dark LC-MS
CASE B: 1:25 (Precursor: CuSQOy)

Figure 4.1: Experimental design of forced degradation studies for oxylipins and precursors.

100 ng/mL of precursor
in 20% methanol
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Experimental conditions selected were (i) UV using a wavelength of 365 nm for 5 and 7 days to
promote photooxidation including reactions such as lipid peroxidation, generation of free radicals
and ROS [74], (i1) storage at 37°C (to mimic in vivo conditions and/or exposure to elevated
temperatures during storage) and 50°C as higher temperature to promote more extensive
degradation, and (ii1) CuSOg4 incubation in a dark room using two different concentration ratios of
CuSOs4 to precursor (1:50) CASE A and (25:1) CASE B for 3 and 6 h respectively which acts as
an oxidizing agent to promote oxidation process [238]. The control sample for each degradation
study was an aliquot of individual oxylipin standard prepared in 20% methanol and stored
immediately at -80°C until the analysis day. These conditions were selected to over-stress the
samples and promote not only the primary degradation products but also other possible degradation
products of unstable oxylipins. The concentration of 100 ng/mL was selected to obtain a high
signal within the linear range of the detector and enable direct measurement of the amount of
precursor compound remaining and its degradation products. Also, our method LOQ is below 1
ng/mL for oxylipins, to enable the detection of minor degradation products even if only 5%, or
less, is converted. A 20% methanol blank sample was also subjected to the various conditions
described above as negative control. Samples were analyzed by direct injection using the oxylipin
LC-MS method in Section 2.2.5. To confirm the identification of unknowns observed during
degradation such as PGA2 (Cayman Chemicals), 1 pg/mL solution of PGA2 in 100% methanol
was prepared and analyzed using the same LC-MS method. The rt and MS/MS spectra were

collected for both compounds and compared.
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4.2.3. LC-MS analysis of forced degradation samples using ZenoTOF and EAD

fragmentation

In addition to LC-MS/MS analysis using CID fragmentation described in Section 4.1, forced
degradation samples of selected oxylipins (PGE2, DHA and EPA at 50°C for 3 days) were also
analyzed using the same chromatographic method and the same run time (40 min.) on a ZenoTOF
7600 (Sciex, Vaughan, Canada) using both CID and EAD fragmentation, but an injection volume
of 10 uL was used. In addition, pooled murine plasma samples were analyzed to identify unknown

oxylipins of interest.

4.2.4 LC-MS analysis of oxylipins using CID

A series of oxylipin calibration standards (0.05 to 100 ng/mL) containing all oxylipins for this
study was analyzed to determine the rt of oxylipins in our library Supplementary Table Al. The
source and gas parameters were 50 psi and 70 psi for the ion source gas 1 and 2, respectively. The
curtain gas was 35 psi, CAD gas was 9 psi and the temperature was set at 450°C. For the high-
resolution multiple-reaction monitoring (MRM-HR), the source was set for negative ESI polarity
and spray voltage of -4500V. A total scan time of 0.506 s was used, to collect 4743 estimated cycles
over 40 min. run time. The TOF MS m/z range was 50 to 500 Da with 0.025 seconds accumulation
time (i) TOF MS/MS declustering potential (DP) -40V, collision energy (CE) of -10 V with both
DP and CE spread set to 0 V and CE -25 V depending on the oxylipin categories for TOF MS/MS

setting.

4.2.5 LC-MS analysis of oxylipins using EAD

The EAD fragmentation was performed using post-column addition of 0.5 mM sodium acetate to

obtain the disodiated ion adducts for the oxylipin analysis as previously reported [173]. EAD
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fragmentation of disodiated ions was performed using an electron beam of 5000 nA, and a
threshold (non-IDA) of 20000 cps. The TOF start-to-end mass was 50-480 Da with 0.125 sec
accumulation time. The DP was set to 40 V and CE to 12 V. The electron kinetic energy was 14
eV with the time of bins set to 8§ and EAD radio frequency (RF) was 80 Da and reaction time was
30 milliseconds. For the plasma samples, the TOF start-to-end m/z range was 50-410 Da with
0.095 sec accumulation time. The electron kinetic energy was 14 eV with the time of bins set to 4-
8 depending on the precursor masses. The DP, CE, RF EAD and reaction times were the same as

for the forced degradation samples of standard.

4.2.6 SCIEX data analysis for oxylipins after CID and EAD fragmentation

Data analysis was performed using SCIEX OS software to obtain the MS and MS/MS spectra for
both CID and EAD and to identify unknowns in both the plasma and forced degradation standard
study using CID by searching public libraries such as Metabolite, NIST and Natural Products. In
addition, molecular finder was used to identify possible biotransformation reactions in the forced

degradation study from the CID fragmentation.

4.3. Results and discussion

4.3.1 Forced degradation studies of precursors: AA, LA, DHA and EPA

The results for PUFA precursors show significant degradation using 50°C and CuSO4 oxidation
using 25:1 ratio (CASE B) for all precursors, and for AA after 7-day UV exposure as shown in
Figure 4.2. Among the precursors tested, AA is the most susceptible to degradation. Extensive
degradation of precursors was observed using oxidation with high concentrations of CuSOjs in
CASE B (25:1) over 3 and 6 h. Under these conditions, total degradation of AA was observed,

whereas DHA, EPA, and LA, showed extensive degradation of 30% or more. A similar degradation
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trend was observed for all precursors when exposed to elevated temperatures for extended periods.
However, despite extensive degradation of precursors using CuSO4 oxidation under Case B
conditions, these conditions did not yield a comprehensive list of degradation products, possibly
due to further extensive degradation of these species. For AA, 6-h incubation with CuSO4 (Case A
condition), showed too high a result above 120%, suggesting a likely outlier as it is not possible to

produce more AA than the starting amount. The experiment for this condition will be repeated.

Thus, based on these results, photooxidation and heating provided more relevant degradation
pathway results, so only these conditions were used for forced degradation studies of oxylipins
reported in Section 4.3.2. Overall, the forced degradation studies with heating confirm that the
storage temperature and prolonged exposure to high temperatures can promote the extensive
degradation of precursors. The rates of these reactions can be calculated using this data for other

temperatures, including 4°C and -80°C.

180
160

140

-
S N
S o

% PUFA remaining
@
=

0 _—
AA DHA EPA LA
Precursors

m Control m 3-days 37°C m 3-days 50°C m 5-days UV m7-days UV
® 3 hours CuSO; CASE A  m6 hours CuSO; CASEA  m3 hoursCuSO;. CASEB  m 6 hours CuSO; CASE B

Figure 4.2: Forced degradation results of PUFAs at various conditions in comparison to control
samples, where % is the percentage of each precursor remaining after exposure to the selected
forced degradation condition in comparison to the control. 80-120% lines show the acceptable
stability range. CuSO4 incubations were performed in a dark room for 3 and 6 hours using two
different concentration ratios of CuSOs to oxylipin: CASE A (1: 50) and CASE B (25:1). For AA,
CuSO4 CASE B incubations resulted in no AA remaining, so no results are shown for these two
conditions.
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Heating, photooxidation and copper sulphate oxidation were selected to promote degradation and
map possible degradation products for all oxylipins and precursors of interest using various
possible degradation pathways. The observed degradation products for the degradation of AA, LA,
DHA, and EPA are shown in Supplementary Tables C2-C5. The investigation of the non-
enzymatic reaction pathways of precursors under the forced degradation study conditions included
non-enzymatic reactions corresponding to mass differences of specific elements—such as oxygen
(15.9949), hydrogen (1.00783) and water molecules (18.01056). Both gains and losses of these
elements relative to the precursor or degradation mass products were considered within a mass
extraction window range of +5 ppm. For all PUFAs, possible degradation pathways were mapped,
including oxidation (+O/-H), reduction (-O/+H), dehydration (-H20), and hydrolysis (+H20), as
illustrated in Figure 4.3 for AA. The main degradation product of AA under UV photooxidation
appears to result from an isomerization reaction, while heating for 3 days at 37°C resulted in two
major products at m/z 317.2116 (+20-H>O). Longer exposure to heating promoted the formation
of numerous minor products corresponding to various combinations of oxidation, reduction,

hydrolysis and dehydration.

AA
(303.233)
+0 l+zo -20 2712432  |-/+Q[ 287.2381
321.0436 | -/+H[ 319.2279 335.2208 -H,0 L (Oxidation) (Redox)
(Redox) (Oxidation) (Oxidation)
-/+O -/+2H
349.2020 -2H 351.2177 333.2071 /+ O 317.2116
(Oxidation) (Redox) (Redox) (Redox)
-/+H,0
315.1966 -/+2H -/+20
(Hydrolysis and dehydration)
349.2020
(Redox)

Figure 4.3: Non-enzymatic reaction pathway of AA mapped from the forced degradation study.
This pathway includes only degradation products m/z that were observed in the study.
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For LA, the annotated degradation products obtained at 37 and 50°C showed degradation pathways
such as dehydration or hydrolysis, as well as oxidation reactions (Figure 4.4). The exposure to UV
photooxidation resulted in the isomerization of LA. For EPA and DHA, the mapped non-enzymatic

reactions were oxidation for EPA (Figure 4.5) and reduction for DHA (Figure 4.6).

LA
(279.2330)
+o/\|'2H20
293.2122 -2H 295.2279 315.2541
(Reduction) (Oxidation) (Hydrolysis /Dehydration)
I -/+H,0
277.2173

(Hydrolysis/Dehydration)

Figure 4.4: Non-enzymatic reaction pathway of LA mapped from the forced degradation study.
This pathway includes only degradation products m/z that were observed in the study. The pathway
for the conversion of LA to m/z (367.1925) is unknown.

EPA
(301.2173)
-/+O -/+2H
317.2116 303.2330
(Redox) (Redox)
Ny
313.2384 |-2H 315.1966 333.2071
(Reduction) (Redox) (Redox)
-/+2H
335.2228 -/+0 351.2177  |/*2H 353.2334
(Redox) (Redox) (Redox)

Figure 4.5: Non-enzymatic reaction pathways of EPA mapped from the forced degradation study.
This pathway includes only degradation products m/z that were observed in the study. m/z of
264.1582, 269.2275, 293.1760 and 295.2278 were not reported in the diagram because their
degradation pathways are unknown.
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DHA
(327.2330)

*O ™ 3232279
(Oxidation)

3512177 | /*O [ 3352208 |-/+2H 333.2071

(Redox) (Redox) (Redox)

-/+20
319.2279 -/+0O
(Oxidation)
1 -/+2H
317.2116
(Redox)

-/+2H

315.1966
(Redox)

Figure 4.6: Non-enzymatic reaction pathway of DHA mapped from forced degradation study.
DHA degradation products such as the addition of 20 and 2+H>O were investigated but not
observed in the current study. The pathway for the conversion of DHA to 351.2177 is unknown.

Also, the observed degradation products (m/z, rt) of precursors were compared against known
oxylipins using our in-house library of authentic standards. As expected, some of the observed
degradation products correspond to known oxylipins within our in-house oxylipin library. The
structures of these forced degradation products, which match authentic standards in our library, are

shown in Figures 4.7 and 4.8.

(m/z) Oxylipins
319.2279 e GG S T e T o
\ . [,, y g & l; ~— NN \\://\W A~
15-HETE 8-HETE 12-HETE 14,15-EET
351.2177| (= ~
W W B
PGE2 LXA4

Figure 4.7: Structures of oxylipins in our in-house library which matched the degradation
products observed from the forced degradation of AA
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(m/z) Oxylipins
= L " \W:\AM)L
Coo

295.2278

9-HODE 13-HODE
335.2228

8,15-DIHETE
11-HEPE 12-HEPE 20-HEPE

Figure 4.8: Structures of oxylipins in our in-house library which matched the degradation products
observed from the forced degradation of LA (9-and 13-HODE), DHA (8,15-DiHETE) and EPA
(11-, 20- and 12-HEPE, 9-HODE).

Investigating the degradation of precursors is crucial in the quantification of oxylipins, as even
small amounts of precursor degradation into known oxylipins of interest can be problematic. Choe
et al. demonstrated that LA can degrade into secondary products (hydroperoxides), such as 13-
and 9-HpODE [65], [66]. These products can further be converted to 9- and 13-HODE through
autoxidation and were observed in our study. Therefore, improper or prolonged storage of
biospecimens containing high levels of LA may result in artefactually elevated concentrations of
9- and 13-HODE. Similarly, degradation of AA, DHA or EPA using heating also resulted in the
formation of detectable quantities of 8-, 12- and 15-HETEs, 14,15-EET, PGE2, LXA2, 8,15-
diHETE and 11- and 12-HEPEs. Any degradation of EPA, DHA and AA during sample handling

and storage, can therefore complicate the accurate measurement of these oxylipins. Comparing our
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studies to literature, Table 4.1 summarizes some non-enzymatic oxidation of precursors in our

studies and the literature.

Table 4.1: Comparison of the results for non-enzymatic oxidation of precursors in our studies
and the literature.

Oxylipins identified in literature Oxylipins identified in our
Precursor degradation studies and references | forced degradation study
AA 14,15-EET, 11,12-EET, 8,9-EET, 15- 15-HETE, 8-HETE,
HETE, 5-HETE , 15-HpETE and 5- 12-HETE, 14,15-EET,
HpETE [248] PGE2, LXA4
DHA 4- HDHA [240] 8,15-DIHETE

4.3.2 Forced degradation studies of unstable oxylipins: PGE2, 11-HDHA, 13-HDHA, 9-
HoTre, 9-0x0ODE, 15-HETE, 11,12-EpETrE, 5-0xoETE, 13-0xoODE, 4-HDoHE 12-HETE,

9-HETE, LTB4, 16-HDoHE and 11B-PGF2a.

Forced degradation studies were next performed for all the unstable oxylipins reported in
Chapters 2 and 3. For all oxylipins, potential degradation pathways were mapped, including
oxidation (+O/—H), reduction (—O/+H), dehydration (—H20), and hydrolysis (+H20). Their

possible degradation pathways are illustrated in Figures 4.9 to 4.17.

PGE2
(351.2177)

\"'H’
/ 0 353.2334

369.2283 | +2H 367.2126 335.2228 (Reduction)
(Reduction) (Oxidation) (Reduction) L/+2H,0

-/+2H

333.2071 -/+ 0O 317.2116
(Redox) (Hydrolysis and dehydration)

-/+H,0

315.1966 -/+2H
(Hydrolysis, dehydration and
redox)

Figure 4.9: Non-enzymatic reaction pathway of PGE2 mapped from the forced degradation study.
The pathway for the conversion of PGE2 to 343.2273 is unknown.
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15-HETE
(319.2279)

-0 +20 +2H,0
303.23.30 351.2177 I-3|5§.214-9F)
(Reduction) (Oxidation) (Hydrolysis)

[ -++2H e
301.2173 3359998
(Redox) (Redox)
/+2H

333.2071 -/+ O] 317.2116

(Redox) (Redox)

-/+2H

315.1966

(Redox)

Figure 4.10: Non-enzymatic reaction pathway of 15-HETE mapped from the forced degradation
study. 15-HETE degradation products such as the addition/loss -2H,O and +2H>O were
investigated but not observed in the current study.

12-HETE
(319.2279)

_O +20 '20
303.2330 351.9177 :8;23'81
(Reduction) (Oxidation) (Reduction)

{72 |-+0
301.2173 335.2228
(Redox) (Redox)
I—/+2H
333.2071 -1+ 0, 317.2116
(Redox) (Redox)

Figure 4.11: Non-enzymatic reaction pathway of 12-HETE mapped from the forced degradation
study. 12-HETE degradation products such as the addition/loss of -2H>O and +2H>O were
investigated but not observed in the current study.
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11-HDHA
(343.2279)
+2H,0
379.2484 351.2177
(Hydrolysis)
-/+0
335.2228
(Reduction)
-/+2H
333.2071 -/+0 317.2116
(Redox) (Redox)
-/+2H
319.2279
(Redox)

Figure 4.12: Non-enzymatic reaction pathway of 11-HDHA mapped from the forced degradation
study. 11-HDHA degradation products such as the addition/loss of -2H>0, -20 and +20 were

investigated but not observed in the current study. The pathway for the conversion of 11-HDHA
t0 293.2122 and 351.2177 is unknown.

9-HETE
(319.2279)
o — +4H
301.2173 323.2592
(Dehydration) (Reduction)

Figure 4.13: Non-enzymatic reaction pathway of 9-HETE mapped from the forced degradation
study. 9-HETE degradation products such as the addition/loss -O, +O, +H, -H, -2H, +2H, -2H>0,
+ 2H,0 and +H>O, were investigated but not observed in the current study.

11-PGF2a
(353.2334)

I+HZO+2H

333.2071
(Hydrolysis and
dehydration)

-/+H,0

315.1966 -/+H,0 297.1861
(Hydrolysis and (Hydrolysis and
dehydration) dehydration)

Figure 4.14: Non-enzymatic reaction pathway of 11-PGF2a mapped from the forced degradation
study. 11-PGF2a degradation products such as the addition/loss of -O, +O, +H, -H, -2H, +2H,
were investigated but not observed in the current study.
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5-oxoETE
(317.2122)
+2H

319.2279
(Reduction)
-/+0

+H,0 335.2228
(Redox) and
Hydrolysis

Figure 4.15: Non-enzymatic reaction pathway of 5-0xoETE mapped from forced degradation
study. 5-oxoETE degradation products such as the addition/loss of +H, -H, -2H, -H>O, 2H,0 and
+2H,0, were investigated but not observed in the current study.

13-HDHA
(343.2279)

351.2177

-0
335.2228
(Reduction)

Figure 4.16: Non-enzymatic reaction pathway of 13-HDHA from the forced degradation study.
13-HDHA degradation products such as the addition/loss of +O, -20, +20, +2H, -2H, +H>O and

-H>0O, were investigated but not observed in the current study. The pathway for the conversion of
13-HDHA to 351.2177 is unknown.

LTB4
(335.2228)
(20— [H0 +H,0
371.2439 317.2112 353.2333
(Hydrolysis) (Dehydration) (Hydrolysis)
1 -/+2H
351.2177
(Redox)

Figure 4.17: Non-enzymatic reaction pathway of LTB4 mapped from the forced degradation
study. LTB4 degradation products such as the addition/loss of -O, +O, +2H, -2H, +H>O and -
2H»0, were investigated but not observed in the current study.
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In the 3-FT cycle stability study of oxylipins on SPME devices reported in Chapter 2, AA and
PGE2 were found to be unstable, with a decrease in AA concentration and an increase in PGE2
compared to the control samples in Section 2.3.1. The degradation pathway of AA reported in
Section 4.3.1 explains both results very well. Furthermore, a forced degradation study of PGE2
was also carried out to investigate its possible degradation products. PGE2 showed 2% remaining
after 7 days under UV conditions, 63% remaining after 3 days at 37°C and 6% remaining at 50°C
(Supplementary Table C6, Figure 4.18). 20% of PGJ2 at 50°C and 7% at 37°C were produced

by PGE2 using the dehydration pathway (Figure 4.19).

