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1 Chapter 1 

Introduction and Scope 

Lipids are a structurally diverse group of molecules including glycerolipids, 

phospholipids (PL), sphingolipids (SL), fatty acids (FA), and sterols [1]. Among 

them, cholesterol and triglycerides are hydrophobic, whereas PL are amphiphilic 

– possessing both hydrophobic and hydrophilic regions. This structural diversity 

underlies a wide range of biological functions. Triacylglycerols’ (TG) primary role 

is energy storage in adipose tissue [2] while cholesterol contributes to membrane 

stability and also serves as a precursor to steroid hormones [3], such as estrogen 

[4]. PL are the main component of cellular membranes [5] and also play a crucial 

role in cell signaling [6, 7]. SL, including sphingomyelin (SM), are also important 

constituents of the lipid membrane [8, 9]. They act as a selective barrier between 

the extracellular and intracellular environments, regulating the transport of 

substances inside the cells [10]. The amphiphilic property of PL drives the 

formation of bilayer or monolayer structures including micelles, lipid droplets, and 

lipoproteins [11, 12]. The shape of these self-assembled structures varies, but 

they typically contain a hydrophobic core surrounded by a hydrophilic surface 

[11]. The hydrophobic region consists of two non-polar fatty acyl chains, while the 

hydrophilic region comprises a phosphate group and an organic moiety [9]. These 

regions are commonly referred to as the hydrophobic tails and the polar head 

group, respectively.  

In PL, the polar head group is linked to a glycerol backbone at the sn-3 position 

via the phosphate group (Fig. 1.1) [8]. The two fatty acyl chains are attached at 

the sn-1 and sn-2 positions through their carboxyl ends. Fatty acyl chains can be 

chemically attached through an ester bond, and at the sn-1 position, they can 

also be linked via an ether bond or a vinyl-ether bond, forming ether PL (PL-O) 

and plasmalogen PL (PL-P), respectively [13]. 
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Fig. 1.1: Structure of PL. Shown is a simplified schematic representation of the PL bilayer, 

including the structures of different PL molecules, the typical FA at the sn-1 and sn-2 positions, 

and the head group attached at the sn-3 position. 
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In the case of lysoPL, only one fatty acyl chain is bound either on the sn-1 or sn-2 

position. In PL, the sn-1 position is typically occupied by saturated or mono-

unsaturated fatty acyl chains such as palmitic acid, stearic acid, or oleic acid 

[14, 15]. In contrast, the sn-2 position comprises cis-unsaturated fatty acyl chains 

such as n6-polyunsaturated FA (PUFA) including linoleic acid (LA), 

dihomo-γ-linolenic acid (DGLA), arachidonic acid (ARA), and adrenic acid (AdA); 

and n3-PUFA including α-linolenic acid (ALA), eicosapentaenoic acid (EPA), and 

docosahexaenoic acid (DHA).  

PL are classified according to their distinctive head group at the sn-3 position 

into phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylinositol (PI), phosphatidylserine (PS), phosphatidylglycerol (PG), 

and phosphatidic acid (PA) [8, 16]. PI 4-phosphate (PIP), PI 4,5-bisphosphate 

(PIP2), and PI 3,4,5-trisphosphate (PIP3) – which bear additional phosphate 

group(s) on the inositol ring – are phosphorylated derivatives of PI and are 

summarized as phosphoinositides. SM are also classified as a PL due to the 

presence of a phosphate group [8] but differs from other PL in its unique 

backbone structure and fatty acyl chain composition. Indeed, SM are derived from 

a sphingosine backbone [8] and commonly contain longer and more saturated 

fatty acyl chains compared to other PL [13, 17]. In mammalian cells, PC is the 

most abundant lipid, accounting on average for 45 – 55% of the total lipids, and 

PE is the second most abundant, ranging from 15% to 25% [18]. Cholesterol and 

PI contribute 10 – 20% and 10 – 15%, respectively, of the lipid membrane. PS 

and SM are present in similar amounts with 5 – 10% of the lipids. PA, PG, and 

phosphorylated derivatives of PI – i.e., PIP, PIP2, and PIP3 – are minor 

components, accounting each for approximately 1% of the total.  PL classes are 

asymmetrically distributed across the cellular membranes [19, 20]. In human 

erythrocyte membrane, approximately 65 – 75% of PC and more than 85% of SL 

are located on the outer leaflet of the membrane, i.e., oriented toward the 

extracellular space [19, 21]. In contrast, PE, PS, PA, PI, and its phosphorylated 

derivatives are nearly exclusively (> 80%) found on the inner leaflet, i.e. facing 

the cytoplasm [19, 22-24]. 
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PL can be synthesized de novo in mammalian cells [18, 25]. The synthesis of 

all PL requires either a diacylglycerol (DG) or a cytidine diphosphate-DG (CDP-

DG) unit. These two-lipid species are generated from PA. First, lysoPA is formed 

from glycerol 3-phosphate via glycerol-3-phosphate acyltransferases. Then, a 

fatty acyl chain is incorporated into lysoPA via lysoPA acyl transferase enzymes, 

forming PA. Subsequently, DG and CDP-DG are generated via PA phosphatase-

1 and CDP-DG synthetases, respectively. PC and PE are synthesized via the 

Kennedy’s pathway using DG as an intermediate [26] while CDP-DG serves as 

a precursor for the synthesis of PI and PG. PS synthesis is made from PC or PE 

via a base-exchange reaction catalyzed by PS synthases [18, 27] while SM is 

formed from ceramide and PC via SM synthase 1 [18]. In mammalian cells, most 

PL synthesis occurs in the endoplasmic reticulum (ER) with a few exceptions – 

PS is synthesized in an ER subdomain called mitochondria-associated 

membranes, and SM synthesis is made in the Golgi apparatus. Following their 

synthesis, the fatty acyl chain composition of PL is modulated by diacylation and 

reacylation reactions [25, 28]. 

Remodeling of the fatty acyl chains in PL occurs through the exchange of FA, 

involving the formation of a lysoPL intermediate, followed by reacylation – known 

as the Lands’ cycle [29]. Specifically, fatty acyl chains are selectively deacylated 

either at the sn-1 position by phospholipases 1 (PLA1) or at the sn-2 position by 

PLA2, generating 2-acyl-lysoPL or 1-acyl-lysoPL, respectively [30-32]. 