Ll

PGE2
Oxylipins

120

g

% PGE2 remaining
B @ ©
=) =] =)

(=]
o

(=]

mControl m3-days37°C m3-days 50°C m5-daysUV m7-daysUV

Figure 4.18: Forced degradation study results of PGE2 at various conditions in comparison to
control samples. 80-120% lines show the acceptable stability range.
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Figure 4.19: Major degradation product of PGE2 is PGJ2 when stored for 3 days at 37°C and
50°C.
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In Section 2.3.2, two oxylipins derived from DHA, 11-HDHA and 13-HDHA were identified as
unstable and showed increased levels compared to the control in the 3-FT cycle of spiked plasma.
Forced degradation studies of DHA did not explain the observed increases in these compounds as
their rt was not identified, even though the m/z (343.2279) was observed. Next, these compounds
were subjected to the same forced degradation conditions. The results revealed significant
degradation of both compounds when stored at 50°C for 3 days. 11-HDHA degraded by 50%,
while 13-HDHA degraded by more than 95% (Figure 4.20). The degradation of products for 11-

and 13-HDHA are reported in Supplementary Tables C7 and C8.
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Figure 4.20: Forced degradation results for 11-HDHA and 13-HDHA at various conditions in
comparison to control samples. 80-120% lines show the acceptable stability range.

In Section 2.3.2, 9-0xoODE and 9-HoTrE were identified as unstable during the 3-FT cycle
stability of oxylipins stored on SPME after extraction from non-spiked plasma. For 9-oxoODE, a
decrease was observed, whereas for 9-HoTre an increase was observed when compared to the
control. Both oxylipins were subjected to all forced degradation conditions and the observed
degradation products are reported in Supplementary Tables C9 and C10. The forced degradation

results showed significant degradation of 9-0xoODE under UV conditions when stored for 5 and
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7 days at 365 nm (Figure 4.21), and slight degradation of 9-HoTrE at 50°C. For both 5- and 7-
days UV conditions, the identified unknown isomers for 9-oxoODE are reported in Supplementary

Figure C1.
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Figure 4.21: Forced degradation results of 9-HoTrE and 9-0xoODE at various conditions in
comparison to control samples. 80-120% lines show acceptable stability.

According to the results of a 18-day RT stability study on SPME devices reported in Section 2.3.3,
with an increase in 15-HETE, 11,12-EpETrE, 5-0xoETE, 13-0x0ODE and decrease in 4-HDoHE
reported. All of these oxylipins were subjected to forced degradation conditions. The results
obtained show significant degradation for 15-HETE with heating (Figure 4.22). 5-oxoETE and
13-0x0ODE showed significant degradation under UV conditions for both 5 days and at 7 days,
with only ~20% remaining after 7 days. Heating at 50°C also degraded both 5-0xoETE and 13-
oxoETE as compared to control. Unknown isomers were identified during the degradation of 5-
oxoETE and 13-0x0ODE Supplementary Tables C12 and C13. On the other hand, 4-HDoHE and
11,12-EpETE showed no significant degradation under all conditions. All degradation products for

all unstable oxylipins in RT stability are shown in Supplementary Tables C11 to C15.
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Figure 4.22: Forced degradation results of 11,12-EpETrE, 15-HETE, 5-0xoETE, 4-HDoHE and
13-0x0ODE at various conditions in comparison to control samples. 80-120% lines show the
acceptable stability range.

Next, the only unstable oxylipin from studies reported in Section 3.3.4, 113-PGF2a, observed to
decrease, was subjected to forced degradation study conditions. The forced degradation results
showed that PGE2 was produced as a major degradation product when 113-PGF2a was exposed
to 365 nm for 7 days (Figure 4.23), and that 11B-PGF2a was completely degraded under these
conditions (Figure 4.24). In the 3-FT cycle stability study with post-extraction loading of BHT,
after oxylipin extraction from citrate plasma, LTB4, 16-HDoHE, 12-HETE, 11-HDHA and 9-
HETE were observed to decrease. Figure 4.24 shows the forced degradation results for these
oxylipins, except 11-HDHA which was shown in Figure 4.20. Heating caused significant
degradation of HETEs, similar to what was observed for 15-HETE in Figure 4.22. Furthermore,

the degradation products of LTB4, 16-HDoHE, 12-HETE, 9-HETE and 11B-PGF2a are
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summarized in Supplementary Tables C16 to C20, while 11-HDHA is summarized in

Supplementary Table C8.
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Figure 4.23: Major degradation product of 11B-PGF2a is PGE2 when exposed to 365 nm for 7
days.
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Figure 4.24: Forced degradation results of 12-HETE, 9-HETE, LTB4, 16-HDoHE and 11p-
PGF2a at various conditions in comparison to control samples. 80-120% lines show the
acceptable stability range.

4.3.3 Comparison of forced degradation results to the results of stability studies

Summarizing the results obtained for all PUFAs and oxylipins tested, several trends emerge.
Heating at 37 or 50°C provided the results which were the most relevant for the interpretation of

stability studies and explained some of the observed results for oxylipins which were found to be
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unstable when stored on SPME devices. HETEs, HDHAs, PGE2 and precursor PUFAs were
particularly sensitive to heating among all the compounds tested. Photooxidation at 365 nm

significantly degraded 11B-PGF2a, PGE2, all oxo-compounds and AA.

Next, it was investigated whether the compounds identified during the forced oxylipin or precursor
degradation studies matched other oxylipins present in our in-house library. Table 4.2 summarizes
and shows that non-enzymatic degradation of compounds tested can produce known oxylipins.
Therefore, if such degradation occurs during storage, this may lead to inaccurate quantification of
those oxylipins. This finding has important implications as it demonstrates unequivocally that the
measurement of stable oxylipins can be impacted by the degradation of unstable oxylipins during
storage. Even if a small (negligible) percentage of precursor degrades, it can introduce a huge
amount of inaccuracy to the determination of oxylipins present at low concentrations (see Section
2.3.2, and the Supplementary Table A4 and AS. For example, degradation of EPA resulted in a
twofold increase in the concentration of 5-HEPE measured in blood. Additionally, all observed
degradation products for the unstable oxylipins investigated are listed in Table 4.2, along with
their relative abundances (in percentages) and corresponding degradation conditions, which are

summarized in Supplementary Tables C2 to C21.
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Table 4.2: Results for degradation products of oxylipins identified from the in-house oxylipin

library.
Oxylipins Oxylipin products present in the library
AA 15-HETE, 8-HETE, 12-HETE, 14,15-EET, PGE2, LXA4
EPA 9-HODE, 20-HEPE, 11-HEPE, 12-HEPE
DHA 8,15-DiHETE
LA 9-HODE, 13-HODE
13-HDHA 7-HDHA, 12,13-DiHOME
11-HDHA 10-HDHA, 13-HoTrE, 12,13-DiHOME, 9-HEPE, 5-HEPE, 14,15-EET,
11/15-HEDE, LXB4, 5-HETE
4-HDHA None
16-HDHA None
PGE2 PGJ2, 8-is0-PGAL, §8,15-DIHETE, LTB4
9-0x00ODE None
13-0xoODE None
11-PGF2a PGE2
9-HoTrE None
11,12-EpETE None
15-HETE PGJ2, 8,15-DiHETE, and LXA4
9-HETE None
LTB4 PGE2, 5,15-DiHETE and 5,12-DiHETE
5-0x0ETE 11,12-EpETE
12-HETE 15-HETE, PGE2, and PGJ2

Connecting forced degradation studies to stability in Chapters 2 and 3, the increase observed for

oxylipins such as 15-HETE, 12-HETE, and PGE2 was mapped to degradation of AA and 13-

HODE to LA (Figure 4.25).
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Identified oxylipins from precursor forced
degradation studies

Unstable oxylipins found to increase during

stability studies on SPME

Precursor
v <
<
14,15-DIHET Red: Increase 8-HETE
| 13-0x00DE | 11,12-EDETE 5-HETE GrGEn: EXplained by
forced degradation
results LXA4
2 0w0fTE 14,15-EET
LTB4

Figure 4.25: Diagrams connecting forced degradation study results of precursors to unstable
oxylipins from stability studies. A = elevated unstable oxylipins identified from stability studies
and B = identified oxylipins from forced degradation of LA and AA.

Furthermore, the results of our forced degradation studies also explain many unstable oxylipins,

which were found to be elevated in the literature studies (Table 1.2) as shown in Figure 4.26.

Unstable oxylipins identified in literature Forced degradation study results

Oxylipins Oxylipins

Red: Increase
Green: Explained by
forced degradation

results

Figure 4.26: Diagrams connecting forced degradation study results of oxylipins to unstable
oxylipins from literature stability studies. A = elevated unstable oxylipins identified from
literature stability studies, and B = identified oxylipins from forced degradation of LA, 11-
HDHA and AA.
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Over 400 unknowns were identified from the forced degradation studies (Supplementary Tables
C1 to C26). These unknowns were searched using m/z and rt (min.) in all the stability studies for

further identification. Table 4.3 shows 18 oxylipins identified from oxylipin degradation and

present in stability studies that will be prioritized for future work.

Table 4.3: Results for comparison of forced degradation results to stability studies

Unknown The stability study in which unknown Forced
m/z rt (min.) was observed degradation
287.2381 17.85 10-days (RT) AA
321.2436 26.73 3-FT cycles (Standard) AA
333.2071 13.93 10-days (RT) AA
333.2071 13.83 3-FT cycles (Standard) AA
317.2116 17.56 3-FT cycles plasma (Post BHT loading) LTB4
317.2116 16.56 3-FT cycles plasma (Post BHT loading) DHA
335.2228 17.57 3-FT cycles plasma (Post BHT loading) 12-HETE
335.2228 14.98 3-FT cycles plasma (Post BHT loading) 11-HDHA
335.2228 14.46 3-FT cycles precursor DHA
335.2228 12.42 3-FT cycles plasma (Pre BHT loading) LTB4
349.2020 18.74 3-FT cycles precursor EPA
293.2122 21.75 3-FT cycles precursor 4-HDHA
293.2122 22.72 3-FT cycles precursor 4-HDHA
315.1966 13.73 3-FT cycles plasma post BHT 11-PGF2a
315.1966 18.65 3-FT cycles plasma (Post BHT loading) DHA SCIEX
287.2381 17.85 10-days (RT) AA
321.2436 26.73 3-FT cycles (Standard) AA
333.2071 13.93 10-days (RT) AA




4.3.4 Additional structural elucidation of selected forced degradation samples using EAD

4.3.4.1 Investigation of 50°C forced degradation samples using CID on Agilent 6545 Q-TOF

and Sciex ZenoTOF 7600 instruments

To examine whether EAD fragmentation can provide additional insight to aid the structural
characterization of unknown degradation products, three forced degradation samples were selected
for further analysis on a Sciex ZenoTOF 7600 instrument. The three selected samples were EPA,
DHA and PGE2 exposed to 50°C, because these three samples showed significant degradation and
have well-studied oxidation pathways. This preliminary evaluation would allow side-by-side
evaluation of CID and EAD, and whether it may be beneficial to use this technique in future forced
oxylipin degradation studies. The same column and chromatographic method which was used for
our study were implemented on the ZenoTOF system. First, we compared LOQs obtained on
Agilent and Sciex Q-TOFs as shown in Table 4.4. Next, the rt and masses from both experiments
were compared to check for the differences in rt across the two instruments due to different tubing,
pump dead volumes and gradient mixing and to verify whether oxylipins can be successfully
ionized in positive mode with sufficient intensity as required by EAD. Table 4.5 shows how rt
profiles differ on the two instrument platforms despite the use of the same column and gradient. It
also confirms that PUFAs and oxylipins can be successfully ionized as disodiated adducts in

positive ESI mode.
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Table 4.4: Summary of oxylipins in our library analyzed using Q-TOFs from both Agilent
(Agilent 6545 Q-TOF) and Sciex (ZenoTOF 7600) and analyzed using negative ESI.

Agilent
6545 ZenoTOF
Q-TOF 7600
. LOQs TOF-MS MRMHR
Abbreviation . (ng/ mL) . (LOQs) (LOQs)
rt (min.) rt (min.) ng/mL
LA 29.79 0.48 31.8 0.025 0.025
9-HOTTE 19.04 0.24 22.27 0.5 0.05
EPA 27.33 0.24 29.12 0.5 0.025
AA 29.49 0.95 3091 0.05 0.1
15-A12,14 PGJ2 10.73 0.195 15.17 0.025 0.05
12-HEPE 20.46 0.48 23.56 0.5 0.1
18-HEPE 19.36 0.24 22.52 0.5 0.1
20-HEPE 18.84 0.48 22.08 0.5 0.025
8-HEPE 20.33 0.48 23.07 0.5 0.1
15-HETE 21.68 0.195 NA NA NA
DHA 29.07 0.24 30.53 0.5 0.1
PGJ2 13.8 3.9 15.17 0.025 0.1
8-1s0-PGAL1 13.79 0.39 15.16 1 50
11-HDHA 22.77 0.48 25.36 0.5 0.05
10-HDHA 22.36 0.48 25 0.5 0.5
13-HDHA 22.16 0.24 24.66 0.5 0.05
7-HDHA 22.94 0.48 25.5 0.5 1
PGE2 10.74 0.48 15.17 0.025 0.025
15(R)-PGF2a 10.31 0.195 14.79 0.025 1
19-20
DilPA/DiHDOPE 17.94 0.098 21.32 0.025 0.5
RvD1 12.39 1.56 NA NA NA
LTE4 14.31 6.25 NA NA NA
LTD4 12.89 0.24 16.92 0.5 1
13-HOTrE 19.3 0.12 22.49 0.5 1
13-0x0ODE 21.72 0.195 24.52 0.5 0.025
9-0x0ODE 22.21 0.195 24.94 0.5 0.5
13 HODE 21.04 0.098 23.93 0.5 0.025
9-HODE 21.17 0.195 24.06 0.5 0.025
12,13-DiIHOME 16.83 0.195 20.4 5 NA
9,10-DIHOME 17.27 0.195 20.79 5 0.025
11,12-EpETE 22.47 0.78 25.27 0.1 0.05
11-HEPE 20.14 0.48 23.17 0.5 0.05
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Agilent

6545 ZenoTOF
Q-TOF 7600
o LOQs Tor-mMs | VIRMHR
Abbreviation . (ng/ mL) r.t (LOQs) (LOQs)
rt (min.) (min.) ng/mL
12-0xoETE 22.89 3.125 26.13 0.1 0.05
15-HEPE 20.01 0.391 22.53 0.5 0.05
5-HEPE 20.83 0.24 23.83 0.5 0.05
5-0xoETE 24.39 0.098 26.73 0.1 0.1
8,9-EpETE 22.64 0.78 25.27 0.5 0.5
9-HEPE 20.58 0.39 NA NA NA
11,12-EET 24.65 0.39 27.13 0.5 0.5
11-HETE 22.18 0.195 24.87 0.025 0.025
12-HETE/8-HETE 2243 0.39 NA NA NA
14,15-EET 23.93 0.195 26.34 0.5 0.5
16-HETE 20.63 0.195 NA NA NA
20-HETE 19.91 0.195 NA NA NA
5-HETE 23.17 0.39 25.15 0.5 0.025
8,9-EET 24.88 0.39 27.13 0.5 0.5
9-HETE 22.79 0.39 27.13 0.1 0.5
11-HEDE/15-HEDE 24.58 0.195 26.83 0.025 0.025
5,12-DiHETE 16.83 0.195 20.42 0.5 0.5
5,15-DiHETE 15.85 0.48 19.57 0.1 0.1
5,6-DiHETE 19.72 0.48 22.87 0.1 0.025
8,15-DiHETE 15.46 0.098 18.98 0.05 0.05
LTB4 16.28 0.098 19.94 0.025 0.025
11,12-DiHET 19.62 0.24 21.91 0.5 0.05
14,15-DiHET 17.91 0.098 21.31 0.025 0.025
14-HDoHE 22.36 0.78 25.23 0.5 0.1
16-HDoHE 21.88 0.78 24.18 0.025 0.1
17-HDoHE 21.96 0.24 24.82 0.1 0.5
20-HDoHE 21.38 0.39 NA NA NA
4-HDoHE 23.67 0.195 NA NA NA
LXA4 12.24 1.56 16.50 0.025 0.05
8-1s0-15(R)-PGF2a 9.13 0.098 13.45 0.025 0.025
8-1s0-PGF2a 9.31 0.195 13.89 0.025 0.025
PGD2 11.19 1.92 15.17 0.025 0.025
11B- PGF2a 9.59 0.098 14.14 0.05 0.05
PGF2a EA 7.89 0.24 12.29 0.1 0
8-1s0-PGF2f 9.42 0.39 13.98 0.025 0.025
PGF2a 10.44 0.098 14.90 0.025 0.5




Agilent
6545 ZenoTOF
Q-TOF 7600
o LOQs Tor-mMs | VIRMHR

Abbreviation (ng/ mL) rt (LOQs) (LOQs)

rt (min.) g (min.) ng/mL
10,17-
DilDHA /Maresin 1 16.05 0.391 19.70 0.05 0.05

*NA: Not measured

Table 4.5: Comparison of retention time (rt) and masses of oxylipins analyzed on both Agilent
QTOF 6545 and ZenoTOF 7600 instruments

Oxylipin or rt rt
PUFA | Formula | ™ chI%I) ¢) | m/ (ZElffli)(’L) Agilent 6545 | ZenoTOF 7600
precursor Q-TOF (min.) TOF-MS (min.)
EPA C20H3002 301.2173 347.1967 27.22 28.91
DHA C22H3202 327.2330 373.2124 28.95 30.53
PGE2 C20H3505 351.2177 397.1971 10.69 14.79

All degradation products obtained from the ZenoTOF CID analysis for PGE2, EPA, and DHA are
summarized in Supplementary Tables C21 to C23. Comparing both analyses unknown with m/z
of 315.1966 was detected using both instruments for DHA, whereas unknown m/z of 333.2063
and PGJ2 were detected in PGE2 forced degradation samples by both instruments. Next, the
degradation pathways for these compounds were analyzed using SCIEX OS software, focusing on
various Phase 1 biotransformation reactions. The common reactions observed were hydrolysis,
oxidation and ketone formation. A detailed summary of the possible degradation pathways for all

three compounds is provided in Supplementary Table C24 to C26.
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4.3.4.2 Comparison of CID and EAD MS/MS spectra for PGE2, DHA and EPA

Both CID and EAD MS/MS spectra were collected for EPA, DHA and PGE2 and are shown in
Figures 4.27 to 4.29 and Tables 4.6 to 4.11. The comparison of CID and EAD fragmentation for
these three standards showed that limited additional information could be obtained from EAD,
with more extensive fragmentation for EAD only observed below 110 Da. The full localization of

double bond positions in EPA and DHA was not possible from EAD spectrum.

Y PGE2CID (-VE MODE) :j PGE2 EAD (+VE MODE)
MS/MS Spectrum MS/MS Spectrum
- PROSTAGLADINE2, CID: Prec(351.22), CE(-25), Charge(-1 +PROSTAGLADINEZ, EAD: Prec(397.19), KE(14), Charge(+1
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Figure 4.27: MS/MS spectra of PGE2 (a) using CID in negative ESI mode (CE=25) and (b)
using EAD in positive ESI mode (KE=14).