Subsequently, lysoPL acyltransferases (LPLAT) catalyze the reacylation of the 

FA into 2-lysoPL or 1-lysoPL [33, 34]. Incorporation of FA into the lysoPL by 

LPLAT enzymes commonly requires the activation of the FA [30, 35] through its 

coupling to coenzyme A (CoA) by the acyl-CoA synthetase (ACS) enzymes in a 

two-step reaction [36]. In the first step, the ACS catalyzes the reaction between 

the FA and adenosine triphosphate, resulting in the formation of an acyl-

adenosine monophosphate (AMP). The subsequent acyl-AMP intermediate 

reacts with CoA, forming the acyl-CoA. Based on the chain length of the preferred 

acyl groups, ACS can be divided into five subfamilies: short-chain (C2 ‒ C4), 

medium-chain (C4 ‒ C12), long-chain (ACSL) (C12 ‒ C22), bubblegum 

(C14 ‒ C24), and very long-chain (C18 ‒ C26) [36].  
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Activation of PUFA including LA, ARA, EPA, and DHA can be mediated by the 

isoenzymes of the ACSL family encoded by five genes, i.e., ACSL1, ACSL3, 

ACSL4, ACSL5, and ACSL6 [35, 36]. These exhibit differences in substrate 

preferences. Both ACSL1 and ACSL5 preferred substrates are palmitic acid, 

palmitoleic acid, oleic acid, and LA [37]. In contrast, both ACSL3 and ACSL4 

preferentially take ARA and EPA as substrates, and also myristic acid is preferred 

by ACSL3 [38, 39]. ACSL6 can use both unsaturated and FA substrates including 

palmitic acid, oleic acid, ARA, and EPA as substrate [36].  

Upon activation, LPLAT enzymes catalyze the acylation of lysoPL using 

(ox)FA-CoA as a donor, leading to the generation of PL species [33, 34]. LPLATs 

are membrane-bound enzymes primarily localized to the ER [40]. They regulate 

the fatty acyl composition of PL through the Kennedy pathway and/or the Lands’ 

cycle, depending on their specific enzymatic activities [25, 40]. A total of 14 

distinct LPLAT have been identified to date [40]. Based on their structures, they 

can be classified into two main families: the 1-acylglycerol-3-phosphate 

O-acyltransferase (AGPAT) family [41] and the membrane-bound 

O-acyltransferase (MBOAT) family [42]. LPLATs exhibit distinct acyl-CoA 

substrate specificities and lysoPL enzymatic activities [25, 40]. LPLAT1, LPLAT2, 

LPLAT3, and LPLAT4 contribute to the de novo pathway by incorporating a 

variety of acyl-CoA into lysoPA [43-46], a key intermediate in the PL synthesis 

[25]. Following PL synthesis, LPLAT6, LPLAT7, or LPLAT8 regulate the 

incorporation of saturated FA-CoA into various lysoPL [40]. LPLAT6 preferentially 

incorporates 18:0 into 2-acyl-lysoPI [47], LPLAT7 incorporates 16:0, 18:0, and 

18:1 into lysoPG [48], while LPLAT8 mainly generates PC containing 16:0 [49]. 

Incorporation of PUFA can be mediated by LPLAT9, LPLAT11, or LPLAT12 [40]. 

LPLAT9 preferentially incorporates 20:4-CoA into lysoPC [50] while LPLAT11 

transfers both 20:4- and 20:5-CoA into lysoPI [51]. LPLAT12 has the ability to 

incorporate both 18:2- and 20:4-CoA into lysoPC, lysoPE, and lysoPS [52]. The 

acyl-CoA and lysoPL enzymatic activities of the different LPLAT contribute 

greatly to the remarkable molecular diversity of PL species [33, 40].  
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The composition of the fatty acyl chains in PL influences the properties of the 

cellular membranes [53]. Saturated fatty acids increase membrane rigidity 

whereas PUFA enhance membrane fluidity through the cis-configuration of their 

double bonds [54, 55]. However, several studies have highlighted that n3- and 

n6-PUFA have different biological effects: While n6-PUFA typically act pro-

inflammatory, n3-PUFA exhibit anti-inflammatory and beneficial health effects 

[56-58]. n3-PUFA have been reported to reduce the risk of cardiovascular events 

such as sudden cardiac death by lowering plasma TG levels. Moreover, their anti-

inflammatory actions may be mediated through alteration of membrane fluidity 

and disruption of lipid rafts involved in pro-inflammatory signaling. Specifically, 

n3-PUFA has been shown to reduce nuclear factor kappa B activation – 

responsible for the production of pro-inflammatory cytokines – by interfering with 

the recruitment of toll-like receptor 4 [59, 60]. The n3- and n6-PUFA ratio is 

primarily influenced by diet [61] or supplementation [62, 63]. The Western diet is 

characterized by a high dietary intake of n-6 PUFA, primarily due to the 

consumption of soybean, sunflower, and corn oils [64, 65]. In contrast, the intake 

of n-3 PUFA – e.g., from flaxseed oil and fatty fish such as salmon – remains low 

[61]. This results in a high n6- to n3-PUFA ratio of > 10:1 instead of the 

recommended ratio i.e., 2:1 [65], which may promote a pro-inflammatory state. In 

Chapter 2, an untargeted LC-high resolution (HR)MS method for the analysis of 

PL was developed and applied to investigate the effect of one year of n3-PUFA 

supplementation on the PL pattern in human plasma. This method enabled the 

characterization of specific PL and lysoPL species, which could be used as 

possible biomarkers for consumption of fatty fish or fish oils.  

PUFA can undergo oxidation processes leading to the formation of 

eicosanoids and other oxylipins [58]. Eicosanoids are formed from ARA through 

the well-described “ARA cascade” and also EPA through analogous pathways 

[66]. Oxylipins can also be derived from other non-20-carbon FA, such as 

n6-PUFA including LA and DGLA, as well as n3-PUFA including ALA and DHA 

[58]. They can be present in biological samples as non-esterified forms, but the 

major part is found esterified to lipids, e.g., PL, TG, or lipoproteins [63, 67-69].  
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Formation of oxPL is not well understood and could occur through two distinct 

pathways (Fig. 1.2) – Indirect oxidation in which a formed oxPUFA is incorporated 

into a 1-lysoPL through the Lands’ cycle, and direct oxidation of an intact PL [70]. 

Indirect formation of oxPL requires first the release of the PUFA through the 

hydrolysis of the PL at the sn-2 position by PLA2 [32]. Oxygenation of non-

esterified PUFA can occur via three main enzymatic pathways or non-

enzymatically via autoxidation processes. Enzymatic conversion of PUFA by 

cyclooxygenases (COX), lipoxygenases (LOX), or cytochrome P450 

monooxygenases (CYP) leads to the generation of regioselectively and 

stereospecifically oxygenated products, such as hydroxy-PUFA or epoxy-PUFA 

[58, 71-71]. This results in a large number of distinct products. Following their 

formation, several non-esterified oxPUFA are incorporated into the lipid 

membranes by the combined action of ACSL and LPLAT enzymes [70]. In 

contrast, direct oxidation of PUFA esterified at the sn-2 position of an intact PL 

can be catalyzed by the 12-LOX, 15-LOX-1, and 15-LOX-2 enzymes or non-

enzymatically via lipid peroxidation. 