Table 4.6: Summary of product ions observed in PGE2 CID MS/MS spectrum obtained on
ZenoTOF 7600 instrument

Product ion m/z Formula for fragment Difference from precursor mass
351.2177 C20H310s5 PGE2
59.0119 CoH30, 292.2058
85.0291 C4Hs502 266.1886
113.0960 C7Hi130 238.1217
163.1124 CuHisO 188.1053
175.1102 Ci2Hi50 176.1075
189.1284 Ci3H170 162.0893
217.1569 Ci5H2:10 134.0608
233.1173 Ci14H1703 118.1004
267.0053 CisH303 84.2124
271.2056 Ci9H270 80.0121
307.1890 CisH2704 44.0287
315.1959 C20H2703 36.0218
333.2049 C20H2904 18.0128
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Table 4.7: Summary of product ions observed in PGE2 EAD MS/MS spectrum obtained on the

ZenoTOF 7600 instrument.
Product ion m/z Fragment .
. mass Formula for Difference from precursor mass
in EAD . .
spectrum without fragment in CID
2Na*
92.0618 46.0824 C2HeO 305.1317
106.0767 60.0973 CsHsO 291.1168
132.018 86.0386 C4HeO2 265.1755
147.9654 101.986 C3H204 249.2281
379.1881 333.2087 C20H2904 18.0054
397.1935 351.2141 C20H310s5 PGE2
A d
r\»‘lﬁss’f::]ssuvs:rc;;::1“:;al 28.91 min MS/MS Spectrum
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Figure 4.28: MS/MS spectra of EPA (a) using CID in negative ESI mode (CE=25) and (b) using
EAD in positive ESI mode (KE=14).

Table 4.8: Summary of product ions observed in the EPA CID MS/MS spectrum obtained on the

ZenoTOF 7600 instrument.
Product ion m/z Formula for fragment Difference g:;rsl precursor

301.2173 C20H29002 EPA

59.0140 CH;02 242.2033
67.0553 C4H50 234.1620
151.1491 CiiHio 150.0682
203.1805 CisHos 98.0368
257.2276 CioH29 43.9897
283.2069 C20H270 18.0104
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Table 4.9: Summary of product ions observed in the EPA EAD MS/MS spectrum obtained on

the ZenoTOF 7600 instrument.

Product ion Fragment mass Formula for Differences from
m/z in EAD without 2Na* fragment precursor mass in CID
92.0662 47.0868 CH;02 255.1297
106.0773 60.0979 CsHsO 241.1186
145.9673 99.9879 C4H403 201.2286
225.0406 179.0612 CeH1106 122.1553
299.0453 253.0659 Ci9HsO 48.1506
347.1959 301.2165 C20H2902 EPA
B 014 Cio (e MODE) | :
MS/MS Spectrum MS/MS Spectrum

- DOCSAHEXAENQIC ACID, CID: Prec(327

23), CE(-25), Charge(-1)

Intensity, cps

229.1958 249.1850
|

6000 4

+MS/MS of m/z 373.21 at 30.56 min
7000

Intensty, cps

373.2125

400

Figure 4.29: MS/MS spectra of DPA (a) using CID in negative ESI mode (CE=25) and (b) using
EAD in positive ESI mode (KE=14).

Table 4.10: Summary of product ions observed in the DHA CID MS/MS spectrum obtained on
the ZenoTOF 7600 instrument.

Difference from precursor
Product ion m/z Formula for fragment mass
327.233 C22H3102 DHA
59.0138 CH;02 268.2192
67.0552 C4H50 260.1778
93.0709 C7Hy 234.1621
121.1020 CoHi3 206.1310
149.1337 CuHiz 178.0993
177.1646 CizHa 150.0684
229.1958 Ci7Hos 98.0372
249.1850 Ci6H2502 78.0480
283.2427 Cai1Hs; 43.9903
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Table 4.11: Summary of product ions observed in the DHA EAD MS/MS spectrum obtained by
ZenoTOF 7600 instrument.

Production m/z | Fragment mass Formula for Difference from
in EAD without 2Na* fragment precursor mass in CID
91.0538 45.0744 C.Hs0 282.1587
106.0766 60.0972 CsHsO 267.1359
192.05 146.0735 Ci0H100 181.1596
237.0857 191.1063 Ci12H1502 136.1268
373.2125 327.2331 C2H3102 DHA

4.3.4.3 Identification of unknown oxylipins from forced degradation studies

Using the SCIEX OS software, several putative identifications of the unknowns from the forced
degradation studies of PGE2 and DHA were made. For example, PGA2 was matched as a
degradation product of PGE2, formed after 3 days of storage at 50°C with mass 333.2071 and RT
13.293 min. This compound was not present in our in-house oxylipin library. To confirm its
identification, a commercial standard of PGA2 from Cayman Chemicals was purchased and
analyzed. The rt of these two compounds were closely matched (Figure 4.30), and their MS/MS
spectra were compared to confirm the identification (Figure 4.31). Despite close rt of unknown
and authentic standard and very similar MS/MS spectra, two major fragment ions present in PGA2
standard (271.2068 and 189.1279) were absent in the MS/MS spectrum of our unknown. Thus, the

identity of unknown could not be confirmed as PGA2.
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Figure 4.30: Chromatogram of unknown degradation product observed in PGE2 forced
degradation sample (50°C) and PGA?2 standard analyzed on Agilent 6545 QTOF instrument using
CID in negative ESI mode.
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Figure 4.31: CID MS/MS spectra obtained for unknown degradation product observed in PGE2
forced degradation sample (50°C) and PGA?2 standard analyzed on Agilent 6545 QTOF
instrument using CID in negative ESI mode.
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4.3.4.4 Identification of unknown oxylipins in murine plasma samples

In addition to the selected forced degradation samples, selected murine plasma samples [255] were
also analyzed using CID and EAD on ZenoTOF to characterize several unknowns of interest
(Supplementary Table C27). Unfortunately, none of these unknowns were identified using the
SCIEX software. The list of 21 unknown compounds was then compared to the results from the
forced degradation study to identify any common compounds (Supplementary Table C27). The
EAD MS/MS spectra for several unknowns were collected in murine plasma samples
(Supplementary Table C28, Figures C2 to C8). As shown in Figure 4.32-4.33, multiple
unknowns eluting with rt ranging from 16.86 to 22.36 min showed extremely similar spectra, with
only fragments at 78.0457, 91.0536, 92.0610, and 106.0770 detectable. Although these fragments
showed some differences in intensities across different isomers, they did not provide sufficient
information for de novo structural identification. Similarly, the analysis of unknowns with m/z
359.220 provided the same fragmentation pattern, and EAD could not be used for their
identification (Figure 4.33). We also attempted to match the rt and masses of the identified MS/MS
spectra collected in EAD mode to our in-house library of oxylipins to see if any spectra could be

matched to those in the library.
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Figure 4.32: EAD MS/MS spectra results for unknowns with m/z 339.1940 in pooled sample of
murine plasma analyzed on ZenoTOF 7600 instrument in positive ESI mode.
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Figure 4.33: EAD MS/MS spectra results for unknowns with m/z 359.220 in pooled sample of

murine plasma analyzed on ZenoTOF 7600 instrument in positive ESI mode.
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4.4. Conclusions

The stability of polyunsaturated fatty acids and their derivatives, oxylipins, presents a significant
challenge for their accurate measurement. In addition, limited information currently exists on non-
enzymatic degradation products of oxylipins. In this study, the degradation pathways and products
of selected oxylipins (15-HETE, PGE2, 5-0xoETE, 9-HoTrE, 9-oxoDE, 4-HDoHE, 13-HDHA,
13-0x0ODE, 11,12-EpETrE, 16-HDoHE, 9-HETE, LTB4, 12-HETE and 11-HDHA) and their
precursors (AA, LA, EPA and DHA) were mapped after the exposure to elevated temperatures or
UV light. The observed degradation products included oxidation, reduction, hydrolysis,
isomerization, and dehydration. Among the oxylipins tested, the degradation with 365 nm UV was
particularly notable for 9-oxoODE and 13-0x0oODE, with degradation isomers identified for both
compounds and degradation of 80% and above for both compounds. In addition, the dehydration
of PGE2 to PGJ2 and unknown m/z and rt (333.2071, 13.24 min.) using elevated temperature
(50°C for 3 days) and 11B-PGF2a to PGE2 after 7 days of exposure to UV light were successfully
mapped. A comparison was made between oxylipins identified in the forced degradation study of
precursors (Chapter 4, Supplementary C2 to C5) and those identified as degradation products
during 3-FT cycles (Chapter 2, Supplementary A4) to determine any overlap. However, no
matching oxylipins were found. The results of these forced degradation studies of oxylipins and
precursors successfully explained many of the elevated oxylipins found in this thesis (Chapters 2
and 3) and literature studies, especially for hydroxyl-derived oxylipins. Unfortunately, EAD
fragmentation provided very similar fragmentation patterns across many unknown oxylipin
isomers, so it could not be successfully used in this study for the more detailed elucidation of

unknown structures (e.g. assignment of double-bond position or hydroxyl position).
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Several of the observed degradation products of precursors and oxylipins can also affect the
quantification of other oxylipins, including stable oxylipins in our library. This research highlights
the importance of identifying oxylipin degradation products, monitoring degradation pathways,
and understanding non-enzymatic reactions that could affect the accurate and precise

quantification of oxylipins in future studies.
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5.0 Conclusions and future work

5.1 Conclusions

The stability of polyunsaturated fatty acids and their derivatives, known as oxylipins, presents a
significant challenge for their accurate measurement. These metabolites are important due to their
notable role in the immune system and inflammation and their potential as biomarkers for various
health conditions. This thesis addresses the challenge of oxylipin stability, particularly given their
poor stability during sampling, transportation, and storage. Chapter 2 of this thesis demonstrated
that SPME can effectively protect extracted oxylipins, minimizing degradation during sample
collection, storage (3-cycles freeze-thaw), and transportation (up to 18 days at room temperature).
For this evaluation, the tested oxylipins included both stable and unstable oxylipins, including

those prone to degradation, which have been reported in the literature.

With the knowledge that the FT processes contribute to the significant degradation of these
compounds and the recommendation to avoid repeated FT cycles [184], [190], this study showed
that many oxylipins were not impacted by even 3-FT cycles when stored on SPME devices without
the aid of antioxidants. During the 3-FT cycles, the only unstable oxylipins were AA and PGE2 in
standard samples, and 13-HDHA, 11-HDHA, 9-0x0ODE, and 9-HOTTE in plasma samples. These
results showed the effect of FT cycles with regards to the stability of oxylipins and suggest that it
is important to limit the number of the FT cycles to a single cycle during analysis to ensure stability
when stored on SPME devices. The stability results at RT are particularly important because most
clinical and research biological samples are collected from participants at room temperature. Thus,
it is essential to minimize degradation before storage. We observed that most of the tested oxylipins

remained stable during 18 days of RT storage on SPME devices without loading of antioxidants
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in spiked plasma samples. However, certain oxylipins, 11,12-EpETE, 13-0xoODE, 4-HDoHE, and
5-0xoETE, showed increased levels. Our results highlight the potential of SPME devices to
simplify sample collection, shipping, and short-term storage by eliminating the need for ultra-cold
temperatures. Next, Chapter 3 successfully demonstrated the feasibility of loading and
quantitatively measuring oxylipins and antioxidants on SPME devices using both pre- and post-
loading extraction of BHT. The advantage of pre-extraction over post-extraction loading is that
this approach allows sufficient antioxidants to be loaded onto the SPME devices before sampling,
preventing degradation through all steps of the procedure. This makes it suitable for in vivo
research study. However, the amount of BHT loaded should be carefully considered to ensure it
remains at an acceptable level for ingestion by the species of interest in in vivo analysis. On the
other hand, the post-extraction approach offers an alternative option but can only protect PUFAs
and oxylipins during storage and transportation. The results for the FT stability study show that
both pre- and post-loading extraction with BHT can be used with SPME but that addition of BHT
adversely impacts the stability of some oxylipins on the devices. In spiked citrate plasma, several
oxylipins, 16-HDoHE, 13-HDHA, 11-HDHA, and 12-HETE were identified as unstable, failing
the stability criteria regardless of whether BHT was loaded pre- or post- extraction. Other unstable
oxylipins were identified for each approach: 8-iso-15RPGF2a, PGF2a, 14,15-DiHET, 5-HETE,
13-HODE, AA, and LA were unstable when BHT was pre-loaded, whereas LTB4, 9-HETE, and
DHA were unstable when post-loading of BHT was used. When comparing the results for standard
and spiked citrate plasma, oxylipin stability when stored on SPME devices was better with post-
loading extraction of BHT. Overall, these results do not show clear benefits of BHT loading,
especially when broad oxylipin profiling is of interest. Reflecting on the stability study results

from Chapter 2 (without BHT loading) and Chapter 3 (with pre- and post-extraction loading of
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BHT), the stability of oxylipins such as AA and PGE2 was improved in the standard samples,
while the stability of 11-PGF2a was affected by pre-extraction loading of BHT. In the spiked
plasma results, 11-HDHA and 13-HDHA were unstable using both approaches, along with 16-
HDoHE and 12-HETE, while the stability of other oxylipins depended on the loading approach.
Thus, the overall suggestion is to avoid loading BHT onto the SPME devices for the analysis of
complex biological samples such as blood or plasma. However, if targeted assays are being
developed for specific oxylipins which were stabilized by BHT, then the appropriate BHT loading
approach can be incorporated. Generally, when using SPME, precursors such as AA, EPA, LA,
and DHA showed better stability in spiked plasma samples without the addition of antioxidants,
both in the 3-FT cycles and RT stability studies. However, poor stability was observed for AA,
LA, and DHA during the 3-FT cycles when BHT was loaded onto the SPME device. For oxylipins
produced by non-enzymatic reactions, we identified 13-HDHA, 11-HDHA, 12-HETE, 5-HETE,
13-HODE, 9-HETE, and 5-oxoETE as unstable, regardless of with antioxidants were loaded.
Better stability was observed for 5S-HETE and 13-HODE in plasma samples without antioxidants.
This suggests that when using SPME devices for sampling, transportation, and storage, it is
important to select the appropriate approach. In summary, our results showed that for both
enzymatically and non-enzymatically produced oxylipins, stability is generally better without

BHT as some classes showed poor stability when BHT was loaded on the SPME devices.

Finally, Chapter 4 of this thesis maps the degradation products of the identified unstable
oxylipins. This helps explain the results observed in Chapters 2 and 3, ultimately enhancing the
reliability of the study's conclusions. These forced degradation studies used heating, oxidation by
CuSO4 and UV exposure to intentionally degrade oxylipins. Suitable degradation conditions to

map the degradation products, such as prolonged elevated temperatures and long-term storage
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under UV conditions were successfully identified. For precursors, mapping degradation products
is crucial because even minimal degradation can lead to one, or more, degradation products, as
demonstrated in our forced degradation study. While enzymatic pathways for these precursors are
commonly reported in the literature, this study examined non-enzymatic pathways and identified
degradation products resulting from reactions such as oxidation, reduction, hydrolysis, and
isomerization. The resulting degradation products included several in-house oxylipins based on
their rt and m/z in our library. In addition, numerous unknowns were detected during the study.
These findings suggest that the quantification of several oxylipins can suffer from interferences
and inaccuracy due to degradation. One of the successes of this thesis was the mapped hydrolysis
of PGE2 to PGJ2 using elevated temperature (50° for 3 days). EPA, DHA and PGE2 samples
which showed significant degradation using elevated temperatures (50° for 3 days) were subjected
to EAD fragmentation on a SCIEX ZenoTOF 7600 Trap to evaluate the utility of EAD in structural
determination of unknown oxylipin degradation products. Unfortunately, the resulting spectra
showed very similar fragmentation spectra, and did not provide much structural information. This
shows further development of EAD and/or other fragmentation strategies may be beneficial for

oxylipin structural characterization.

In summary, the results of this thesis demonstrate the potential of SPME devices, with or without
BHT loading, as a promising tool for the collection, transportation, and storage of oxylipins.
Additionally, potential degradation products that could interfere with their accurate quantification

have been identified in this study.
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5.2 Future work

Despite the promising results presented in this thesis, there are several key areas for future work
related to this thesis. First, while SPME has shown immense potential for in vitro studies, there is
a need to perform further stability studies for SPME concerning long-term storage over months
and possibly years. Secondly, the stability of oxylipins using other antioxidants, beyond BHT,
tested in this study, has not been explored in combination with SPME. For instance, vitamin C is
a water-soluble antioxidant and can be a good choice for pre-loading antioxidants for in vivo
studies. There is a need to increase the spiked concentration for both FT and 18-day RT studies to
ensure a larger panel of oxylipins can be evaluated for stability when stored on SPME devices.
Another important future direction is to perform stability studies in whole blood samples, which
is a more relevant matrix for blood microsampling studies. Our results also provided valuable
insights into how SPME is a promising device/tool for sampling, storage and transportation of
oxylipins at RT. This opens up a new and important direction in the development of SPME-based
home-sampling tools, which could maintain oxylipin stability even at RT, as demonstrated in our
18-day stability study. However, the design of these sampling devices should be tailored to the
specific class of oxylipins, with potential versions that include or exclude antioxidants. Such
devices could support biomedical and clinical research for diseases where oxylipins have been
identified as potential biomarkers. Comparing SPME with the current sample collection used for
oxylipins, SPME has proven to be a sample collection approach suitable for improving stability
from both enzymatic and non-enzymatic degradation. Thus, more applications of in vivo SPME to

study oxylipins in both biofluids and tissue may be developed in future.
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Finally, forced degradation studies performed in this thesis successfully mapped some degradation
pathways of various oxylipins. However, as illustrated in Chapter 4, the critical challenge is the
identification of the large panel of unknowns and the lack of commercial standards for many
possible oxidation products of oxylipins. The issue of unknown identification is a major challenge
with all untargeted studies, but is especially problematic for oxylipins, considering the large
number of possible sites of modification and a large number of isomers which may have very
similar fragmentation spectra. Our results identified different major and minor unknown
degradation products with various rt and m/z. If sufficient quantities of unknowns of interest can
be generated, the use of NMR could be applied for further characterization of the unknowns. Future
confident identification of prioritized 18 unknowns from the stability studies requires the chemical
synthesis of standards to help match the rt, m/z and MS/MS results for appropriate identification.
Further expansion of spectral libraries and molecular networking approaches, such as GNPS, can

help prioritize unknown oxylipin structures which merit more confident identification [254].
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Appendix A: Supplementary information for Chapter 2

Supplementary Table Al: List of oxylipins evaluated during stability studies in Chapter 2