Conversion of non-esterified PUFA by COX forms prostanoids i.e., 

prostaglandins (PG) and thromboxanes [75]. Oxidation of ARA by COX yields the 

unstable hydroperoxy endoperoxide PGG2, which is then reduced to the alcohol 

PGH2. Conversion of PGH2 to PGE2 can be catalyzed by cytosolic PGE synthase, 

microsomal PGE synthase-1 or microsomal PGE synthase-2, or even non 

enzymatically [76]. In addition to PG synthesis, COX enzymes produce in minor 

amounts 11(R)-hydroxyeicosatetraenoic acid (HETE) from ARA [73]. COX exists 

primarily in two isoforms: COX-1 and COX-2 [77]. COX-1 is constitutively 

expressed in nearly all tissues under basal conditions and is responsible for the 

production of PG involved in tissue homeostasis, among other functions [78]. In 

contrast, COX-2 expression is induced at inflammation sites by pro-inflammatory 

cytokines such as interleukin 1 or tumor necrosis factor alpha [79].  

Oxidation of non-esterified PUFA by CYP isoforms can lead to the formation 

of cis-epoxy-PUFAs via epoxygenase activity and/or hydroxy-PUFAs via 

ω(-1, -2)-hydroxylase activity, i.e., oxygenation at the methyl end of the PUFA 

[80].  
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Fig. 1.2: Direct and indirect pathways for the formation of oxPL. The enzymes involved in 

the release of PUFA are framed, while those responsible for PL remodelling are enclosed in 

circles. As an example, the formation of PC 16:0/15(S)-HETE via 15-LOX-2 is depicted, 

demonstrating both a direct oxidation pathway and an indirect route. Following the release of the 

ARA by PLA2, the non-esterified (free) ARA is oxygenated by 15-LOX-2, followed by the 

subsequent re-esterification of the activated 15(S)-HETE-CoA into lysoPC 16:0/0:0 by LPLAT 

enzymes. 
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The different CYP isoforms including CYP4F2, CYP4A11, CYP2E1, CYP1A1, 

CYP3A4 and the CYP2C-subfamily, give rise to distinct oxylipin products [81]. 

CYP4F2 and CYP4A11 form mainly 20-HETE from ARA via ω-hydrolase activity, 

while CYP2E1 and CYP1A1 produce predominantly 19-HETE via 

(ω-n)-hydrolase activity. Oxidation of PUFA by CYP3A4 via epoxygenase activity 

can occur at each double bond, yielding 14(15)-, 11(12)-, 8(9)-, and 

5(6)-epoxyeicosatrienoic acid (EpETrE) from ARA. In contrast, CYP2C8 produce 

mainly 14(15)- and 11(12)-EpETrE [81]. These epoxy-PUFA can be converted to 

the corresponding vicinal dihydroxy-PUFA by soluble epoxide hydrolase (sEH) 

[82].  

LOX enzymes catalyze the formation of stereo- and regioselective 

hydroperoxy-PUFA, which are reduced to more stable hydroxy-PUFA by 

glutathione peroxidase (GPX) enzymes [58, 83]. Six different LOX genes – 

ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B, and ALOXE3 – have been 

identified in the human genome [73, 83]. These encode for the enzymes 5-LOX, 

12-LOX, 12R-LOX, 15-LOX-1, 15-LOX-2, and epidermis-type LOX-3, 

respectively, exhibiting differences in cell/tissue distribution. 5-LOX is primarily 

expressed in leukocytes, including neutrophils, macrophages, and dendritic cells 

[84]. 12-LOX is mainly found in blood platelets and, to a lesser extent, in skin 

tissue [83, 85]. 15-LOX-1 is present in eosinophils, reticulocytes, and 

differentiated macrophages [86-88], while 15-LOX-2 is mainly found in epithelial 

cells of the prostate, skin tissue, and hair roots [89, 90]. 12-LOX, 15-LOX-1, and 

15-LOX-2 enzymes can oxygenate both non-esterified PUFA and PUFA 

esterified to intact lipids [91, 92] unlike other enzymes that require non-esterified 

PUFA as substrate such as 5-LOX, CYP, or COX. Oxidation of ARA from 

15-LOX-1 predominantly yields 15(S)-hydroperoxyeicosatetraenoic acid 

(HpETE), but also produces minor amounts of 12(S)-HpETE due to its dual 

positional activity [93, 94]. In contrast, 5-LOX, 12-LOX, and 15-LOX-2 exclusively 

produce one product from ARA, i.e., 5(S)-HpETE, 12(S)-HpETE, and 

15(S)-HpETE, respectively [89, 94-96].  
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Subsequent metabolization of these hydroperoxy-PUFA by LOX or other 

enzymes can form dihydroxy-PUFA and trihydroxy-PUFA and other oxylipins 

including leukotrienes, lipoxins, and resolvins [74, 84, 97]. 5-LOX enzyme is a 

key enzyme for the leukotriene synthesis [84]. Leukotriene A4 (LTA4) is formed 

from 5(S)-HpETE by 5-LOX and LTA4 can be further converted to LTB4 by LTA4 

hydrolase. Dihydroxy-PUFA, such as 5(S),15(S)-DiHETE, is formed from 

5(S)-HpETE via 15-LOX-2 followed by the subsequent reduction of 

5(S),15(S)-DiHpETE to the alcohol by GPX [98]. Dihydroxy- and trihydroxy-PUFA 

derived from n-3 PUFA, known as resolvins, can also be synthesized through the 

coordinated actions of various LOX isoforms, although the biosynthetic formation 

for several resolvins remains unclear [99]. 5(S),15(S)-DiHEPE, commonly 

referred to as resolvin E4 (RvE4), is formed from EPA via a two-step reaction. 

First, EPA is oxidized to 15(S)-HpEPE by 15-LOX-1/-2, which is then converted 

to 5(S),15(S)-DiH(p)EPE via 5-LOX. 5(S),15(S)-DiHEPE (RvE4) is obtained by 

subsequent reduction of 5(S),15(S)-DiH(p)EPE to the alcohol.  