FT FT FT RT
| Retention stability stability stability stability
Full name Abbreviation | Formula | Precursor [M-H] time Study Study Study study
m/z . (Standard) (Spiked (Non- (Spiked
(min.) )
plasma) spiked plasma)
plasma)
linoleic acid LA CisH3202 | precursor | 279.2330 | 29.78 X X X X
9-hydroxy-10E, 122,15Z- o-HOTrE | CisHzoOs | A | 2932122 | 18.96 X X X Spiked but
octadecatrienoic acid below LOQ
13-hydroxy-9Z,11E,15Z- 13-HOTrE | C18H3003 LA 2932122 | 19.34 X
octadecatrienoic acid
9-0x0-10E, 12Z-octadecadienoic acid | 9-oxoODE | C18H3003 LA 2932122 | 2223 X X X X
13-0x0-9Z7,11E-octadecadienoic acid 13-0x0ODE CisH3003 LA 293.2122 21.75 X X X X
9-hydroxy-10E, ﬁlzd octadecadienoic 9-HODE | CisH»Os | DHA | 2952279 | 21.23 X X X X
13'hydr°"y'10E’ié§'°°’tadecad‘e“°w 13-HODE | CisH»Os | DHA | 2952279 | 21.14 X X X X
eicosapentaenoic acid EPA CxH300, | Precursor | 301.2173 27.32 X X X X
arachidonic acid AA C20H3,0, | Precursor | 303.2330 29.43 X X X X
. . 12,13- Spiked but Spiked but
12,13-dihydroxy-9Z-octadecenoic acid DiHOME CisH3404 LA 313.2384 16.92 X below LOQ below LOQ
. . 9,10- Spiked but Spiked but
9,10-dihydroxy-12Z-octadecenoic acid DiHOME CisH3404 LA 313.2384 17.48 X below LOQ below LOQ
18-hydroxy- . Spiked but X
57,82,11Z,14Z,16Eeicosapentaenoic 18-HEPE C20H3003 EPA 317.2122 19.45 X
acid below LOQ
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FT FT FT FT
stability stability stability stability
NLH] Retention studr); _for stu((i))sftfor studr); _for stu:l);sftfor
Full name Abbreviation | Formula | Precursor time P . P . p . P .
m/z (min.) extraction extraction extractio | extraction
’ loading loading n loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
11,12-epoxyeicosatetracnoic acid | 11,12-EpETE | CxHxOs | EPA | 317.2122 | 22.57 X Spiked but X
’ ’ ) ) below LOQ
8-hydroxy- .
57,7E,11Z,14Z,17Zeicosapentaenoic 8-HEPE Ca0H3003 EPA | 3172122 | 2042 X Spiked but
acid below LOQ
15-hydroxy-3Z,82,112,13E, 17Z- IS-HEPE | CxHxOs | EPA | 3172122 | 19.99 X
eicosapentaenoic acid
20-hydroxy-57,872,1172,13E,17Z- Spiked but Spiked but
eicosapentaenoic acid 20-HEPE C20H3003 EPA 317.2122 18.93 X below LOQ below LOQ
X
5-HEPE C20H3003 EPA 317.2122 21.12 X X X
5-hydroxy-57,82,11Z,13E,17Z-
eicosapentaenoic acid
11-hydroxy- .
57,87,12E,14Z,17Zeicosapentaenoic 11-HEPE | CaoH300; EPA | 3172122 | 2023 X bSplked but
acid elow LOQ
5-oxo0-eicosatetraenoic acid 5-0x0ETE C20H3003 AA 317.2122 24.40 X X X
12-hydroxy- . Spiked but
57,82,12E,14Z,17Zeicosapentaenoic 12-HEPE C20H3003 EPA 317.2122 20.55 X bel
acid elow LOQ
16-hydroxy- 52,82,11Z,13 E- 16:HETE | CaHuOs |  AA | 3192279 | 20.68 X
eicosatetraenoic acid
15-hydroxy- 52.,82,112,13 E- IS-HETE | CaHnOs | AA | 3192279 | 21.62 X X X
eicosatetraenoic acid
>-hydroxy- 6E,82,112,14 Z- SHETE | CxoHnOs |  AA | 3192279 | 23.17 X X X
eicosatetraenoic acid

158




FT FT FT FT
stability stability stability stability
NLH] Retention studr); _for stu((i))sftfor studr); _for stu:l);sftfor
Full name Abbreviation | Formula | Precursor time p . P . P . p .
m/z (min.) extraction extraction extractio | extraction
’ loading loading n loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
1-hydroxy- 6E,82,11Z,14 Z- II-HETE | CxHuOs |  AA | 3192279 | 22.60 X X X X
eicosatetraenoic acid
9-hydroxy-3Z,7E,11Z,14Z- O-HETE | CxHuOs | AA | 3192279 | 22.86 X X X X
eicosatetraenoic acid
1 1(12)-ep0xy-SZ,SZ,14Z-elcosatrlen01c 11,12-EET CaoHa05 AA 3192279 2472 X Spiked but
acid below LOQ
8(9)-epoxy-57,8Z, 1 47-eicosatrienoic 8.9-EET CaoHa203 AA 3192279 2518 X Spiked but
acid below LOQ
15-hydroxy-11Z,13E-eicosadienoic acid | 15-HEDE | CxHsOs |  AA | 3232592 | 24.66 X Spiked but X
below LOQ
docosahexaenoic acid DHA C»H30, | Precursor | 327.2330 29.11 X X X X
leukotriene B4 LTB4 C20H3204 AA 335.2222 16.36 X X X X
8,15-dihydroxy- SZIEIZI3E- | ¢ 15 inpTE | CoHnOs | AA | 3352228 | 15.55 X X X X
eicosatetraenoic acid
3,13-dihydroxy-6E,8Z,10Z,13E- 515-DiHETE | CaoHuOs | AA | 3352228 | 15.96 X X X X
eicosatetraenoic acid
3:12-dihydroxy-6E,8Z,10B,14Z- | 5 1) biETE | CoHnOs | AA | 3352228 | 1693 X X X X
eicosatetraenoic acid
3,6-dihydroxy-7E,9E, 11Z,14Z- 5,6-DIHETE | CaH3,04 AA 3352228 | 19.81 X Spiked but
eicosatetraenoic acid below LOQ
11,12-dihydroxy-5Z7,8Z,14Z-
eicosatrienoic acid 11,12-DiHET | Cz0H3404 AA 337.2384 18.70 X X X
14,15-dihydroxy-5Z,82,14Z- 14,15-DiHET | CxoHuO:s |  AA | 3372384 | 17.99 X Spiked but
eicosatrienoic acid below LOQ
. Spiked but
7-hydroxydocosahexaenoic acid 7-HDHA C2H3,03 DHA 343.2279 22.86 X
below LOQ
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FT FT FT FT
stability stability stability stability
NLH] Retention stud:; _for stu((i))sftfor studr); _for stu((l)ysftfor
Full name Abbreviation | Formula | Precursor time pre”. post- pre- pos®
m/z (min.) extraction extraction extractio | extraction
’ loading loading n loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
8-hydroxydocosahexaenoic acid 8-HDHA | C»HnOs | DHA | 3432279 | 23.01 X Spiked but
below LOQ
13-hydroxydocosahexaenoic acid 13-HDHA CnH30s3 DHA 343.2279 22.23 X X X X
11-hydroxydocosahexaenoic acid 11-HDHA CnH30s3 DHA 343.2279 22.72 X X X X
10-hydroxydocosahexaenoic acid 10-HDHA CH3,03 DHA 343.2279 22.42 X X X X
14-hydroxydocosahexaenoic acid 14-HDoHE CnH30s3 DHA 343.2279 22.46 X X X X
20-hydroxydocosahexaenoic acid 20-HDoHE C2H3,03 DHA 343.2279 21.45 X X X X
17-hydroxydocosahexaenoic acid 17-HDoHE C2oH3,03 DHA 343.2279 21.96 X X X X
4-hydroxydocosahexaenoic acid 4-HDoHE C2H3,03 DHA 343.2279 23.75 X X X X
. Spiked but
prostaglandin E2 PGE2 C20H3,0s5 AA 351.2177 10.83 X below LOQ
. Spiked but
prostaglandin D2 PGD2 C20H320:5 AA 351.2177 11.28 X below LOQ
. . 8-1s0-15(R)- Spiked but X
8-is0-15(R)-prostaglandin F2a PGF24 C20H340s AA 353.2334 9.20 X below LOQ
. . . Spiked but
8-iso-prostaglandinF2a 8-150-PGF2a | CyH3405 AA 353.2334 9.42 X below LOQ
8-iso-prostaglandinF23 8-i150-PGF2B | CyH340s AA 353.2334 9.49 X
11B-prostaglandinF2a 11B-PGF2a C20H3405 AA 353.2334 9.66 X X X
15(R)-prostaglandinF2a 15(R)-PGF2a | CyH3405 AA 353.2334 10.38 X X X
. Spiked but Spiked but
prostaglandinF2a PGF2a C20H340s5 AA 353.2334 10.53 X below LOQ below LOQ
. L 19,20- Spiked but Spiked but
19,20-dihydroxyldocosapentaenoic acid DilIDPA Cx»H3404 DHA 361.2379 18.05 X below LOQ below LOQ
prostaglandinF2q ethanolamide pGF2oEA | C2HNO |y 396.2755 | 7.95 X Spiked but
5 below LOQ
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FT FT FT FT
stability stability stability stability
NLH] Retention stu:r); _for stlll)((i))sftfor stupdr); _for stlrl)((l))sftfor
Full name Abbreviation | Formula | Precursor time . . . .
m/z (min.) extraction extraction extractio | extraction
loading loading n loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
leukotriene D4 LTD4 CZSOHé‘gNZ AA | 4952534 | 1299 X bseliékv:dngl(tg
X = tested oxylipins in various stability studies. RT =Room temperature. FT= freeze and thaw
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Supplementary Table A2: Summary of the results of 3-freeze-and-thaw cycle study for oxylipins
extracted using SPME from standard mix. The results are shown as mean concentration (ng/mL) £+ SD for
oxylipins that failed accepted criteria of concentration within 80-120% of 0-T and ANOVA p value <0.05.

Oxylipins | Control 1-FT cycle 2-FT cycles 3-FT cycles ANOVA
0-T (ng/mL) (ng/mL) (ng/mL) (ng/mL) p-value
PGE2 9.842 13.2+2 11.3+0.8 13.9+2 0.023
AA 34+8 30.5+6 21.1+7 18.3+6 0.048

Supplementary Table A3: Summary of the results of 3-freeze-and-thaw cycle study for oxylipins extracted
using SPME from spiked citrate plasma. The results are shown as mean concentration (ng/mL) + SD for
oxylipins that failed accepted criteria of concentration within 80-120% of 0-T and ANOVA <0.05

Oxylipins Control 1-FT cycle 2-FT cycles 3-FT cycles ANOVA
0-T (ng/mL) (ng/mL) (ng/mL) p-value
(ng/mL)

13-HDHA 1.9£+0.2 3.1£0.3 2.4+0.1 2.6+0.1 <0.001

11-HDHA 1.5+0.2 2.24+0.2 1.8+0.2 2.1+0.1 <0.001
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Supplementary Table A4: Peak areas of identified in-house oxylipins for precursors' 3-cycle degradation.

Experimental Retention
[M-HJ Oxylipins time Control ANOVA
m/z (min) 0-T 1-FT cycle 2-FT cycles 3-FT cycles p-valve
293.2122 13-0x0ODE 21.56 82048+44805 | 93858467347 | 73721+£17925 | 140261445734 0.376
317.2122 8-HEPE 20.33 1403343380 12967+26944 21408+4657 24949+2141 0.06
317.2122 5-HEPE 20.98 32641+3605 30056+9647 45418+6974 48508+4792 0.022
343.2279 20-HDoHE 21.26 3479143907 | 36016+15741 53462+8925 89783+37537 0.039
343.2279 14-HDoHE 22.02 13269+3517 34070+4767 22987+18191 2341248102 0.192
343.2279 8-HDHA 23.06 88487+12515 | 106808+21215 | 15860117824 | 201379+25578 <0.001
343.2279 4-HDoHE 23.64 24468+2584 24675+6602 2811143224 43358+1253 <0.001

Supplementary Table AS: Summary of the results comparing the concentration of oxylipins of identified from 3-freeze-
and-thaw cycle of precursors extracted from standard solution and stored on SPME devices to concentration measured

in HDMB.
Known Precursor Normal Estimated degradation How much oxylipin Significant
oxylipins concentration in of precursor from our were produced by
blood (uM) reported study precursors in our
in HDMB (%) study (uM)
5-HEPE EPA 0.007 0.07 0.0120 Yes
4-HDHA DHA 0.0053 0.007 0.00102 Yes
20-HDHA DHA 0.00028 0.009 0.00136 Yes
14-HDHA DHA 0.00164 0.03 0.00409 Yes
8-HEPE EPA 0.00134 0.0004 0.00601 Yes
8-HDHA DHA 0.000294 0.1 0.02036 Yes

163



Supplementary Table A6: Summary of the results of 3-freeze-and-thaw cycle study for oxylipins extracted using

SPME from non-spiked citrate plasma. The results are shown as mean concentration (ng/mL) = SD for oxylipins that failed the accepted
criteria of concentration within 80-120% of 0-T and ANOVA <0.05.

Oxylipins Control 1-FT cycle 2-FT cycles | 3-FT cycles ANOVA
0-T (ng/mL) (ng/mL) (ng/mL) (ng/mL) p-value

9-HOTrE 0.7£0.1 0.5+0.1 0.5+0.1 0.5+0.1 0.008

9-0x00ODE 0.8+0.1 1.1+0.2 1.0£0.03 1.1£0.1 0.012
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Supplementary Figure Al: Heatmap results of 3-cycle freeze-and-thaw stability study for 27 oxylipins
extracted on HLB SPME devices from spiked plasma samples. Heatmap was built using log transformation
with hierarchical clustering, and Euclidean distance using MetaboAnalyst, where A =Control samples
(n=6), B = 1-FT cycles (n=5), C=2-FT cycles (n=4), and D = 3-FT cycles (n=5). The row A-SCALE and
B-SCALE were added to the raw data to show all hierarchical maps in this chapter on the same scal
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Appendix B: Supplementary information for Chapter 3

Supplementary Table B1: List of oxylipins evaluated during the 3-freeze-and-thaw (FT) cycles stability studies of oxylipins with

pre-and post-extraction loading of BHT

FT FT FT FT
stability stability stability stability
NLHT Retention studr);5 _for stu((i))sftt_'or studr); _for stu((i))sftt_'or
Full name Abbreviation Formula Precursor time p . P . P . P .
m/z (min.) extraction extraction extraction | extraction
: loading loading loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
linoleic acid LA CisH2O02 | precursor | 279.2330 29.78 X X X X
. Spiked but
9-hydroxy-10E,122,15Z- 9-HOTIE CisH3003 LA 2932122 18.96 X X Spiked but | 1w
octadecatrienoic acid below LOQ LOQ
9-oxo-10E, 122 9-0x00DE CisH300s LA 2932122 | 2223 X X X X
octadecadienoic acid
13 .0x0-9Z,11E- 13-0x00DE C15H3003 LA 293.2122 | 2175 X X X X
octadecadienoic acid
9-hydroxy-10E, 12Z- 9-HODE C1sH3,03 DHA 2052279 | 21.23 X X X X
octadecadienoic acid
13-hydroxy-10E, [22- 13-HODE C15H30;s DHA 2952279 | 21.14 X X X X
octadecadienoic acid
arachidonic acid AA Cy0H3,0; Precursor 303.2330 29.43 X X X X
. . Spiked but
12,13-dihydroxy-92- 12,13-DiIHOME |  CisHs40s LA 3132384 | 16.92 X X Spiked but | 1w
octadecenoic acid below LOQ LOQ
. . Spiked but
9,10-dihydroxy-122- 9,10-DiHOME CisH3404 LA 313.2384 17.48 X X Spiked but | 1w
octadecenoic acid below LOQ LOQ
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FT FT FT FT
stability stability stability stability
VLHT- Retention stud:; _for stu((l)ysftfor studr}; _for stu((i))sftfor
Full name Abbreviation Formula Precursor time p . P . P . P .
m/z (min.) extraction | extraction | extraction | extraction
) loading loading loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
18-hydroxy- Spiked but Spiked but
57.,82,1172,147,,16E- 18-HEPE C20H3003 EPA 317.2122 19.45 X X P u below
: S below LOQ
eicosapentaenoic acid LOQ
11,12-epoxyeicosatetraenoi Spiked but | SPiked but
1 £7CPOXYCICOSALEUACNOIC | 11 15 ELETE CaoH3005 EPA 317.2122 22.57 X X PIRECOU | helow
acid below LOQ
LOQ
8-hydroxy- Spiked but Spiked but
52, TEJN1Z14Z,17Z- 8-HEPE C20H3003 EPA 317.2122 20.42 X X p below
. R below LOQ
eicosapentaenoic acid LOQ
20-hydroxy- Spiked but Spiked but
52,82Z,11Z,13E,17Z- 20-HEPE C20H3003 EPA 317.2122 18.93 X X p below
. o below LOQ
eicosapentaenoic acid LOQ
5-hydroxy- Spiked but Spiked but
52,82,117Z,13E,17Z- 5-HEPE C20H30053 EPA 317.2122 21.12 X X P below
. R below LOQ
eicosapentaenoic acid LOQ
12-hydroxy- 52,82, 112,13 E- |5 yprp CaoH30s AA 3192279 | 21.93 X X X X
eicosatetraenoic acid
. Spiked but
20-hydroxy- 5Z,8Z,11Z,13 E- 20-HETE CaoH3,05 AA 3192279 |  19.40 X X Spiked but | " ) ow
eicosatetraenoic acid below LOQ LOQ
15-hydroxy- 5Z,8Z,11Z,13 E- | |5 pprp Ca0H3:0;3 AA 3192279 | 21.62 X X X X
eicosatetraenoic acid
>-hydroxy- 6E,82,112,14 Z- 5-HETE CaoH10s AA 3192279 | 23.17 X X
eicosatetraenoic acid
9-hydroxy-52,7E,112,14Z- 9-HETE C20H3,05 AA 3192279 | 22.86 X X X X

eicosatetraenoic acid
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FT FT FT FT
stability stability stability stability
VLHT- Retention stud:; _for stu((l)ysftfor studr}; _for stu((i))sftfor
Full name Abbreviation Formula Precursor time p . P . P . P .
m/z (min.) extraction | extraction | extraction | extraction
) loading loading loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
. Spiked but
11(12)-epoxy-52,82,14Z- 11,12-EET CaoH3,05 AA 319.2279 24.72 X X Spiked but || "y
eicosatrienoic acid below LOQ LOQ
. Spiked but
15-hydroxy-11Z,13E- 15-HEDE CaoH3605 AA 3232592 | 24.66 X X Spiked but | )
eicosadienoic acid below LOQ LOQ
docosahexaenoic acid DHA C2H3,0; Precursor 327.2330 29.11 X X X X
leukotriene B4 LTB4 C20H3204 AA 335.2222 16.36 X X X X
8,15-dihydroxy- SZIENIZ,13 | ¢ |5 pigpTE | CaoHpOs AA 3352228 | 1555 X X X X
E- eicosatetraenoic acid
5,12-dihydroxy-
6E,8Z,10E,14Z- 5,12-DiHETE C20H3204 AA 335.2228 16.93 X X X X
eicosatetraenoic acid
. . Spiked but
3,6-dihydroxy-7E9E,11Z,147- | = 5 ¢ ypprp CaoH30s AA 3352228 | 19.81 X X Spiked but | 1w
eicosatetraenoic acid below LOQ LOQ
11,12-dihydroxy-57,8Z,14Z- Spiked but Spiked but
eicosatrienoic acid 11,12-DiHET C20H3404 AA 337.2384 18.70 X X p y below
below LOQ LOQ
14,15-dihydroxy-SZ8Z,14Z- | 14 |5 BT | CogHuOs AA 3372384 | 17.99 X X X X
eicosatrienoic acid
. . Spiked but
8-hydroxydocosahexaenoic 8-HDHA CH:0s DHA 3432279 | 23.01 X X Spiked but || "5y
acid below LOQ
LOQ
13-hydroxydocosahexaenoic
acid 13-HDHA C2H3,03 DHA 343.2279 22.23 X X X X
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FT FT FT FT
stability stability stability stability
VLHT- Retention stul:l:; _for Stl;,((l)}s’tfor stu:r}; _for stlll)((i))srtfor
Full name Abbreviation Formula Precursor time . . . .
m/z (min.) extraction | extraction | extraction | extraction
loading loading loading loading
(Standard) | (Standard) (Spiked (Spiked
plasma) plasma)
! 1'hydr°"y‘;‘écigsahexaen°w 11-HDHA CoH3,05 DHA 3432279 | 22.72 X X X X
16'hydr°"y‘;‘;°igsahexaen°w 16-HDoHE CxH3:05 DHA 3432279 | 21.96 X X X X
4'hydr°"yd;’§i°;ahexaen°w 4-HDoHE CoH3,05 DHA 3432279 | 23.75 X X X X
. Spiked but
prostaglandin E2 PGE2 CaoH3,0s AA 351.2177 10.83 X X Spiked but | 1w
below LOQ LO
Q
. . 8-iso-15(R)- Spiked but
8-1s0-15(R)-prostaglandin F2a. C20H3405 AA 353.2334 9.20 X X X below
PGF2a
LOQ
Spiked but
8-iso-prostaglandinF23 8-iso-PGF2f3 C20H3405 AA 353.2334 9.49 X X X below
LOQ
Spiked but
11B-prostaglandinF2a 11B-PGF2a C20H3405 AA 353.2334 9.66 X X X below
LOQ
15(R)-prostaglandinF2a, 15(R)-PGF2a C20H3405 AA 353.2334 10.38 X X X X
Spiked but
prostaglandinF2a PGF2a C20H340s AA 353.2334 10.53 X X X below
LOQ
19,20- Spiked but Spiked but
dihydroxyldocosapentaenoic 19,20-DiHDPA C2H3404 DHA 361.2379 18.05 X X below LO below
acid clow LOQ | 154

X = tested oxylipins in various stability studies. FT= freeze and thaw
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Supplementary Table B2: Summary of the results of the 3-freeze-and-thaw cycle study
of pre-loading extraction of BHT(5-h) and identified unstable oxylipins extracted
using SPME from standard solution in Section 2.3.1. The results are shown as mean
concentration (ng/mL) + SD for oxylipins that passed the accepted criteria of concentration within
80-120% of 0-T and ANOVA <0.05.

Oxylipins Control 1-FT cycles 2-FT cycles 3-FT cycles | ANOVA
0-T (ng/mL) (ng/mL) (ng/mL) (ng/mL) p-value

AA 47.9+6 66.8+6 63.1£10 44.6+6 0.162

PGE2 75.248 80.9+15 77.6£19 76.8+7 0.936

* The number of replicates was n=4 for all conditions

Supplementary Table B3: Summary of the results of 3- freeze-and-thaw cycle study of post-
loading extraction of BHT (5 min.) and identified unstable oxylipins extracted using SPME from
standard solution in Section 2.3.1. The results are shown as mean concentration (ng/mL) + SD for
oxylipins that passed the accepted criteria of concentration within 80-120% of 0-T and ANOVA

<0.05.
Oxylipins Control 1-FT cycles 2-FT cycles 3-FT cycles | ANOVA
0-T (ng/mL) (ng/mL) (ng/mL) (ng/mL) p-value
AA 49.7+18 37.5+25 56.1+43 35.2+33 0.417
PGE2 49.9+12 66.1+£9 55.2+19 61.8+7 0.468

* The number of replicates was n=4 for all conditions

Supplementary Table B4: Summary result of the average amount of BHT remaining on SPME
fibres (ng) during 3-freeze-and-thaw cycle stability study. In this experiment, pre-extraction
loading of BHT (5-h) from standard solution was used.

ANOVA
1-FT p-value ANOVA
Antioxidants Control cycles 2-FT cycles | 3-FT cycles | (Control p-value
0-T (ng) (ng) (ng) (ng) and (3-FT
g 3FT cycles)
cycles)
BHT 1745+74 16844226 1534+114 1639483 0.227 0.404

*The number of replicates was n=4 for all conditions.
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Supplementary Table BS: Summary result of the average amount of BHT remaining on SPME
fibres (ng) during 3-freeze-and-thaw cycle stability study. In this experiment, post-extraction
loading of BHT (5 min.) from standard solution was used.

2-FT Al-\if(a)lr: ANOVA
A Control 1-FT cycles 3-FT cycles p p-value
Antioxidants cycles (Control
0-T (ng) (ng) (ng) G-FT
(ng) and cycles)
3 FT cycles) y
BHT 999+313 443+100 386+96 531+115 0.002 0.193

*The number of replicates was n=4 for all conditions.

Supplementary Table B6: Summary result of the average amount of BHT remaining on SPME
fibres (ng) during 3-freeze-and-thaw cycle stability study. In this experiment, pre-extraction
loading (5-hs) of BHT from spiked citrate plasma was used.

Antioxidants | Control 1-FT cycle | 2-FT cycles | 3-FT ANOVA ANOVA
0-T Amount Amount cycles p-value p-value
Amount remaining remaining | Amount (Control 3-FT
remaining | (ng) (ng) remaining | and cycles)
(ng) (ng) 3 FT cycles)

BHT 472+11 642+52 667+62 657+65 0.001 0.849

*The number of replicates was n=4 for all conditions.

Supplementary Table B7: Summary result of the average amount of BHT remaining on SPME
fibres (ng) during 3- freeze-and-thaw cycle stability study. In this experiment, post-extraction

loading of BHT (5 min.) from spiked citrate plasma was used.

Antioxidants Control 1-FT cycle | 2-FT cycles 3-FT ANOVA ANOVA
0-T Amount (ng) | Amount cycles p-Value p-value
Amount (ng) Amount (3-FT cycles)
(ng) (ng)
BHT 157+40 293+126 386+126 337.+£39 0.025 0.485

*The number of replicates was n=4 for all conditions
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Supplementary Figure B1: Optimization of % composition of organic solvent for the post-
extraction loading of BHT on SPME fibre (n=2). BHT was extracted from 1 ug/mL of standard
solutions prepared in 5%, 10% or 30% methanol. Amount of BHT loaded on SPME devices was
analyzed on LC-MS using the oxylipin method.
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Supplementary Figure B2: Effects of the fragmentor voltage on the peak area of oxylipins. A
100 ng/mL standard mix of oxylipins in 100% methanol was analyzed on LC-MS, and all ESI
settings were kept as described in Section 3.2.6 except fragmentor voltage which varied from 170-
250V. Number of replicates is shown =1. The initial fragmentor setting of oxylipins LC-MS assay
was set at 250 V, showing that the fragmental voltage at 170V was suitable for the analysis of
oxylipins.
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Supplementary Figure B3: Calibration curve of BHA and BHT analyzed on LC-MS using
oxylipin method where a= 5 pg/mL BHA standard in 80% methanol and b=15 pg/mL BHA
standard in 80% methanol.
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Supplementary Figure B4: Extracted ion chromatogram of 5 pg/mL BHT and BHA standard in
80% methanol on LC-MS using C18 oxylipin method with optimization of fragmental voltage to
170V.Where (a) EIC of in-source fragment in m/z 164.0838 (b)EIC of m/z of BHA 179.1073
(c)EIC of m/z of BHT 219.1749.
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Appendix C: Supplementary information for Chapter 4

Supplementary Table C1 : List of oxylipins for forced degradation study.

Full name Abbreviation | Formula Precursor [l\i;/l-zll_ Rete(nl::liionlf)time
linoleic acid LA CisH2202 | precursor 279.2330 29.38
9-hydroxy-10E,12Z,15Z-octadecatrienoic acid | 9-HOTrE | CisHaoOs LA 293.2122 18.61
9-0x0-10E, 12Z-octadecadienoic acid 9-0x0ODE | CisH300s LA 2932122 21.73
13-0x0-9Z,11E-octadecadienoic acid 13-0x00DE | Ci5H300s LA 2932122 21.22
eicosapentaenoic acid EPA CxH30: | Precursor 301.2173 26.99
arachidonic acid AA CyoH30, | Precursor 303.2330 28.11
11,12-epoxyeicosatetraenoic acid 11,12-EpETrE | Cy0H3003 EPA 317.2122 22.02
5-oxo-eicosatetraenoic acid 5-0x0ETE Ca0H3003 AA 317.2122 23.89
15-hydroxy- 57,87, 1; i,dl3 E-eicosatetraenoic |5-HETE CaoHa0;3 AA 3192279 21.01
12-hydroxy- 6E,8Z, 1; C212114 Z-eicosatetracnoic 12-HETE CaoH3,0s AA 3192279 21.25
9-hydroxy-57,7E,1 ﬁiﬁZ-eicosatetraenoic 9-HETE CaoHa05 AA 3192279 21.58
docosahexaenoic acid DHA C2H3,0; Precursor 327.2330 28.72
leukotriene B4 LTB4 Ca0H304 AA 335.2222 15.23
13-hydroxydocosahexaenoic acid 13-HDHA | CyH30s DHA 343.2279 21.56
11-hydroxydocosahexaenoic acid 11-HDHA | CyH30; DHA 343.2279 22.36
16-hydroxydocosahexaenoic acid 16-HDoHE | CaH3,0s DHA 343.2279 21.24
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[M-HJ Retention time
Full name Abbreviation | Formula | Precursor m/z (min.)
4-hydroxydocosahexaenoic acid 4-HDoHE C»H30s5 DHA 343.2279 2341
prostaglandin E2 PGE2 CaoH3,0s AA 351.2177 10.58
11B-prostaglandin F2a 11-PGF2a | CaH30s AA 353.2334 9.27

Supplementary Table C2: Summary of the results of the forced degradation of AA when stored at various degradation conditions. The results are
shown in % as compared to peak area of AA in the control sample.

3 hours 6 hours | 3 hours | 6 hours

3-days | 3-days | 5-days | 7-days CuSOy CuSO4 | CuSO4 | CuSOq4
[M-H] Control | 37°C | 50°C uv uv Case A Case A | CaseB | Case B | Identified
m/z rt (min.) (%) (%) (%) (%) (%) (%) (%) (%) (%) oxylipins

303.2330 28.11 100 80 1 82 72 98 156 NA NA AA

303.2330 29.41 NA NA NA 4 43 NA NA NA NA Unknown
271.2432 16.03 NA NA 0.1 NA NA NA NA NA NA Unknown
271.2432 17.49 NA NA 0.04 NA NA NA NA NA NA Unknown
271.2432 18.35 NA NA 0.1 NA NA NA NA NA NA Unknown
287.2381 11.19 NA NA 0.03 NA NA NA NA NA NA Unknown
287.2381 16.09 NA NA 0.1 NA NA NA NA NA NA Unknown
287.2381 16.61 NA NA 0.1 NA NA NA NA NA NA Unknown
315.1996 16.67 NA NA 0.4 NA NA NA NA NA NA Unknown
315.1996 17.19 NA NA 0.2 NA NA NA NA NA NA Unknown
315.1996 17.64 NA NA 0.1 NA NA NA NA NA NA Unknown
315.1996 17.84 NA NA 0.1 NA NA NA NA NA NA Unknown
315.1996 18.12 NA NA 0.6 NA NA NA NA NA NA Unknown
315.1996 18.62 NA NA 0.1 NA NA NA NA NA NA Unknown
315.1996 19.10 NA NA 0.1 NA NA NA NA NA NA Unknown
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3 hours 6 hours | 3 hours | 6 hours
3-days | 3-days | 5-days | 7-days CuSOy CuSO4 | CuSO4 | CuSOy4

[M-H] Control | 37°C | 50°C uv uv Case A Case A | CaseB | Case B | Identified
m/z rt (min.) (%) (%) (%) (%) (%) (%) (%) (%) (%) oxylipins
317.2116 17.24 NA 17 NA NA NA NA NA NA NA Unknown
317.2116 18.76 NA 44 NA NA NA NA NA NA NA Unknown
317.2122 14.93 NA NA 0.1 NA NA NA NA NA NA Unknown
317.2122 15.81 NA NA 0.1 NA NA NA NA NA NA Unknown
317.2122 16.79 NA NA 0.1 NA NA NA NA NA NA Unknown
317.2122 17.43 NA NA 0.1 NA NA NA NA NA NA Unknown
317.2122 17.64 NA NA 0.1 NA NA NA NA NA NA Unknown
317.2122 20.12 NA NA 0.2 NA NA NA NA NA NA Unknown
319.2279 17.27 NA NA 0.1 NA NA NA NA NA NA Unknown
319.2279 20.15 NA NA 0.1 NA NA NA NA NA NA 15-HETE

319.2279 21.08 NA NA 0.1 NA NA NA NA NA NA 8/12-HETE
319.2279 22.48 NA NA 0.1 NA | NA NA NA NA NA | 14,15-EET
319.2279 23.14 NA NA 0.03 NA NA NA NA NA NA Unknown
321.2436 12.71 NA NA 0.1 NA NA NA NA NA NA Unknown
321.2436 24.75 NA NA 0.1 NA NA NA NA NA NA Unknown
321.2436 26.56 NA NA 0.2 NA NA NA NA NA NA Unknown
333.2071 10.97 NA NA 0.1 NA NA NA NA NA NA Unknown
333.2071 11.21 NA NA 0.3 NA NA NA NA NA NA Unknown
333.2071 11.40 NA NA 0.1 NA NA NA NA NA NA Unknown
333.2071 12.11 NA NA 0.04 NA NA NA NA NA NA Unknown
333.2071 12.53 NA NA 0.2 NA NA NA NA NA NA Unknown
333.2071 13.66 NA NA 0.2 NA NA NA NA NA NA Unknown
333.2071 14.09 NA NA 0.03 NA NA NA NA NA NA Unknown
333.2071 15.58 NA NA 0.1 NA NA NA NA NA NA Unknown
333.2071 17.84 NA NA 0.1 NA NA NA NA NA NA Unknown
335.2228 9.13 NA NA 0.04 NA NA NA NA NA NA Unknown
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3 hours 6 hours | 3 hours | 6 hours
3-days | 3-days | 5-days | 7-days CuSOy CuSO4 | CuSO4 | CuSOy4

[M-H] Control | 37°C | 50°C uv uv Case A Case A | CaseB | Case B | Identified
m/z rt (min.) (%) (%) (%) (%) (%) (%) (%) (%) (%) oxylipins
333.2071 15.58 NA NA 0.1 NA NA NA NA NA NA Unknown
335.2228 9.47 NA NA 0.03 0.01 5 NA NA NA NA Unknown
335.2228 9.82 NA NA 0.2 NA NA NA NA NA NA Unknown
335.2228 11.06 NA NA 0.1 NA NA NA NA NA NA Unknown
335.2228 11.49 NA NA 0.04 NA NA NA NA NA NA Unknown
335.2228 12.14 NA NA 0.1 NA NA NA NA NA NA Unknown
335.2228 13.81 NA NA 0.5 NA NA NA NA NA NA Unknown
335.2228 13.93 NA NA 2 NA NA NA NA NA NA Unknown
335.2228 14.75 NA NA 0.04 NA NA NA NA NA NA Unknown
335.2228 15.90 NA NA 0.1 NA NA NA NA NA NA Unknown
335.2228 16.38 NA NA 0.1 NA NA NA NA NA NA Unknown
349.2020 6.94 NA NA 0.1 NA NA NA NA NA NA Unknown
349.2020 7.27 NA NA 0.1 NA NA NA NA NA NA Unknown
349.2020 7.53 NA NA 0.1 NA NA NA NA NA NA Unknown
349.2020 13.38 NA NA 0.04 NA NA NA NA NA NA Unknown
349.2020 15.39 NA NA 0.1 NA NA NA NA NA NA Unknown
349.2020 16.77 NA NA 0.1 NA NA NA NA NA NA Unknown
351.2177 6.66 NA NA 0.1 NA NA NA NA NA NA Unknown
351.2177 7.23 NA NA 0.04 NA NA NA NA NA NA Unknown
351.2177 7.82 NA NA 0.03 NA NA NA NA NA NA Unknown
351.2177 8.93 NA NA 0.1 NA NA NA NA NA NA Unknown

351.2177 9.58 NA NA 0.03 NA NA NA NA NA NA PGE2

351.2177 10.75 NA NA 0.1 NA NA NA NA NA NA LXA4
351.2177 11.50 NA NA 0.1 NA NA NA NA NA NA Unknown

351.2177 9.58 NA NA 0.03 NA NA NA NA NA NA PGE2
351.2177 12.05 NA NA 0.03 NA NA NA NA NA NA Unknown
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3 hours 6 hours | 3 hours | 6 hours
3-days | 3-days | 5-days | 7-days CuSOy CuSO4 | CuSO4 | CuSOy4
[M-H] Control | 37°C | 50°C uv uv Case A Case A | CaseB | Case B | Identified
m/z rt (min.) (%) (%) (%) (%) (%) (%) (%) (%) (%) oxylipins
351.2177 13.82 NA NA 0.1 NA NA NA NA NA NA Unknown
Estimated mass 100 141 9 86 | 120 98 156 27 NA
balance

Supplementary Table C3: Summary of the results of the forced degradation of LA when stored at various degradation conditions.
The results are shown in % as compared to peak area of LA in the control samples

3 hours | 6 hours 3 hours | 6 hours

3-days | 3-days | 5-days CuSO4 | CuSOq4 CuSO4 | CuSO4
[M-H] Control | 37°C 50°C uv 7-days | Case A | CaseA | CaseB | Case B | Identified
m/z rt (min.) (%) (%) (%) (%) | UV (%) | (%) (%) (%) (%) oxylipins

279.2330 29.38 100 110 64 92 88 95 89 48 5 LA
293.2122 15.33 NA 0.3 NA 12 12 NA NA NA NA Unknown
293.2122 19.13 NA 4 NA 1 1 NA NA NA NA Unknown
293.2122 22.92 NA 0.3 NA NA NA NA NA NA NA Unknown
293.2122 26.91 NA 1 NA NA NA NA NA NA NA Unknown
293.2122 14.04 NA NA NA 0.4 NA NA NA NA NA Unknown
295.2278 20.74 NA 0.2 1 0.2 0.3 NA NA NA NA 9-HODE
295.2278 20.89 NA NA 1 0.2 NA NA NA NA NA 13-HODE
315.1966 12.19 NA 0.3 NA 0.1 0.1 NA NA NA NA Unknown
315.1966 14.58 NA 0.1 NA 0.1 0.1 NA NA NA NA Unknown
367.1925 20.07 NA NA 23 NA NA NA NA NA NA Unknown
mEZZ“;‘;;":ce 116 89 107 102 95 89 48 5
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Supplementary Table C4: Summary of the results of the forced degradation of DHA when stored at various degradation conditions. The results
are shown in % as compared to peak area of DHA in the control samples