Oxylipins are signaling molecules that exhibit a wide range of biological 

activities, including vasodilatory, pro-thrombotic, pro-inflammatory, and anti-

inflammatory effects [67]. Changes in the oxylipin pattern have been associated 

with several diseases including diabetes [100], atherosclerosis [101], and 

coronary artery disease [102]. Specifically, PGE2 is one of the main pro-

inflammatory prostanoids by its ability to bind to G-protein-coupled receptors i.e., 

PGE2 subtype receptor (EP1, EP2, EP3, and EP4) [103]. PGE2 upregulation 

induces pain hypersensitivity in inflamed tissues, which can be relieved by COX 

inhibitors such as aspirin [103, 104]. Leukotrienes play a key role in the 

pathogenesis of several chronic inflammatory diseases such as asthma, 

atherosclerosis, and cancer [74]. LTB4 promotes atherosclerosis via the 

recruitment of monocytes to the vascular wall. Subbano et al. showed that actions 

of LTB4 are likely mediated by binding to the G protein-coupled receptors BLT-1 

[105]: Using BLT-1-deficient mice crossed with apolipoprotein-E-deficient mice, 

they observed a significant reduction in early atherosclerosis plaque formation. 

Other oxylipins, especially those derived from n3-PUFA, can have protective 

effects and be involved in the resolution of inflammation.  
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Rohwer et al. showed that the 15-LOX derived product of EPA 15-HEPE protects 

wild-type mice against chemically induced colitis [106]. Moreover, 15-HEPE and 

17-HDHA serve as precursors to 5(S),15(S)-DiHEPE (RvE4) and 

7(S),17(S)-DiHDHA (RvD5), respectively, which are discussed to play an 

important role in the resolution of inflammation [98, 99]. However, these 

specialized pro-resolving mediators (SPM) are either present in low levels or are 

not detectable in biological samples when state-of-the-art LC-MS methods are 

applied. Also, strong evidence showing the actions of SPM on specific receptors 

remains to be provided. Overall, oxylipins are believed to act in non-esterified 

form, although their physiological actions are not well understood. However, 

research on the biological functions of esterified oxylipins has been limited, and 

few studies have evaluated their incorporation into lipids.  

In the 1990s, the incorporation of eicosanoids into lipids was investigated 

using thin-layer chromatography (TLC) with radioactively labeled oxylipins in 

various biological samples [107-115]. Brezinski et al. described a preferential 

incorporation of [3H]15-HETE into PI, while [3H]5-HETE and [3H]12-HETE were 

predominantly found in TG of human primary neutrophils [113]. VanRollins et al. 

reported that [14C1]14(15)-EpETrE was primarily found in PI, while 

[14C1]11(12)-EpETrE and [14C1]8(9)-EpETrE were mostly detected in PC of 

endothelial cells supplemented with EpETrE regioisomers [115]. These studies 

offered an initial insight into the lipid incorporation pattern of eicosanoids, 

however, information on the specific molecular species in which oxylipins are 

esterified remains scarce. Moreover, this approach does not allow for the analysis 

of unlabeled oxylipins present in biological samples. Since the late 2010s, 

endogenous esterified oxylipins have been analyzed as non-esterified oxylipins, 

following alkaline hydrolysis, by targeted liquid chromatography (LC) coupled to 

tandem mass spectrometry (MS/MS) [116, 117]. In this analysis, esterified 

oxylipins are quantified through the parallel analysis of non-esterified and total 

oxylipins after the cleavage of the ester bond by alkaline hydrolysis [88, 116, 118, 

119]. A multiple of targeted LC-MS/MS methods covering the comprehensive 

analysis of the oxylipins pattern in various biological samples have been 

developed [88, 116, 118, 119].  
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These methods allow the sensitive, precise, and accurate quantification of the 

sum of each esterified oxylipins [120]. Using this approach, Scholz et al. showed 

that esterified erythro- and threo-dihydroxy-FA increase in HepG2 cells exposed 

to oxidative stress [121]. Shen et al. demonstrated a reduction in esterified 

oxylipins during the early stages of Alzheimer’s pathogenesis in transgenic rats 

[122]. Nevertheless, the analysis of esterified oxylipins using targeted LC-MS 

remains limited compared to non-esterified oxylipins. Also, this indirect analysis 

does not allow to draw conclusions about the lipid class, lipid species, or the sn-

position in which the oxylipins are esterified. In parallel in the 2010s, esterified 

oxylipins began to be analyzed directly as intact oxPL using targeted LC-MS/MS 

[123, 124]. With this approach, 12-HETE and 15-HETE were identified in four 

PE(-P) species, respectively, in activated human monocytes and murine organs 

[123, 124]. In addition, Slatter et al. employed untargeted LC-high-resolution MS 

(LC-HRMS) to characterize 111 oxPL species in the human platelet lipidome 

[125]. Despite these advances, only a few direct approaches provide quantitative 

data on oxPL, and the separation of isobaric and isomeric oxPL species remains 

a significant challenge. 

To learn more about the presence, the origin, and the effects of oxPL in the 

human organism, the development of state-of-the-art LC-MS/MS methods 

covering the analysis and quantification of a large number of oxPL is primordial. 

Direct analysis of oxPL represents a challenge for several reasons, including the 

presence of many isobaric and isomeric oxPL with the same mass-to-charge ratio 

(m/z). Isomeric PL species bearing regioisomers of oxylipins can only be 

differentiated based on the MS2 spectra through the alpha cleavage occurring at 

the oxidation group of the esterified oxylipins. Moreover, certain isomeric oxPL 

species present simultaneously the same m/z and fragmentation behavior. In 

Chapter 3, an untargeted LC-HRMS method for the semi-quantification of oxPL 

in human serum and cells was developed. The chromatographic separation of 

isobaric and isomeric oxPL species was optimized, enabling their differentiation 

and characterization based on MS2 spectra and retention time. This method was 

applied to characterize the incorporation of oxylipins into PL classes using 

supplementation with high concentrations of oxylipins in human embryonic kidney 
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293T (HEK293T) cells. These data show a distinct incorporation of regioisomers 

into PL classes. However, incorporation of those exogenously added oxylipins 

into lipids might not reflect the incorporation of endogenously formed oxylipins 

within biological cells.  

In Chapter 4, the incorporation of oxylipins into lipids of human cells was 

further investigated using both indirect and direct analysis of esterified oxylipins. 

The incorporation pattern of exogenously and endogenously formed oxylipins into 

PL was compared using supplementation with oxylipins and HEK293T cells 

genetically modified to overexpress 15-LOX-2 enzyme. Esterified oxylipins were 

indirectly quantified in lipid fractions separated using hydrophilic interaction liquid 

chromatography (HILIC)-based cartridges. Based on the untargeted LC-HRMS 

method developed in Chapter 3, a new targeted LC-MS/MS method for the 

quantification of oxPL was developed and validated. This targeted method 

allowed the sensitive detection and accurate quantification of oxPL species 

formed following supplementation, as well as those formed via 15-LOX-2 within 

the cells.  

Overall, this thesis improves our understanding of the formation of oxylipins 

and their incorporation into the PL classes and molecular species using combined 

new state-of-the-art untargeted and targeted LC-MS methods. This work also 

provides deep insights into the fragmentation behaviour and chromatographic 

separation of (ox)PL. 
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2 Chapter 2 

LC‐ESI‐HRMS — lipidomics of phospholipids 

Characterization of extraction, chromatography and detection 

parameters * 

Lipids are a diverse class of molecules involved in many biological functions 

including cell signaling or cell membrane assembly. Owing to this relevance, 

LC-MS/MS-based lipidomics emerged as a major field in modern analytical 

chemistry. Here, we thoroughly characterized the influence of MS and LC 

settings — of a Q Exactive HF operating in Full MS/data-dependent MS2 TOP N 

acquisition mode — in order to optimize the semi-quantification of polar lipids. 

Optimization of MS-source settings improved the signal intensity by a factor 3 

compared to default settings. Polar lipids were separated on an ACQUITY 

Premier CSH C18 reversed-phase column during an elution window of 28 min, 

leading to a sufficient number of both data points across the chromatographic 

peaks, as well as MS2 spectra. Analysis was carried out in positive and negative 

ionization mode enabling the detection of a broader spectrum of lipids and to 

support the structural characterization of lipids. Optimal sample preparation of 

biological samples was achieved by liquid–liquid extraction using MeOH/MTBE, 

resulting in an excellent extraction recovery > 85% with an intra-day and inter-

day variability < 15%. The optimized method was applied on the investigation of 

changes in the PL pattern in plasma from human subjects supplemented with n3-

PUFA (20:5 and 22:6). The strongest increase was observed for lipids bearing 

20:5, while 22:4 bearing lipids were lowered. These results were confirmed by 

targeted LC-MS/MS using commercially available PL as standards. 

* modified from Rund K. M. #, Carpanedo L. #, Lauterbach R., Wermund T., West A. L., Wende 

L. M., Calder P. C., and Schebb N. H. (2024) Anal and BioAnal Chem. 416, 925-944; doi: 

10.1007/s00216-023-05080-0. #both authors contributed equally. 
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2.1 Introduction 

Lipids are lipophilic small molecules involved in many biological functions 

including cell membrane assembly, energy metabolism, cell signaling, and 

regulation of inflammation. They are classified in eight major lipid categories: FA, 

SL, glycerolipids, glyceroPL, sterol lipids, prenol lipids, saccharolipids, and 

polyketides [1]. FA can be saturated, e.g., stearic acid, monounsaturated, or 

polyunsaturated of the n3, n6, or n9 series, e.g., EPA (20:5(5Z,8Z,11Z,14Z,17Z)), 

ARA (20:4(5Z,8Z,11Z,14Z)), or oleic acid (18:1(9Z)) [2]. FA are the major 

components of PL which are the main constituents of the cellular membrane 

[3, 4]. Driven by the biological importance, lipidomics has emerged as a major 

field of research in life sciences in the past decades. However, due to the 

structural diversity of lipids, a simultaneous analysis of “all”, i.e., a comprehensive 

set of lipids in untargeted lipidomics is challenging. 

Compared to shotgun lipidomics, LC-MS allows the separation of overlapping 

isomeric and isobaric lipid species in complex biological matrices [5]. The 

separation of lipids can be carried out by normal phase-LC (NP-LC) and HILIC 

allowing the separation based on the lipid classes, e.g., by the head group of PL, 

or by reversed-phase-LC (RP-LC) where the separation of the lipids is based on 

their hydrophobicity, i.e., the length of the fatty acyl chains and degree of 

unsaturation [6]. RP-LC comprising about 71% of all lipidomics applications has 

been most widely used for the analysis of complex lipids using C8 [7], C18 [8, 9], 

or C30 [10] modified silica columns. Criscuolo et al. showed that a C18 column 

achieved a better separation for polar lipids such as lysoPL, SM, or glyceroPL 

compared to a C30 column [11]. Separation of isobaric PL species was previously 

achieved using C18 columns, e.g., ACQUITY UPLC BEH C18 [12] or ACQUITY 

Premier CSH C18 [13]. 
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For MS detection, untargeted analysis using high resolution and acquisition in 

Full MS mode is a promising approach as it allows simultaneous and 

comprehensive monitoring of a broad range of lipids extracted from a biological 

sample. Additionally, using data-dependent fragmentation, product ion spectra 

are obtained helping to identify the individual lipid species based on distinct 

fragmentation behavior. The processing of this huge amount of data generated 

during untargeted analysis is performed with bioinformatic software in two steps 

including first peak detection and peak alignment, and subsequent lipid 

annotation using comprehensive databases [6, 14]. Different software packages 

for the processing of lipid data have been developed and are available open 

source, as well as commercially [15]. 

Targeted LC-MS/MS analysis only allows the detection of preselected 

analytes of interest. During method development, a focus is set on the 

optimization of LC and MS parameters, assuring an optimal specific and sensitive 

detection of these analytes, e.g., eicosanoids and other oxylipins [16] or peptides 

[17]. Among the large number of LC-HRMS methods which have been described 

for the analysis of lipids in biological samples such as plasma [8, 11], serum [18], 

or liver [10], only few characterize and optimize the instrumental parameters 

including source parameters for ionization efficiency as well as parameter 

settings for Full MS and data-dependent acquisition. For example, Narváez-Rivas 

et al. optimized the MS parameters of the Q Exactive HF for the analysis of PL in 

rat plasma but provided no information about the effects of the parameters [10]. 

Overall, the main focus of method development/characterization of current 

lipidomics approaches is set on the bioinformatic processing of the LC-MS data. 

For example, the performance of extraction procedures [19, 20] and 

chromatographic separation [8, 11] is usually evaluated based on the number of 

identified lipid species by the bioinformatic software. However, characterization 

of ionization efficiency and extraction yield of representative lipid species as it is 

carried out in targeted LC-MS/MS analysis is limited and only described in few 

untargeted approaches [21]. 