3 hours 6 hours 3 hours | 6 hours
3-days | 3-days | S5-days | 7-days | CuSO4 CuSO0q CuSO4 | CuSOq

[M-H] Control 37°C 50°C UV [8AY CaseA | CaseA | CaseB | Case B | Identified
m/z rt (min.) (%) (%) (%) (%) (%) (%) (%) (%) (%) oxylipins

327.2330 28.72 100 111 64 96 103 87 93 0.4 4 DHA
315.1966 14.29 NA 0.1 2 NA NA NA NA NA NA Unknown
315.1966 17.13 NA NA 2 NA NA NA NA NA NA Unknown
315.1966 18.07 NA 0.1 1 0.03 NA NA NA NA NA Unknown
315.1966 18.28 NA NA 0.4 NA NA NA NA NA NA Unknown
315.1966 18.58 NA 0.1 2 0.04 0.01 NA NA NA NA Unknown
315.1966 18.82 NA NA 0.1 NA NA NA NA NA NA Unknown
317.2116 16.22 NA NA 0.3 NA NA NA NA NA NA Unknown
317.2116 18.12 NA NA 0.3 NA NA NA NA NA NA Unknown
317.2116 19.44 NA NA 0.3 NA NA NA NA NA NA Unknown
317.2116 20.59 NA NA 1 NA NA NA NA NA NA Unknown
317.2116 20.84 NA NA 0.1 NA NA NA NA NA NA Unknown
317.2116 21.58 NA NA 0.2 NA NA NA NA NA NA Unknown
319.2279 20.66 NA NA 0.2 NA NA NA NA NA NA Unknown
319.2279 22.96 NA NA 0.2 NA NA NA NA NA NA Unknown
319.2279 23.92 NA NA 0.4 NA NA NA NA NA NA Unknown
333.2071 11.19 NA NA 0.4 NA NA NA NA NA NA Unknown
333.2071 11.48 NA NA 1 NA NA NA NA NA NA Unknown
333.2071 12.37 NA NA 0.2 NA NA NA NA NA NA Unknown
333.2071 12.85 NA NA 1 NA NA NA NA NA NA Unknown
333.2071 14.07 NA NA 1 NA NA NA NA NA NA Unknown
333.2071 14.64 NA NA 0.2 NA NA NA NA NA NA Unknown
333.2071 15.91 NA NA 0.2 NA NA NA NA NA NA Unknown
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3 hours 6 hours 3 hours | 6 hours
3-days | 3-days | S5-days | 7-days | CuSO4 CuSO0q CuSO4 | CuSOq
[M-H] Control 37°C 50°C uv UV CaseA | CaseA | CaseB | Case B | Identified
m/z rt (min.) (%) (%) (%) (%) (%) (%) (%) (%) (%) oxylipins
335.2228 9.44 NA NA 0.2 NA NA NA NA NA NA Unknown
335.2228 10.01 NA NA 0.3 NA NA NA NA NA NA Unknown
335.2228 12.39 NA NA 0.2 NA NA NA NA NA NA Unknown
335.2228 13.71 NA NA 0.2 NA NA NA NA NA NA Unknown
335.2228 14.21 NA NA 1 NA NA NA NA NA NA Unknown
335.2228 14.38 NA NA 2 NA NA NA NA NA NA Unknown
335.2228 14.85 NA NA 0.3 NA NA NA NA NA NA Unknown
8,15-
335.2228 16.29 NA NA 0.2 NA NA NA NA NA NA DiHETE
335.2228 16.77 NA NA 0.4 NA NA NA NA NA NA Unknown
335.2228 17.14 NA NA 0.2 NA NA NA NA NA NA Unknown
343.2279 16.15 NA 0.1 NA 0.01 0.1 NA NA NA NA Unknown
343.2273 23.39 NA NA NA NA NA 6 1 10 ND Unknown
343.2279 24.16 NA 0.1 NA 0.1 NA NA NA NA NA Unknown
351.2177 11.79 NA NA 0.2 NA NA NA NA NA NA Unknown
351.2177 14.11 NA NA 0.4 NA NA NA NA NA NA Unknown
Estimated
mass balance 100 111 84 96 103 93 94 10 4
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Supplementary Table C5: Summary of the results of the forced degradation of EPA when stored at various degradation conditions.
The results are shown in % as compared to peak area of EPA in the control samples

3 hours | 6 hours | 3 hours | 6 hours
3-days 7-days | CuSQO4s | CuSO4 | CuSO4s | CuSO4

[M-HJ Control 3-days 50°C | 5-days uv Case A | CaseA | CaseB | Case B | Identified
m/z rt (min.) (%) 37°C (%) | (%) | UV (%) | (%) (%) (%) (%) (%) | oxylipins

301.2173 26.99 100 110 49 92 102 115 110 9 8 EPA
264.1582 23.89 NA 0.7 NA NS NA NA NA NA NA Unknown
264.1582 23.91 NA NA NA 0.2 NA NA NA NA NA Unknown
269.2275 21.31 NA 0.1 NA NA NA NA NA NA NA Unknown
269.2275 21.67 NA 0.1 NA NA NA NA NA NA NA Unknown
269.2275 22.84 NA 0.1 NA NA NA NA NA NA NA Unknown
269.2275 25.03 NA 0.1 NA 0.3 NA NA NA NA NA Unknown
269.2275 22.17 NA NA NA 0.1 0.2 NA NA NA NA Unknown
293.1760 17.83 NA 0.3 NA 0.1 NA NA NA NA NA Unknown
293.1760 19.17 NA 4 NA 0 2 NA NA NA NA Unknown
293.1760 29.02 NA 23 NA 9 11 NA NA NA NA Unknown
293.1760 15.33 NA NA NA 8 6 NA NA NA NA Unknown
295.2278 18.38 NA NA 0.3 NA NA NA NA NA NA Unknown
295.2278 20.88 NA 0.2 NA NA NA NA NA NA NA 9-HODE
295.2278 23.66 NA 0.2 NA NA NA NA NA NA NA Unknown
313.2384 16.30 NA 0.4 NA NA NA NA NA NA NA Unknown
315.1966 12.20 0.3 NA NA NA NA NA NA NA NA Unknown
315.1966 14.59 0.3 0.3 0.1 0.1 NA NA NA NA NA Unknown
315.1966 17.42 0.3 0.3 NA NA NA NA NA NA NA Unknown
315.1966 18.38 NA 0.2 NA NA NA NA NA NA NA Unknown
315.1966 18.58 0.4 0.2 NA NA NA NA NA NA NA Unknown
315.1966 21.84 NA NA 0.1 0.2 NA NA NA NA NA Unknown
317.2122 16.55 0.1 NA NA NA NA NA NA NA NA Unknown
317.2122 17.26 0.1 NA NA NA NA NA NA NA NA Unknown
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3 hours | 6 hours | 3 hours | 6 hours
3-days 7-days | CuSQ4s | CuSO4 | CuSO4s | CuSO4

[M-H] Control 3-days 50°C | 5-days UV | CaseA | CaseA | Case B | Case B | Identified
m/z rt (min.) (%) 37°C (%) (%) UV (%) | (%) (%) (%) (%) (%) oxylipins
317.2122 18.41 0.2 NA NA NA NA NA NA NA NA 20-HEPE
317.2122 18.76 0.1 NA NA NA NA NA NA NA NA Unknown
317.2122 19.73 0.1 NA NA NA NA NA NA NA NA 11-HEPE
317.2122 20.18 0.1 NA NA NA NA NA NA NA NA 12-HEPE
317.2122 20.92 0.4 NA NA NA NA NA NA NA NA Unknown
317.2122 21.18 0.3 NA NA NA NA NA NA NA NA Unknown
317.2122 21.44 0.1 NA NA NA NA NA NA NA NA Unknown
317.2122 21.87 NA 0.2 NA NA NA NA NA NA NA Unknown
333.2071 11.48 0.1 NA NA NA NA NA NA NA NA Unknown
333.2071 11.74 0.1 NA NA NA NA NA NA NA NA Unknown
333.2071 13.11 0.1 NA NA NA NA NA NA NA NA Unknown
333.2071 14.34 0.1 NA NA NA NA NA NA NA NA Unknown
335.2228 16.89 NA 0.2 NA NA NA NA NA NA NA Unknown
335.2228 28.21 NA 0.4 NA NA NA NA NA NA NA Unknown
335.2228 10.31 0.1 NA NA NA NA NA NA NA NA Unknown
335.2228 10.59 0.8 NA NA NA NA NA NA NA NA Unknown
335.2228 12.69 0.1 NA NA NA NA NA NA NA NA Unknown
335.2228 14.47 0.3 NA NA NA NA NA NA NA NA Unknown
351.2177 25.09 0.1 NA NA NA NA NA NA NA NA Unknown
351.2177 22.41 NA NA NA 0.1 NA NA NA NA NA Unknown
351.2177 23.75 NA NA NA 0.2 NA NA NA NA NA Unknown
351.2177 16.02 NA NA NA 0.1 NA NA NA NA NA Unknown
351.2177 28.59 NA NA NA 0.1 NA NA NA NA NA Unknown
353.2334 24.79 NA NA NA 7 NA NA NA NA NA Unknown
413.1980 15.74 NA 0.2 NA NA NA NA NA NA NA Unknown
413.1980 16.30 NA 2 NA NA NA NA NA NA NA Unknown
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3 hours | 6 hours | 3 hours | 6 hours
3-days 7-days | CuSQ4s | CuSO4 | CuSO4s | CuSO4
[M-H] Control 3-days 50°C | 5-days UV | CaseA | CaseA | Case B | Case B | Identified
m/z rt (min.) (%) 37°C (%) (%) UV (%) | (%) (%) (%) (%) (%) oxylipins
413.1980 17.05 NA 11 NA NA NA NA NA NA NA Unknown
413.1980 17.33 NA 1 NA NA NA NA NA NA NA Unknown
413.1980 17.63 NA 2 NA NA NA NA NA NA NA Unknown
413.1980 18.06 NA 0.3 NA NA NA NA NA NA NA Unknown
Estimated
mass
balance 113 157 50 120 120 115 110 9 18
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Supplementary Table C6 : Summary of the results of the forced degradation of PGE2 when stored at various degradation conditions. The results

are shown in % as compared to peak area of PGE2 in the control samples

[M-HJ Control 3-days 3-days 50°C 5-days 7-days UV
Reactions m/z rt (min.) (%) 37°C (%) (%) UV (%) (%) Identified oxylipins
351.2177 10.58 100 46 6 75 2 PGE2
Hydrolysis 315.1966 12.01 NA 0.4 1 NA NA Unknown
Hydrolysis 315.1966 14.29 NA 0.3 1 NA NA Unknown
Hydrolysis 315.1966 18.61 NA NA 0.7 NA 0.3 Unknown
Hydrolysis 315.1966 10.28 NA 1 NA 2 NA Unknown
Hydrolysis 315.1966 13.24 NA 0.6 NA NA NA Unknown
Hydrolysis 315.1966 13.59 NA 15 NA 6 NA Unknown
Hydrolysis 315.1966 15.12 NA 0.9 NA NA NA Unknown
Redox 333.2071 10.28 NA 0.01 NA 0.7 NA Unknown
Redox 333.2071 13.24 NA 0.3 63 NA NA Unknown
Redox 333.2071 13.62 NA 7 19 3 NA PGJ2
Redox 333.2071 13.87 NA 0.9 NA NA NA Unknown
Redox 333.2071 15.13 NA 0.4 NA NA NA Unknown
Hydrolysis 317.2166 20.27 NA NA 0.6 NA NA Unknown
Hydrolysis 317.2122 13.60 NA 0.5 NA 0.2 NA Unknown
Hydrolysis 317.2122 20.94 NA 0.2 NA 0.2 NA Unknown
Hydrolysis 317.2122 18.40 NA NA NA 0.1 NA Unknown
Hydrolysis 317.2122 21.86 NA NA NA 0.1 NA Unknown
8-1s0-PGA1
Reduction 335.2228 13.59 NA NA NA 0.1 NA
Reduction 335.2228 15.25 NA NA NA 0.4 NA 8,15-DiHETE
Reduction 335.2228 15.95 NA NA NA 0.2 NA LTB4
Unknown 343.2273 20.55 NA NA NA NA 2 Unknown
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[M-HJ Control 3-days 3-days 50°C 5-days 7-days UV
Reactions m/z rt (min.) (%) 37°C (%) (%) UV (%) (%) Identified oxylipins
Unknown 343.2273 22.33 NA NA NA NA 30 Unknown
Unknown 343.2273 24.16 NA 0.4 NA 0.4 0.3 Unknown
Unknown 343.2273 22.80 NA NA 1 NA NA Unknown
Reduction 352.2255 23.39 NA NA 0.4 NA NA Unknown
Reduction 353.2334 24.78 NA 1 NA NA 41 Unknown
Oxidation 367.2126 20.45 NA 2 NA 14 NA Unknown
Oxidation 367.2126 24.11 NA NA NA 0.2 NA Unknown
Reduction 352.2253 14.14 NA 0.4 NA 0.5 NA Unknown
Reduction 369.2283 14.95 NA 0.1 NA NA 0.2 Unknown
Reduction 369.2283 21.64 NA NA NA NA 0.2 Unknown
Reduction 369.2283 26.49 NA NA NA NA 2 Unknown
Estimated mass
balance 100 80 94 102 77
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Supplementary Table C7: Summary of the results of the forced degradation of 13-HDHA when stored at various degradation conditions. The

results are shown in % as compared to peak area of 13-HDHA in the control samples.

3-days | 3-days
[M-H] rt Control 37°C 50°C 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
343.2279 21.56 100 112 NA 104 98 13-HDHA
Isomerization 343.2279 24.12 NA 2 NA 1 NA Unknown
Isomerization 343.2279 22.17 NA NA NA 2 NA 7-HDHA
Unknown 293.2122 18.39 NA NA 2 NA NA Unknown
Unknown 293.2122 22.10 NA NA 3 NA NA Unknown
Ketone
formation 313.2384 16.24 NA NA 3 NA NA 12,13-DiHOME
Reduction 335.2228 10.33 NA NA 2 NA NA Unknown
Reduction 335.2228 14.38 NA NA 3 NA NA Unknown
Unknown 351.2177 19.59 NA NA 0.9 NA NA Unknown
Unknown 351.2177 20.47 NA NA 0.8 NA NA Unknown
Unknown 351.2177 21.01 NA NA 0.9 NA NA Unknown
Unknown 351.2177 21.38 NA NA 0.8 NA NA Unknown
Reduction 355.1691 13.81 NA NA 2 NA NA Unknown
Reduction 355.1691 15.22 NA NA 2 NA NA Unknown
Unknown 413.1981 15.75 NA NA 2 NA NA Unknown
Unknown 413.1981 16.31 NA NA 21 NA NA Unknown
Unknown 413.1981 17.05 NA NA 99 NA NA Unknown
Unknown 413.1981 17.31 NA NA 12 NA NA Unknown
Unknown 413.1981 17.62 NA NA 14 NA NA Unknown
Unknown 413.1981 18.05 NA NA 3 NA NA Unknown
Unknown 413.1981 18.47 NA NA NA NA Unknown
Estimated
mass balance 100 114 173 107 98

188



Supplementary Table C8: Summary of the results of the forced degradation of 11-HDHA when stored at various degradation conditions. The
results are shown in % as compared to peak area of 11-HDHA in the control samples.

3-days
[M-H] rt Control 37°(}; 3-days 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) 50°C (%) | UV (%) | UV (%) oxylipins
343.2273 22.36 100 115 49 96 91 11-HDHA
Isomerization 343.2273 21.11 NA 1 NA 1 1 Unknown
Isomerization 343.2273 21.89 NA NA NA 1 NA 10-HDHA
Isomerization 343.2273 24.14 NA NA NA NA 2 Unknown
Isomerization 343.2273 15.88 NA NA 2 NA 2 Unknown
Unknown 293.2122 18.12 NA NA 4 NA NA Unknown
Unknown 293.2122 18.37 NA NA 4 NA NA Unknown
Unknown 293.2122 18.83 NA NA 2 NA NA 13-HOTrE
Unknown 313.2384 16.28 NA NA 16 NA NA 12,13-DiHoME

Redox 317.2116 15.37 NA NA 3 NA NA Unknown
Redox 317.2116 16.24 NA NA 3 NA NA Unknown
Redox 317.2116 18.09 NA NA 6 NA NA Unknown
Redox 317.2116 18.47 NA NA 2 NA NA Unknown

Redox 317.2116 20.18 NA NA 2 NA NA 9-HEPE

Redox 317.2116 20.60 NA NA 14 NA NA 5-HEPE
Redox 317.2116 20.86 NA NA 4 NA NA Unknown
Redox 317.2116 21.56 NA NA 2 NA NA Unknown
Redox 317.2116 21.82 NA NA 52 NA NA Unknown
Reduction 319.2279 17.71 NA NA 2 NA NA Unknown
Reduction 319.2279 19.11 NA NA 2 NA NA Unknown
Reduction 319.2279 20.47 NA NA 1 NA NA Unknown
Reduction 319.2279 20.65 NA NA 4 NA NA Unknown

Reduction 319.2279 22.71 NA NA 2 NA NA 5-HETE
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3-days

[M-HJ Control | 37°C 3-days 5-days | 7-days Identified
Reactions m/z rt (min.) (%) (%) 50°C (%) | UV (%) | UV (%) oxylipins
Reduction 319.2279 22.98 NA NA 4 NA NA Unknown
Reduction 319.2279 23.66 NA NA 1 NA NA 14,15-EET
Reduction 319.2279 24.08 NA NA 3 NA NA 11/15-HEDE
Redox 333.2071 11.18 NA NA 6 NA NA Unknown
Redox 333.2071 11.48 NA NA 9 NA NA Unknown
Redox 333.2071 11.65 NA NA 3 NA NA Unknown
Redox 333.2071 12.37 NA NA 2 NA NA Unknown
Redox 333.2071 12.85 NA NA 9 NA NA Unknown
Redox 333.2071 13.47 NA NA 2 NA NA Unknown
Redox 333.2071 14.04 NA NA 10 NA NA Unknown
Oxidation 335.2228 9.41 NA NA 3 NA NA Unknown
Oxidation 335.2228 9.99 NA NA 5 NA NA Unknown
Oxidation 335.2228 10.33 NA NA 32 NA NA Unknown
Oxidation 335.2228 11.30 NA NA 3 NA NA Unknown
Oxidation 335.2228 12.38 NA NA 5 NA NA Unknown
Oxidation 335.2228 14.23 NA NA 17 NA NA Unknown
Oxidation 335.2228 14.37 NA NA 41 NA NA Unknown
Oxidation 335.2228 15.31 NA NA 2 NA NA 5,15-DiHETE
Oxidation 335.2228 16.27 NA NA 3 NA NA Unknown
Oxidation 335.2228 16.75 NA NA 3 NA NA Unknown
Oxidation 335.2228 2822 NA NA 2 NA NA Unknown
Redox 351.2177 6.82 NA NA 4 NA NA Unknown
Redox 351.2177 7.32 NA NA 1 NA NA Unknown
Redox 351.2177 9.11 NA NA 3 NA NA Unknown
Redox 351.2177 926 NA NA 3 NA NA Unknown
Redox 351.2177 11.78 NA NA 1 NA NA LXB4
Redox 351.2177 14.09 NA NA ) NA NA Unknown
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3-days
[M-HJ Control | 37°C 3-days 5-days | 7-days Identified
Reactions m/z rt (min.) (%) (%) 50°C (%) | UV (%) | UV (%) oxylipins
Redox 351.2177 19.60 NA NA 2 NA NA Unknown
Redox 351.2177 20.46 NA NA 1 NA NA Unknown
Redox 351.2177 21.01 NA NA 2 NA NA Unknown
Redox 351.2177 21.40 NA NA 2 NA NA Unknown
Redox 351.2177 22.52 NA NA 1 NA NA Unknown
Hydrolysis 379.2484 23.66 NA NA 2 NA NA Unknown
Hydrolysis 379.2484 24.19 NA NA 5 NA NA Unknown
Hydrolysis 379.2484 24.89 NA NA 2 NA NA Unknown
Hydrolysis 379.2484 2521 NA NA 2 NA NA Unknown
Hydrolysis 379.2484 25.63 NA NA 21 NA NA Unknown
Estimated mass
balance 100 116 372 98 95

Supplementary Table C9: Summary of the results of the forced degradation of 9-0xoODE when stored at various degradation conditions. The
results are shown in % as compared to peak area of 9-oxoODE in the control samples.