The aim of this work was developing and optimizing extraction, separation, 

and detection of an untargeted LC-HRMS method for the identification and semi-
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quantitative analysis of lipids with a focus on PL. The careful optimization of the 

MS parameters allowed to improve the ionization efficiency of the PL. The 

optimization of the chromatographic separation on two different columns aimed 

to achieve a broad elution range for PL allowing to detect more analytes by Full 

MS/ddMS2 acquisition. Combined with the ionization in both modes, it enabled to 

acquire a broader spectrum of lipids and to confirm the characterization of 

tentatively identified lipids. Semi-quantification of polar lipids was performed 

using one internal standard (IS) per lipid class. Two liquid–liquid extraction (LLE) 

protocols were compared and evaluated regarding the extraction efficiency of IS 

and intra- and inter-day variability. Matrix effects were investigated by ion 

suppression analysis using two different pools of plasma, unveiling ion 

suppression as well as ion enhancement effects. Finally, the method was applied 

to investigate the effects of n3-PUFA supplementation on the human plasma 

lipidome. Here, we could identify distinct PL that were increased and decreased 

by 12 months of n3-PUFA supplementation. 

 Materials and methods 

2.2.1 Chemicals 

SPLASH Lipidomix Mass Spec Standard mixture containing deuterium-

labeled lipids from 14 different lipid classes (lysoPC 18:1[D7]/0:0, 

lysoPE 18:1[D7]/0:0, monoacylglycerol (MG) 18:1[D7]/0:0/0:0, PS 15:0/18:1[D7], 

PI 15:0/18:1[D7], PG 15:0/18:1[D7], PA 15:0/18:1[D7], SM 18:1;2O/18:1[D9], 

PC 15:0/18:1[D7], PE 15:0/18:1[D9], DG 15:0/18:1[D7]/0:0, 

TG 15:0/18:1[D7]/15:0, cholesteryl ester (Chol Ester) 18:1[D7] and free 

cholesterol [D7]; 550 nmol L-1 – 5 µmol L-1; concentrations relative to ratios in 

human plasma, for individual concentrations of the standards in the plasma 

extract see Table 2.1) and PL standards PC 16:0/20:4(5Z,8Z,11Z,14Z), 

PE 18:1(9Z)/18:1(9Z), and PE 14:0/14:0 were purchased from Avanti Polar Lipids 

(local supplier: Merck KGaA, Darmstadt). PC 18:2(9Z,12Z)/18:2(9Z,12Z), 
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PC 18:0/20:5(5Z,8Z,11Z,14Z,17Z), PC 18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z), 

PE 18:0/20:4(5Z,8Z,11Z,14Z), and PE 18:0/22:4(7Z,10Z,13Z,16Z) used for 

targeted LC-MS/MS were from Cayman Chemical (local supplier: Biomol, 

Hamburg, Germany). 

Acetonitrile (ACN) LC-MS grade, methanol (MeOH) LC-MS grade, 

isopropanol (IPA) LC-MS grade, chloroform (CHCl3) HPLC grade, formic acid 

LC-MS grade, and n-hexane HPLC grade were obtained from Fisher Scientific 

(Schwerte, Germany). Ultra-pure H2O (18.2 MΩ cm) was generated using the 

Barnstead Genpure Pro system from Thermo Fisher Scientific (Langenselbold, 

Germany). Ammonium formate was supplied by Sigma-Aldrich (Schnelldorf, 

Germany). All other chemicals, including tert-butyl methyl ether (MTBE), were 

purchased from Merck KGaA (Darmstadt, Germany). 

For method characterization, three different pools of human plasma were 

generated. The blood was collected from healthy human subjects in accordance 

with the guidelines of the Declaration of Helsinki and approved by the ethics 

committee of the University of Wuppertal. The blood was collected in 

ethylenediaminetetraacetic acid (EDTA) tubes and centrifuged (4 °C, 10 min, 

1200 × g). The plasma was collected, aliquoted, and stored at – 80 °C as 

described in [22].  

2.2.2 Lipid extraction 

Extraction using MeOH and MTBE Lipids in plasma were extracted using a 

modified LLE based on Matyash et al. [23, 24]. Briefly, 10 µL freshly thawed 

plasma was transferred to glass tubes followed by the addition of 10 µL SPLASH 

IS. 225 µL MeOH was added and samples were vortexed shortly. Then, 750 µL 

MTBE was added and samples were thoroughly vortexed for 2 min. Phase 

separation was induced by the addition of 188 µL 150 mmol L-1 ammonium 

acetate and centrifugation (4 °C, 10 min, 1000 × g). The upper organic phase 

was carefully collected in glass tubes containing 6 µL 30% glycerol in MeOH and 

the lower phase was re-extracted by the addition of 300 µL MTBE. The samples 

were vortexed for 1 min and centrifuged again (4 °C, 5 min, 1000 × g). The 
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combined upper phases were evaporated to dryness using a vacuum 

concentrator (1 mbar, 30 °C, ∼ 70 min; Christ, Osterode am Harz, Germany). The 

residue was reconstituted in 50 μL of 50/50 mobile phase (A/B, v/v without 

modifier, i.e., IPA/ACN/H2O (45/35/20, v/v/v)) containing 200 nmol L-1 

PE 14:0/14:0 as IS2. Samples were sonicated, centrifuged, and transferred to 

vials for LC-HRMS analysis. 

Extraction using IPA, n-hexane, CHCl3, and MeOH [25]. Lipids in plasma 

were extracted using a two-step LLE [26, 27]. 10 µL freshly thawed plasma was 

transferred to glass tubes followed by the addition of 10 µL IS (SPLASH) and 

185 µL H2O. After addition of 1 µL glacial acetic acid, the phase separation was 

induced with 500 µL 1 mol L-1 acetic acid/IPA/n-hexane (2/20/30, v/v/v), and 

samples were vortexed for 1 min. 500 µL n-hexane was then added, samples 

were vortexed again for 1 min and centrifuged (room temperature, 

10 min, 1000 × g). The upper phase was carefully collected in glass tubes 

containing 6 µL 30% glycerol in MeOH. The lower phase was washed with 500 µL 

n-hexane, vortexed for 1 min, and centrifuged again (room temperature, 10 min, 

1000 × g) and the upper layers were combined. In the second step of the 

extraction, 750 µL CHCl3/MeOH (1/2, v/v) was added to the lower aqueous phase 

and samples were vortexed for 1 min. 250 µL CHCl3 was further added and 

samples were vortexed again for 1 min. Phase separation was induced by the 

addition of 250 µL 150 mmol L-1 ammonium acetate and centrifugation (room 

temperature, 10 min, 1000 × g). The upper phase was discarded and the lower 

phase was collected and combined with the upper phases from the first extraction 

step. The combined organic phases containing the lipids of both extraction steps 

were evaporated to dryness using a vacuum concentrator (1 mbar, 30 °C, 

∼ 70 min). The residue was reconstituted in 50 μL IPA/ACN/H2O (45/35/20, v/v/v) 

containing 200 nmol L-1 PE 14:0/14:0 as IS2, sonicated, centrifuged, and 

transferred to vials for LC-HRMS analysis. 
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2.2.3 Untargeted LC-HRMS instrument method 

Untargeted lipidomics analysis was performed on a Vanquish Horizon ultra-

high-performance liquid chromatography system composed of an autosampler, a 

binary pump, and a column oven coupled to a hybrid quadrupole-orbitrap mass 

spectrometer (Q Exactive HF) (Thermo Fisher Scientific, Dreieich, Germany). 

Samples (5 µL) were injected into the LC-HRMS system using an autosampler 

equipped with a 25-µL sample loop. The sample rack was kept at 10 °C. Two 

columns were tested for the separation, i.e., ZORBAX Eclipse Plus RRHT C18 

(2.1 × 150 mm, 1.8 µm, 95 Å; Agilent, Waldbronn, Germany) and ACQUITY 

Premier CSH C18 (2.1 × 100 mm, 1.7 µm, 130 Å; Waters, Eschborn, Germany) 

(Fig. 2.2). A binary gradient was used with eluent A (H2O/ACN, 40/60, v/v) and 

eluent B (IPA/ACN, 90/10, v/v, 1% H2O), both containing 10 mmol L-1 ammonium 

formate and 0.1% formic acid. The optimized chromatographic separation was 

carried out on the ACQUITY Premier CSH C18 column equipped with a guard 

column (2.1 × 5 mm, 1.7 µm) at 40 °C using the following gradient with a flow rate 

of 260 µL min-1: 0–0.7 min 30% B; 0.7–0.8 min 30–52.5% B; 0.8–11 min 52.5% 

B; 11–20 min 52.5–60% B; 20–22 min 60–99% B; 22–26 min 99% B; 26–28 min 

30% B for column washing and re-equilibration. The total analysis time was 

28 min. 

Lipids were analyzed following positive and negative electrospray ionization 

in two separate runs using a heated electrospray ionization (ESI) source. For 

optimization of ionization parameters, PC 16:0/20:4(5Z,8Z,11Z,14Z) and 

PE 18:1(9Z)/18:1(9Z) were chosen as representative lipids for two abundant PL 

classes found in plasma. Optimization was done in positive and negative mode 

by infusion of the standards (each 300 nmol L-1) (Fig. 2.1) via a syringe pump 

with 5 µL min-1 combined via a T-piece with an LC flow of 260 µL min-1 at an 

eluent composition of 70% B. Alternatively, also flow injection analysis injecting 

5 µL of the standards in the LC flow (i.e., 260 µL min-1) was used. Optimized 

settings are summarized in Fig. 2.1 and Fig. 8.1 of the appendix. These 

standards were also used for the optimization of the normalized collision energy 

(NCE) (Fig. 2.3). As sheath gas, auxiliary gas, sweep gas, and collision gas 
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nitrogen was used, generated from compressed air further purified with the 

purifier RAMS05Z, and combined with the NGM33 nitrogen generator (CMC 

instruments, Eschborn, Germany). The offset of the sprayer was side-to-side + 1, 

front-to-back 1.75 μm, and depth between C and D-ring. 

MS detection was carried out in Full MS data-dependent (dd) MS2 TOP N 

mode (Full MS/ddMS2). For Full MS scans, data were acquired over a mass range 

of m/z 200 – 1200, for both positive and negative ionization modes. The Full MS 

scans were recorded at a resolution setting of 60,000 with the automatic gain 

control (AGC) target set to 1 × 106 and a maximum ion injection time (IT) of 

160 ms. Data-dependent scans from the TOP N m/z detected in the Full MS 

scans were triggered based on an exclusion and inclusion list specific for positive 

and negative ionization (Appendix Tables 8.1 and 8.2) and a minimum AGC 

target of 2 × 103 considering an apex trigger of 1 – 4 s and a dynamic exclusion 

time of 4 s. MS2 scans were acquired from the triggered m/z with an isolation 

window of m/z 1.5 using NCE combining 20 and 25 relative to m/z 500, at a 

resolution setting of 15,000 with an AGC target of 5 × 104 and a maximum IT of 

80 ms. In order to ensure enough data points across the chromatographic peaks 

in Full MS mode for semi-quantitative evaluation, the analysis time was split into 

segments with different numbers of MS2 scans triggered during one duty cycle: 

between 0 and 7 min TOP 5, between 7 and 12 min TOP 10, and between 12 

and 28 min TOP 15. 

Mass accuracy was assured using the following lock masses at the beginning 

of the run: in positive mode m/z 391.2843 (polytetrafluoroethylene) between 1.1 

and 1.2 min and in negative mode m/z 265.1479 (sodium dodecyl sulfate) 

between 1.6 and 1.7 min. Mass calibration was carried out every 72 h by infusion 

of Pierce LTQ Velos ESI Positive Ion Calibration Solution and Pierce ESI 

Negative Ion Calibration Solution (Thermo Fisher Scientific, Langenselbold, 

Germany).  

For data acquisition and instrument control Chromeleon software (version 

7.2.11, Thermo Fisher Scientific) was used. 
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2.2.4 Targeted LC-MS/MS instrument method 

Targeted LC-MS/MS analysis of selected PL was carried out using a 

1290 Infinity II (Agilent, Waldbronn, Germany) LC system composed of an 

autosampler, a binary pump, and a column oven. The separation of the lipids was 

achieved using the same chromatographic conditions described for the 

untargeted LC-HRMS method. The LC system was coupled to a QTRAP 6500+ 

mass spectrometer (Sciex, Darmstadt, Germany) operated in negative 

electrospray ionization mode with the following settings: ion spray voltage 

– 4500 V, source temperature 650 °C, nebulizer gas (gas 1, compressed air 

purified with RAMS05Z; CMC instruments, Eschborn, Germany) 60 psi and 

drying gas (gas 2, purified compressed air) 60 psi, curtain gas (nitrogen, 

generated with the nitrogen generator Eco Inert-ESP4; DWT, Bottrop, Germany) 

35 psi, collision gas (nitrogen) 6 psi. MS detection was carried out in scheduled 

multiple reaction monitoring (MRM) mode, acquiring two transitions per PL: one 

for quantification and one for qualification resulting from the cleavage of the 

individual fatty acyl chains. The detection window was set to 180 s around the 

retention time and the cycle time to 0.4 s. Declustering potentials (DP), entrance 

potentials (EP), collision cell exit potentials (CXP), and collision energies (CE) 

were optimized for each of the PL and transitions using flow injection analysis 

with standards (Appendix Fig. 8.2). 