3-days | 3-days

[M-HJ rt 37°C 50°C 5-days | 7-days Identified

Reactions m/z (min.) Control (%) (%) (%) UV (%) | UV (%) oxylipins
293.2122 21.73 100 112 85 26 12 9-0x0ODE

Isomerization 293.2122 22.23 NA NA NA 37 39 unknown
Isomerization 293.2122 23.08 NA NA NA 14 12 unknown
Isomerization 293.2122 21.53 NA NA NA 25 46 unknown
Estimated mass
balance 100 112 85 103 109
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Supplementary Table C10: Summary of the results of the forced degradation of 9-HoTrE when stored at various degradation conditions. The
results are shown in % as compared to peak area of 9-HoTrE in the control samples.

3-days | 3-days
[M-H] rt Control | 37°C 50°C 5-days | 7-days UV | Identified
Reactions m/z (min.) (%) (%) (%) UV (%) (%) oxylipins
293.2122 18.61 100 119 78 99 97 9-HoTrE
Estimated mass
balance NA 100 119 78 99 97

Supplementary Table C11: Summary of the results of the forced degradation of 15-HETE when stored at various degradation conditions. The
results are shown in % as compared to peak area 15-HETE in the control samples

3-days | 3-days

[M-HJ rt Control | 37°C 50°C 5-days | 7-days UV Identified
Reactions m/z (min.) (%) (%) (%) UV (%) (%) oxylipins
319.2279 20.42 100 5 0 88 91 15-HETE
Hydrolysis 301.2173 26.96 NA 31 NA NA NA Unknown
Reduction 303.2330 29.48 NA 17 NA 2 2 Unknown
Redox 315.1966 16.67 NA NA 5 NA NA Unknown
Redox 315.1966 17.62 NA NA 2 NA NA Unknown
Redox 315.1966 17.85 NA NA 2 NA NA Unknown
Redox 315.1966 19.07 NA NA 1 NA NA Unknown
Redox 317.2122 15.78 NA NA 2 NA NA Unknown
Redox 317.2122 17.41 NA NA 1 NA NA Unknown
Redox 317.2122 17.63 NA NA 2 NA NA Unknown
Redox 317.2122 17.99 NA NA 2 NA NA Unknown
Redox 317.2122 20.07 NA NA 4 NA NA Unknown
Redox 333.2071 11.18 NA NA 4 NA NA Unknown

Redox 333.2071 12.52 NA NA 2 NA NA PGJ2
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3-days | 3-days
[M-H] rt Control | 37°C 50°C 5-days | 7-days UV Identified
Reactions m/z (min.) (%) (%) (%) UV (%) (%) oxylipins
Redox 333.2071 13.67 NA NA 2 NA NA Unknown
Redox 333.2071 14.24 NA NA 3 NA NA Unknown
Redox 333.2071 15.55 NA NA 2 NA NA Unknown
Redox 335.2228 10.06 NA NA 10 NA NA Unknown
Redox 335.2228 11.03 NA NA 2 NA NA Unknown
Redox 335.2228 12.09 NA NA 3 NA NA Unknown
Redox 335.2228 13.79 NA NA 7 NA NA Unknown
Redox 335.2228 13.92 NA NA 22 NA NA Unknown
Redox 335.2228 14.30 NA 6 NA NA NA 8,15-DIHETE
Oxidation 351.2177 8.89 NA NA 1 NA NA Unknown
Oxidation 351.2177 10.70 NA NA 1 NA NA LXA4
Oxidation 351.2177 11.49 NA NA 1 NA NA Unknown
Oxidation 351.2177 13.78 NA NA 1 NA NA Unknown
Oxidation 351.2177 15.79 NA 3 NA NA NA Unknown
Oxidation 351.2177 17.38 NA 11 NA NA NA Unknown
Oxidation 351.2177 23.36 NA 2 NA NA NA Unknown
Hydrolysis 355.2490 21.51 NA 11 NA NA NA Unknown
Hydrolysis 355.2490 24.33 NA 5 NA NA NA Unknown
Estimated mass
balance 100 88 82 90 93
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Supplementary Table C12: Summary of the results of the forced degradation of 5-0xoETE stored at various degradation conditions. The results
are shown in % as compared to peak area 5-0xoETE in the control samples.

3-days | 3-days

[M-H] rt Control | 37°C 50°C 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
317.2122 23.89 100 104 40 42 22 5-0xoETE
Isomerization 317.2122 20.74 NA 2 1 3 NA Unknown

11,12-

Isomerization 317.2122 21.70 NA 1 NA 1 NA EpETE
Isomerization 317.2122 23.68 NA NA NA NA 12 Unknown
Isomerization 317.2122 24.14 NA NA NA 13 19 Unknown
Isomerization 317.2122 24.28 NA NA NA 6 11 Unknown
Isomerization 317.2122 24.68 NA NA NA 8 8 Unknown
Reduction 319.2279 23.94 4 4 NA NA NA Unknown
Hydrolysis/Redox 335.2228 10.38 NA NA 44 NA NA Unknown

Estimated mass
balance 104 107 85 73 72

Supplementary Table C13: Summary of the results of the forced degradation of 13-0x0ODE when stored at various degradation conditions. The
results are shown in % as compared to peak area 13-0x0ODE in the control samples.

3-days | 3-days
[[M-H] rt Control 37°C 50°C 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
293.2122 21.22 100 110 69 18 16 13-0x0ODE
Isomerization 293.2122 21.52 NA NA 3 48 44 Unknown
Isomerization 293.2122 21.04 NA NA NA 34 42 Unknown
Isomerization 293.2122 22.47 NA NA NA 2 2 Unknown
Isomerization 293.2122 22.84 NA NA NA 10 9 Unknown
Estimated mass
balance 100 110 72 112 113
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Supplementary Table C14: Summary of the results of the forced degradation of 4-HDoHE when stored at various degradation conditions. The
results are shown in % as compared to peak area 4-HDoHE in the control samples.

3-days | 3-days

[M-H] rt Control | 37°C 50°C 5-days | 7-days Identified

Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins

343.2279 | 23.41 100 110 103 93 94 4-HDoHE

Isomerization | 343.2279 | 24.15 NA 1 NA NA 2 Unknown
Estimated

mass
balance 100 111 103 93 96

Supplementary Table C15: Summary of the results of the forced degradation of 11,12-EpETE when stored at various degradation conditions.
The results are shown in % as compared to peak area 11,12-EpETE in the control samples.

3-days | 3-days
[M-H] rt Control | 37°C 50°C | 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
317.2122 22.01 100 87 107 97 91 11,12-EpETE
Isomerization 317.2122 16.34 NA 3 NA NA NA Unknown
Isomerization 317.2122 18.21 NA 3 NA NA NA Unknown
Isomerization 317.2122 20.75 NA 12 NA NA NA Unknown
Hydrolysis 299.2016 18.01 NA 4 NA NA NA Unknown
Hydrolysis 299.2016 18.69 NA 2 NA NA NA Unknown
Estimated
mass balance 105 107 97 91
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Supplementary Table C16: Summary of the results of the forced degradation of LTB4 stored when stored at various degradation conditions. The
results are shown in % as compared to peak area LTB4 in the control samples

3-days | 3-days
[M-H] rt Control 37°C 50°C 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
335.2228 15.23 100 8 66 101 8 LTB4
Isomerization 335.2228 11.06 NA 2 NA NA NA Unknown
Isomerization 335.2228 11.49 NA 1 NA NA NA Unknown
Isomerization 335.2228 12.16 NA 3 NA NA NA Unknown
Isomerization 335.2228 13.67 NA 1 NA NA NA Unknown
Isomerization 335.2228 13.84 NA 14 NA NA NA Unknown
Isomerization 335.2228 14.63 NA 2 NA NA NA Unknown
Isomerization 335.2228 14.94 NA 1 1 NA 2 5,15-DIHETE
Isomerization 335.2228 15.88 NA 2 NA NA NA 5,12-DiHETE
Isomerization 335.2228 16.38 NA 5 NA NA NA Unknown
Isomerization 335.2228 22.87 NA NA 2 NA NA Unknown
Dehydration 317.2122 14.92 NA 2 NA NA NA Unknown
Dehydration 317.2122 15.82 NA 2 NA NA NA Unknown
Dehydration 317.2122 16.79 NA 2 NA NA NA Unknown
Dehydration 317.2122 17.46 NA 1 NA NA NA Unknown
Dehydration 317.2122 17.67 NA 3 NA NA NA Unknown
Dehydration 317.2122 17.98 NA 2 NA NA NA 20-HEPE
Dehydration 317.2122 20.15 NA 6 NA NA NA Unknown
Dehydration 317.2122 20.43 NA 2 NA NA NA Unknown
Dehydration 317.2122 21.13 NA 3 NA NA NA Unknown
Redox 351.2177 8.85 NA 1 NA NA NA Unknown
Redox 351.2177 8.94 NA 2 NA NA NA Unknown
Redox 351.2177 9.59 NA 2 NA NA NA PGE2
Redox 351.2177 10.76 NA 2 NA NA NA Unknown
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3-days | 3-days
[M-H] Control | 37°C 50°C | 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
Redox 351.2177 11.56 NA 1 NA NA NA Unknown
Redox 351.2177 13.83 NA 2 NA NA NA Unknown
Redox 351.2177 22.89 NA NA 50 NA NA Unknown
Hydrolysis 353.2333 13.08 NA NA 2 NA NA Unknown
Hydrolysis 353.2333 21.19 NA NA 14 NA NA Unknown
Hydrolysis 353.2333 22.22 NA NA 24 NA NA Unknown
Hydrolysis 353.2333 26.68 NA NA 1 NA NA Unknown
Hydrolysis 371.2439 22.90 NA NA 8 NA NA Unknown
Hydrolysis 371.2439 23.84 NA NA 5 NA NA Unknown
Hydrolysis 371.2439 24.48 NA NA 2 NA NA Unknown
Hydrolysis 371.2439 25.35 NA NA 3 NA NA Unknown
Estimated mass
balance 153 180 10 90

Supplementary Table C17: Summary of the results of the forced degradation of 16-HDoHE stored at various degradation conditions. The results
are shown in % as compared to peak area 16-HDoHE in the control samples.

3-days | 3-days
[M-H] rt Control 37°C 50°C 5-days 7-days Identified
m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
343.2279 21.24 100 96 94 60 66 16-HDOHE
Estimated mass balance 100 926 94 60 66
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Supplementary Table C18: Summary of the results of the forced degradation of 12-HETE when stored at various degradation conditions. The
results are shown in % as compared to peak area 12-HETE in the control samples.

3-days | 3-days
[M-HJ rt Control | 37°C 50°C | 5-days | 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
319.2279 21.25 100 110 0 100 93 12-HETE
Isomerization 319.2279 17.29 NA NA 2 NA NA Unknown
Isomerization 319.2279 20.19 NA NA 5 NA NA Unknown
Isomerization 319.2279 20.52 NA 1.7 NA 7 NA 15-HETE
Reduction 287.2381 11.20 NA NA 2 NA NA Unknown
Reduction 287.2381 16.05 NA NA 3 NA NA Unknown
Reduction 287.2381 16.60 NA NA 2 NA NA Unknown
Hydrolysis 301.2173 23.42 NA NA 8 NA NA Unknown
Hydrolysis 301.2173 25.19 NA NA 7 NA NA Unknown
Hydrolysis 301.2173 25.37 NA NA 7 NA NA Unknown
Hydrolysis 301.2173 25.88 NA NA 6 NA NA Unknown
Hydrolysis 301.2173 26.04 NA NA 3 NA NA Unknown
Hydrolysis 301.2173 26.29 NA NA 39 NA NA Unknown
Reduction 303.2330 28.31 NA NA 14 NA NA Unknown
Reduction 303.2330 28.52 NA NA 9 3 2 Unknown
Reduction 303.2330 28.91 NA NA 44 NA 5 Unknown
Redox 317.2116 14.90 NA NA 3 NA NA Unknown
Redox 317.2116 15.79 NA NA 6 NA NA Unknown
Redox 317.2116 16.81 NA NA 3 NA NA Unknown
Redox 317.2116 17.42 NA NA 2 NA NA Unknown
Redox 317.2116 17.64 NA NA 3 NA NA Unknown
Redox 317.2116 20.12 NA NA 8 NA NA Unknown
Redox 333.2228 10.95 NA NA 7 NA NA Unknown
Redox 333.2228 11.19 NA NA 11 NA NA Unknown
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3-days | 3-days
[M-H] rt Control 37°C 50°C 5-days 7-days Identified
Reactions m/z (min.) (%) (%) (%) UV (%) | UV (%) oxylipins
Redox 333.2228 11.39 NA NA 2 NA NA Unknown
Redox 333.2228 12.09 NA NA 2 NA NA Unknown
Redox 333.2228 12.52 NA NA 7 NA NA PGJ2
Redox 333.2228 13.12 NA NA 2 NA NA Unknown
Redox 333.2228 13.66 NA NA 9 NA NA Unknown
Redox 333.2228 14.09 NA NA 2 NA NA Unknown
Redox 333.2228 15.54 NA NA 4 NA NA Unknown
Redox 333.2228 17.84 NA NA 2 NA NA Unknown
Redox 335.2228 16.35 NA NA 5 NA NA Unknown
Redox 335.2490 20.13 NA 7 NA 3 NA Unknown
Redox 335.2490 24.52 NA NA NA 2 NA Unknown
Oxidation 351.2177 6.66 NA NA 6 NA NA Unknown
Oxidation 351.2177 7.21 NA NA 3 NA NA Unknown
Oxidation 351.2177 7.82 NA NA 2 NA NA Unknown
Oxidation 351.2177 8.26 NA NA 2 NA NA Unknown
Oxidation 351.2177 8.92 NA NA 4 NA NA Unknown
Oxidation 351.2177 9.57 NA NA 2 NA NA PGE2
Oxidation 351.2177 10.73 NA NA 4 NA NA Unknown
Oxidation 351.2177 11.52 NA NA 2 NA NA Unknown
Oxidation 351.2177 12.07 NA NA 2 NA NA Unknown
Oxidation 351.2177 13.79 NA NA 3 NA NA Unknown
Estimated mass
balance 100 119 256 109 101
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Supplementary Table C19: Summary of the results of the forced degradation of 9-HETE when stored at various degradation conditions. The
results are shown in % as compared to peak area 9-HETE in the control samples.

3-days | 3-days
[M-HJ rt 37°C 50°C | 5-days | 7-days Identified
Reactions m/z (min.) Control (%) (%) (%) UV (%) | UV (%) oxylipins
319.2279 21.58 100 54 21 96 91 9-HETE
Reduction 323.2592 12.51 NA 2 NA NA NA Unknown
Reduction 323.2592 19.26 NA 2 NA NA NA Unknown
Dehydration 301.2173 17.81 NA 1 NA NA NA Unknown
Dehydration 301.2173 21.59 NA 16 7 NA NA Unknown
Dehydration 301.2173 23.40 NA NA 2 NA NA Unknown
Dehydration 301.2173 25.17 NA 6 4 NA NA Unknown
Dehydration 301.2173 25.38 NA 4 2 NA NA Unknown
Dehydration 301.2173 25.60 NA 2 2 NA NA Unknown
Dehydration 301.2173 25.89 NA 8 7 NA NA Unknown
Estimated
mass
balance 100 95 45 96 91
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Supplementary Table C20: Summary of the results of the forced degradation of 11-PGF2a when stored at various degradation conditions. The
results are shown in % as compared to peak area 11-PGF2a in the control samples.

3-days | 3-days | 5-days | 7-days

[M-H] rt Control 37°C 50°C uv uv Identified
Reactions m/z (min.) (%) (%) (%) (%) (%) oxylipins
353.2334 9.27 100 129 148 95 NA 11-PGF2a
Hydrolysis/Dehydration 297.1861 10.55 NA NA NA NA 0.3 Unknown
Hydrolysis/Dehydration 297.1861 19.27 NA 0.4 ND ND NA Unknown
Hydrolysis/Dehydration 297.1861 18.97 NA NA 0.4 NA NA Unknown
Hydrolysis/Dehydration 315.1966 10.83 NA NA ND ND NA Unknown
Hydrolysis/Dehydration 315.1966 15.68 NA NA 2 ND NA Unknown
Hydrolysis/Dehydration 315.1966 18.98 NA NA 10 NA NA Unknown
Hydrolysis/Dehydration 315.1966 10.29 NA NA NA NA 0.5 Unknown
Hydrolysis/Dehydration 315.1966 13.61 NA NA NA NA 3 Unknown

Dehydration/Reduction 333.2071 10.55 NA NA NA NA 72 PGE2
Dehydration/Reduction 333.2071 15.67 NA 2 NA NA NA Unknown

Estimated mass balance 100 132 160 95 76
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Supplementary Table C21: Summary of the results of the forced degradation of PGE2 using SCIEX
Zeno trap when stored at 3 days 50°C (%). The results are shown in % as compared to peak area PGE2 in

the control samples.

M-H]

[ m/z] Rt (min.) 3-days 50°C (%) Identified oxylipins
351.2177 14.80 14 PGE2
243.1961 23.94 16 Unknown
243.1961 19.29 23 Unknown
315.1958 17.50 243 Unknown
243.1961 16.52 48 Unknown
315.1958 16.31 483 Unknown
365.2323 17.17 13 Unknown
351.2169 14.65 14 Unknown
351.1781 18.03 18 Unknown
349.2012 14.22 26 Unknown
349.2012 14.14 18 Unknown
349.2012 13.80 26 Unknown
333.2063 17.77 1149 PGJ2
333.2068 17.50 411 Unknown
333.2063 14.80 26 Unknown
321.1731 29.37 31 Unknown
321.1731 28.83 19 Unknown
309.1699 18.22 67 Unknown
309.1699 17.80 84 Unknown
309.1699 17.44 36 Unknown
307.1574 28.45 59 Unknown
307.1574 28.36 79 Unknown
307.1574 27.10 66 Unknown
307.1574 26.99 40 Unknown
337.2358 18.86 181 Unknown
297.1340 8.87 193 Unknown
253.1442 15.56 613 Unknown
297.1341 7.08 579 Unknown
297.1341 7.35 1425 Unknown
365.2323 27.50 24 Unknown
339.1440 10.15 18 Unknown
321.1732 29.51 49 Unknown
311.1495 16.11 18 Unknown
295.1546 19.14 66 Unknown
295.1546 15.99 25 Unknown
293.1783 23.91 43 Unknown

Estimated mass balance 4660
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Supplementary Table C22: Summary of the results of the forced degradation of EPA using SCIEX Zeno
trap when stored at 3-days 50°C (%). The results are shown in % as compared to peak area EPA in the
control samples

[M-HJ rt 3-days 50°C Identified
m/z (min.) (%) oxylipins
301.2174 28.94 1 EPA
297.1347 8.13 4 Unknown
297.1348 7.88 15 Unknown
299.2019 26.71 1 Unknown
299.2592 26.44 7 Unknown
301.2174 29.39 0.6 Unknown
313.1808 22.38 4 Unknown
313.2172 30.61 0.3 Unknown
315.1815 16.36 8 Unknown
315.1937 18.41 0.3 Unknown
315.1952 22.82 0.3 Unknown
315.1952 24.66 0.7 Unknown
315.1952 22.88 0.3 Unknown
317.2117 25.06 0.3 Unknown
317.2119 25.40 0.3 Unknown
317.2119 25.30 0.1 Unknown
329.1756 15.20 0.3 Unknown
335.2260 20.60 0.3 Unknown
351.1789 18.06 0.3 Unknown
357.1550 7.37 5 Unknown
365.1947 19.01 0.2 Unknown
371.2439 22.92 4 Unknown
413.1969 20.10 6 Unknown
473.2176 20.26 5 Unknown
Estimated
mass
balance 64
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Supplementary Table C23: Summary of the results of the forced degradation of DHA using SCIEX
Zeno trap when stored at 3 days 50°C (%). The results are shown in % as compared to peak area DHA in
the control samples

[M-HJ rt 3-days Identified
m/z (min.) 50°C (%) oxylipins
327.2330 30.62 2 DHA
297.1344 8.68 48 Unknown
315.1956 | 18.46 4 Unknown
315.1956 21.81 1 Unknown
315.1956 20.94 3 Unknown
315.1956 2220 4 Unknown
315.1956 7.45 12 Unknown
Estimated
mass
balance 74
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Supplementary Table C24: Summary of the results of the forced degradation pathway using SCIEX Zeno trap and SCIEX OS software for DHA
when stored at 3 days 50°C (%).

rt Neutral Average [M-H]

Formular (min.) mass mass m/z Reaction Adducts | Peak area
C20H2503 21.81 316.2 316.39 315.1957 Ethyl to alcohol M-H 6.50E+04
Ca0Ha503 20.94 316.2 316.39 315.1965 Ethyl to alcohol M-H 1.50E+05
C20H2503 22.20 316.2 316.38 315.1965 Ethyl to alcohol M-H 1.65E+05
Ca0H2304 18.46 316.2 316.37 315.1956 Ethyl to alcohol M-H 1.79E+05

Supplementary Table C25: Summary of the results of the forced degradation pathway using SCIEX Zeno trap and SCIEX OS software for EPA

when stored at 3 days 50°C (%).

rt Neutral [M-HJ
Formula (min.) mass Average mass m/z Reaction Adducts Peak area
C20H3,04 20.60 336.23 336.42 335.2226 Oxidation and internal hydrolysis M-H 3.51E+04
C20H3003 22.26 318.22 318.39 317.2122 Oxidation and internal hydrolysis M-H 6.71E+04
C20H2303 22.82 316.2 316.38 315.1952 Ketone formation M-H 4.33E+04
Ca0H2304 24.66 316.2 316.38 315.1952 Ketone formation M-H 8.39E+04
C20H3003 23.59 318.22 318.39 317.2122 Oxidation M-H 4.07E+04
C20H3003 25.06 318.22 318.39 317.2122 Oxidation M-H 3.39E+04
C20H3004 25.40 318.22 318.39 317.2122 Oxidation M-H 1.43E+04
CisH3603 26.44 300.27 300.41 299.2592 Loss of 1.9581 M-H 8.36E+05
Ci6H2806 16.36 316.19 316.31 315.1815 Gain of 13.9641 M-H 1.03E+06
Ci5H2,06 7.88 298.14 298.27 297.1348 Loss of 4.025 M-H 1.86E+06
C20H3:04 20.60 336.23 334.42 335.2226 Oxidation and internal hydrolysis M-H 3.51E+04
C20H3003 25.40 318.22 318.39 317.2119 Oxidation M-H 3.12E+04
C20H3003 25.28 318.22 318.37 317.2119 Oxidation M-H 1.43E+04
C20H3003 25.06 318.22 318.38 317.2117 Oxidation M-H 3.39E+04
C20H3003 23.59 318.22 318.38 317.2122 Oxidation M-H 4.07E+04
C20H3003 22.26 318.22 318.39 317.2121 Oxidation M-H 6.71E+04
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rt Neutral [M-H]
Formula (min.) mass Average mass m/z Reaction Adducts Peak area
Ca0H2303 24.66 316.2 316.38 315.1959 Ketone formation M-H 8.39E+04
C20H2303 22.88 316.2 316.38 315.1952 Ketone formation M-H 4.33E+04
C20H2303 18.41 316.2 316.38 315.1937 Ketone formation M-H 3.46E+04
C21H300, 30.61 314.22 314.39 313.2172 Loss of O+formylation M-H 3.55E+04
C20H2603 22.38 314.19 314.35 313.1808 Loss of O+bis-ketone formation M-H 4.61E+05
C20H230» 26.71 300.21 300.28 299.2019 Desaturation M-H 1.44E+05
C20H3606 22.92 372.25 372.42 371.2439 gain of 70 M-H 5.02E+05
C24H3006 20.26 414.2 414.4 413.2176 Gain of 111.9792 M-H 6.30E+05
Ci5H2206 7.37 298.14 298.29 357.1550 Loss of 4.08 M+CH;COO- | 5.74E+05
C24H3006 20.10 414.2 414.4 413.1969 Gain of 111.9796 M-H 7.96E+05
Ci5H2206 8.13 298.14 298.26 297.1347 Loss of 4.0826 M-H 5.47E+05
C20H2604 15.20 330.18 330.33 329.1756 Bis-ketone formation M-H 3.42E+04
Ci9H2305 18.06 352.19 352.36 351.1789 Tetra-oxidation and demethylation M-H 3.85E+04
C20H3006 19.01 366.2 366.37 365.1947 Tetra-oxidation M-H 2.54E+04

Supplementary Table C26: Summary of the results of the forced degradation pathway using SCIEX Zeno trap and SCIEX OS software for PGE2

when stored at 3 days 50°C (%).

Neutral Average [M-H]
Formula rt (min.) mass mass m/z Reaction Adducts Peak area
Demethylation and

Ci9H3007 17.77 370.19 370.37 369.1822 di-Oxidation M-H 4.12E+04
Ci14H2503 23.94 244.2 244.32 243.1961 Loss of 108.0216 M-H 3.36E+04
Ci4H2503 19.29 244.2 244.34 243.1961 Loss of 108.0216 M-H 4.70E+04
C20H3004 17.50 334.21 334.38 315.1958 Loss of water M-H-H,0 5.04E5
Ci3H2404 16.52 244.17 244.28 243.1960 Loss of 108.0577 M-H 1.00E+06
Ci6H2806 16.31 316.19 316.33 315.1810 Loss of 36.0367 M-H 1.00E+06
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Neutral Average [M-H]
Formula rt (min.) mass mass m/z Reaction Adducts Peak area
C21H3405 17.17 366.24 366.42 365.2323 Methylation M-H 2.60E+04
Demethylation and
Ci9H2305 18.03 352.19 352.35 351.1781 methylene to ketone M-H 3.68E+04
C20H3005 14.22 350.21 350.4 349.2012 Desaturation M-H 5.45E+04
Co0H300s5 14.14 350.21 350.4 349.2012 Desaturation M-H 3.70E+04
C20H3005 13.80 350.21 350.38 349.2012 Desaturation M-H 5.27E+04
Ca0H3004 17.77 334.21 3344 333.2068 Loss of water M-H 2.38E+06
C20H3004 17.50 334.21 334.38 333.2063 Loss of water M-H 8.51E+05
Ca0H3004 14.80 334.21 334.39 333.2061 Loss of water M-H 5.34E+04
Loss of O+ethyl
Ci3H260s 29.37 322.18 322.32 321.1732 ether to acid M-H 6.40E+04
Loss of O+ethyl
Ci8H260s 28.83 322.31 321.17 321.1730 ether to acid M-H 3.91E+04
loss of O+ehyl
Ci7H260s 18.22 310.18 310.34 309.1699 ketone to acid M-H 1.40E+05
Loss of O+ehyl
Ci7H2605 17.80 310.18 310.33 309.1699 ketone to acid M-H 1.73E+05
Loss of O+ehyl
Ci7H260s 17.44 310.18 310.33 309.1699 ketone to acid M-H 7.40E+04
Loss of O+ehyl
Ci7H2405 28.45 308.16 308.3 307.1576 ketone to acid M-H 1.22E+05
Loss of O+propyl
Ci7H240s 28.36 308.16 308.3 307.1575 ether to acid M-H 1.63E+05
Loss of O+propyl
Ci7H2405 27.10 308.16 308.29 307.1575 ether to acid M-H 1.37E+05
Loss of O+propyl
Ci7H240s 26.99 308.16 308.28 307.1574 ether to acid M-H 8.19E+04
Loss of
Ca0H3404 18.86 338.24 338.42 337.2358 O-+thydrogenation M-H 3.74E+05
Ci5H2:06 8.87 298.14 298.26 297.1340 Loss of 54.0837 M-H 4.00E+05
Ci14H2,04 15.56 254.15 254.26 253.1442 Loss of 98.0735 M-H 1.27E+06
C21H3405 27.50 366.24 366.43 365.2322 Methylation M-H 5.00E+04

207



Neutral Average [M-H]
Formula rt (min.) mass mass m/z Reaction Adducts Peak area
C17H2407 10.15 340.15 340.34 339.1440 Tert-butyl to acid M-H 3.75E+04
Loss of O+ethyl

Ci1sH260s 29.51 322.18 322.31 321.1731 ether to acid M-H 1.02E+05

C16H2406 16.11 312.16 312.32 311.1495 Propyl ketone to acid M-H 3.69E+04
Loss of O+propyl

Ci16H240s 19.14 296.16 296.3 295.1546 ketone acid M-H 1.37E+05
Loss of O+propyl

C16H2405 15.99 296.16 296.31 295.1545 ketone acid M-H 5.19E+04

Loss of O

andO-+ethylone to

C17H2604 23.91 294.19 294.32 293.1783 acid M-H 8.79E+04
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Supplementary Table C27: Summary table of identified unknown oxylipins from mice plasma
samples in comparison to the forced degradation in standard solution. The masses and retention

times of the unknown in the plasma diet sample were compared to see if there will be correlation
in the forced degradation study in standard solution.

[M-H] Detection in forced degradation of
m/z rt (min.) standard

293.2122 19.97 PGE2!
301.2173 21.70 X
301.2173 25.50 X
313.2384 9.23 X
313.2384 14.29 X
313.2384 22.06 X
315.1966 14.18 X
315.1966 17.01 DHA?
315.1966 18.45 PGE2, EPA, DHA?
317.2116 14.17 X
317.2116 16.11 DHA?
335.2228 12.17 DHA?
335.2228 12.48 X
335.2228 27.81 X
337.2348 14.52 X
353.2334 18.80 X
353.2334 24.90 X
353.2334 24.24 X
353.2334 27.91 X
359.2228 26.59 X
359.2228 26.90 X

*Where X means not present. Where *1 is SCIEX and *2 is Agilent TOF instrumentation.
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Supplementary Table C28: Summary table of identified unknown oxylipin from mice plasma
samples with comparison to the forced degradation in standard solution

Identified
Mass in Agilent Mass in SCIEX oxylipins
(CID) SCIEX (EAD) rt (min.) EAD

293.2122 339.1940 16.59 NA
293.2122 339.1940 18.15 NA
293.2122 339.1940 18.64 NA
2932122 339.1940 19.32 NA
293.2122 339.1940 20.27 NA
293.2122 339.1940 21.55 NA

293.2122 339.1940 22.36 13-HoTrE
301.2173 347.1990 21.63 NA
313.2384 359.2200 12.62 NA
313.2384 359.2200 13.54 NA
313.2384 359.2200 13.78 NA
313.2384 359.2200 19.26 NA
313.2384 359.2200 30.89 NA
315.1966 361.1790 16.64 NA
315.1966 361.1790 7.26 NA
315.1966 361.1790 21.94 NA
317.2116 363.1910 24.14 NA
335.2228 381.2070 22.21 NA
335.2228 381.2070 30.21 NA
335.2228 381.2070 30.62 NA
337.2348 383.2160 32.16 NA
337.2348 383.2160 30.21 NA
337.2348 383.2160 25.34 NA
337.2348 383.2160 22.39 NA
353.2334 399.2150 18.44 NA
353.2334 399.2150 32.16 NA
353.2334 399.2150 22.21 NA
353.2334 399.2150 22.95 NA
353.2334 399.2150 24.39 NA
353.2334 399.2150 27.91 NA
359.2228 405.2040 26.97 NA
359.2228 405.2040 29.95 NA
359.2228 405.2040 29.25 NA
359.2228 405.2040 29.48 NA

*Where NA means not identified.
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Supplementary Figure C1: Chromatogram of 9-0xoODE various forced degradation conditions. Where
(A) 3-days 37°C (B) 3-days 50°C (C) control (D) 5-days UV (E) 7-days UV
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Spectrum from CD EAD.wiff2 (sample 1) - CD EAD, Experiment 5. 315.20, +MRMhr TOF MSMS (EAD) of 361.2 (50 - 410) from 16.644 min
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Spectrum from CD EAD.wiff2 (sample 1) - CD EAD, Experiment 5, 315.20, +MRMhr TOF MSMS (EAD) of 361.2 (50 - 410) from 21.943 min
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Supplementary Figure C2: EAD MS/MS spectra results for unknowns with m/z 361.1790 in
plasma of mouse fed control chow diet (CD) analyzed on ZenoTOF 7600 instrument in positive
ESI mode.
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Spectrum from QC EAD wiff2 (sample 1) - GC EAD, Experiment 6, 317.21, +MRMhr TOE MSMS (EAD) of 362.2 (50 - 410) from 24139 min
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Supplementary Figure C3: EAD MS/MS spectrum of an unknown with m/z 363.1910 and
retention time of 24.1 min in pooled sample of murine plasma analyzed on ZenoTOF 7600
instrument in positive ESI mode.
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Spectrum from QC EAD.wiff2 (sample 1) - QC EAD. Experiment 7. 335.22. +MRMhr TOF MSMS (EAD) of 281.2 (50 - 410) from 30.616 min

6000
81,1994
5000
7))
S 400
=]
£ 2000 91,0543 299 1952
1000 92.0611 |40 9922 80,1925
L
100 150 200 250 200 350 400

Mass/Charge, Da

ks - %-heo-lamm | QEEE®

Spectrum from QC EAD.wiff2 (sample 1) - QC EAD. Experiment 7. 335.22. +MRMhr TOF MSMS (EAD) of 281.2 (50 - 410) from 22.210 min
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Spectrum from QC EAD.wiff2 (sample 1) - QC EAD. Expeniment 7, 33522, +MRMhr TOF MSMS (EAD) of 381.2 (50 - 410) from 30.212 min
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Supplementary Figure C4: EAD MS/MS spectra results for unknowns with m/z 381.2070 in
pooled sample of murine plasma analyzed on ZenoTOF 7600 instrument in positive ESI mode.
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Spectrum from GC EAD.wifi2 (sample 1) - GC EAD, Experiment 8, 337.23, +MRMhr TOF MSMS (EAD) of 383.2 (50 - 410) from 32.162 min
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Supplementary Figure C5: EAD MS/MS spectra results for unknowns with m/z 383.2113 in
pooled sample of murine plasma analyzed on ZenoTOF 7600 instrument in positive ESI mode.
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Spectrum from CD EAD.wifi2 (sample 1) - CD EAD, Experiment 8, 337.23, +MRMhr TOF MSMS (EAD) of 383.2 (50 - 410) from 25.336 min
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Supplementary Figure C6: EAD MS/MS spectra results for unknowns with m/z 383.2113 in
plasma of mouse fed control chow diet (CD) analyzed on ZenoTOF 7600 instrument in positive
ESI mode
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Spectrum from QC EAD.wiff2 (sample 1) - QC EAD, Experiment 9, 353,23, +MRMhr TOF MSMS (EAD) of 393.2 (50 - 410) from 27.917 min
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Spectrum from QC EAD.wiff2 (sample 1) - QC EAD, Experiment 9, 353.23, +MRMhr TOF MSMS (EAD) of 399.2 (50 - 410) from 22.898 min
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Spectrum from QC EAD.wiff2 (sample 1) - QC EAD, Experiment 9, 353.23, +MRMhr TOF MSMS (EAD) of 399.2 (50 - 410) from 24.390 min
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Supplementary Figure C7: EAD MS/MS spectra results for unknowns with m/z 399.2150 in
plasma of mouse fed control chow diet (CD) analyzed on ZenoTOF 7600 instrument in positive

ESI mode.

217



Ak - %-he- a=7 0 IQEEE®

Spectrum from QC EAD.wiff2 (sample 1) - QC EAD, Experiment 10, 35922, +MRMhr TOF MSMS (EAD) of 405.2 (50 - 410) from 29.480 min

4000
§ 3000
3:5 2000 -
2
= J 0617 106.077
1000 820617 1060770 1231842
» A , _ , o _
100 150 200 250 200 250 400
Mass/Charge, Dz

DRk -%-he- a7  §QEEE®
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Spectrum from QC EAD.wiff2 (sample 1) - QC EAD, Experiment 10. 359.22, +MRMhr TOF MSMS (EAD) of 405.2 (50 - 410) from 29.937 min
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Supplementary Figure C8: EAD MS/MS spectra results for unknowns with m/z 405.2040 in
pooled sample of murine plasma analyzed on ZenoTOF 7600 instrument in positive ESI mode.
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