MS parameters for targeted PL analysis can be found in Table 8.3. Analyst 

(Sciex, version 1.7) was used for instrument control and data acquisition, and 

Multiquant (Sciex, version 2.1.1) for data evaluation. 

For calibration, stock solutions of the individual PL 

PC 18:2(9Z,12Z)/18:2(9Z,12Z), PC 18:0/20:5(5Z,8Z,11Z,14Z,17Z), 

PC 18:0/22:6(4Z,7Z,10Z, 13Z,16Z,19Z), PE 18:0/20:4(5Z,8Z,11Z,14Z), and 

PE 18:0/22:4(7Z,10Z,13Z,16Z) were mixed and diluted in glass volumetric flasks 

(5 mL) with ACN/IPA (50/50, v/v) at 9 concentration levels. Each calibration level 

contained the same amount of the IS (SPLASH) comprising one labeled PL from 

each lipid class (400 nmol L-1 for PC 15:0/18:1[D7] and 15 nmol L-1 for 

PE 15:0/18:1[D7]). Calibration curves were calculated using linear least square 
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regression (weighting: 1/x2). Analyte quantification was carried out based on the 

analyte to corresponding IS peak area ratio using the obtained calibration curves. 

Linearity was assessed using standard solutions covering a concentration range 

from 0.2 to 1000 nmol L-1. The limit of detection (LOD) was determined as the 

concentration yielding a signal-to-noise ratio (S/N, peak to peak) ≥ 3. The 

concentration with an S/N ≥ 5 and an accuracy of 80 – 120% within the calibration 

curve was defined as the lower limit of quantification (LLOQ) and set as the lowest 

concentration of the calibration curve (Appendix Table 8.3). 

2.2.5 Method characterization of the untargeted LC-HRMS method 

Two established LLE protocols used in the lipidomics field were tested and 

compared regarding their extraction recovery of major lipid classes from plasma: 

A protocol using MeOH/MTBE based on a modified procedure according to 

Matyash et al. [23], and a two-step extraction using acetic acid/IPA/n-hexane 

based on Hara et al. [27] for the first step and CHCl3/MeOH based on Bligh and 

Dyer [26] for the second [25]. 

Extraction efficiency was evaluated for both protocols on three different days 

by determining the recovery of the IS spiked to the sample prior to extraction 

normalized to the IS2 (i.e., PE 14:0/14:0), which was added in the last step before 

LC-HRMS analysis. The recovery was calculated relative to the recovery of an IS 

solution directly injected. 

Further lipid extraction was carried out using MeOH/MTBE. Robustness of the 

extraction was assessed by three different operators on three different days using 

three different pools of plasma. Effects of the matrix were investigated by 

assessing the extraction recovery of IS added to plasma prior to or post extraction 

and also using different volumes of plasma for extraction. Furthermore, matrix 

effects were determined by ion suppression analysis by post-columnly infusing a 

diluted (0.37 – 10 µmol L-1) SPLASH solution (5 µL min-1) mixed via a T-piece 

with the LC flow (260 µL min-1) after injection of a plasma extract without IS 

(Fig. 2.4 and 2.5). 
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2.2.6 n3-PUFA supplementation study 

The effects of n3-PUFA supplementation on the lipid pattern were investigated 

in plasma samples derived from a double-blinded, randomized, controlled 

intervention trial [28]. A subset of human plasma samples from 20 participants 

(9 males, 11 females, age 23 – 72 years) out of 42 subjects who received 

n3-PUFA capsules containing EPA and DHA corresponding to 4 portions of fatty 

fish per week (1.5 g EPA and 1.8 g DHA as TG per portion) was selected. Criteria 

for the inclusion/exclusion of subjects are summarized in Figure 8.3. Plasma 

samples of the individual participants at baseline (before supplementation) and 

after 12 months of supplementation were extracted using the LLE with 

MeOH/MTBE and analyzed by the untargeted LC-HRMS method in randomized 

order. 

2.2.7 Data processing 

Raw data acquired in positive and negative ionization modes by untargeted 

LC-HRMS analysis were processed using MS-DIAL software (version 4.70) [29] 

for feature detection, spectra deconvolution, and peak alignment between 

samples. Parameter settings for data processing by MS-DIAL are summarized in 

Table 8.4 of the appendix. Each detected feature was manually reviewed and 

assigned to a putative lipid class and to one of the three different categories (i.e., 

Confidence, Unsettled, or Unknown) based on its retention time and 

fragmentation spectrum according to following criteria: lipid class assignment was 

done based on following plausible retention times: lysoPL (≤ 8 min), PL 

(≥  4 min), SM (≥ 4 min), DG (≥ 12 min), and TG (≥ 15 min). Features assigned 

to one of the mentioned lipid classes with a retention time outside the defined 

range were flagged as “Unknown” and were not further evaluated. An “Unsettled” 

feature with an identification score between 70 and 75% was flagged as 

“Confidence” if its fragmentation spectrum contained in positive mode (i) the 

precursor ion, (ii) a fragment of a neutral loss of a fatty acyl (e.g., ketene), and 

(iii) characteristic fragments of the lipid class (e.g., m/z 184.0733 for PC) [30].  
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In negative mode, a feature was assigned to “Confidence” if its fragmentation 

spectrum contained (i) the fragment(s) of the fatty acyl(s), (ii) a fragment of a 

neutral loss of a fatty acyl (e.g., ketene), and (iii) characteristic fragments of the 

lipid class (e.g., m/z 168.0426 for PC) [30]. In case one of the criteria mentioned 

above was not fulfilled, the feature remained assigned “Unsettled”. Likewise, 

features having an identification score between 67 and 70% were rated as 

“Unsettled”. All features assigned to “Confidence” and “Unsettled” were included 

in the further data evaluation. For additional confidence of lipid identification, the 

retention time of a logical series of lipid species from the same lipid class was 

plotted against the sum of the fatty acyl chain length or the sum of the number of 

double bonds according to Vaňková et al. [12] (Appendix Fig. 8.4, 8.5). 

The peak heights of features detected in positive and/or negative mode 

derived from MS-DIAL data evaluation were normalized to peak heights of the IS 

from the same lipid class. For the individual features, fold changes between 

baseline (before supplementation) and after 12 months of supplementation were 

calculated for individual participants and the mean fold changes were 

determined. Using t-test, for the individual features, p-values for the means of the 

normalized peak heights before and after supplementation were determined. 

Volcano plots were created by plotting the log2 (fold change) against the – log10 

(p-value). 

Putatively identified PL, which changed most after n3-PUFA supplementation 

and were commercially available, were quantified by targeted LC-MS/MS using 

the same plasma extracts diluted 1:50 in ACN/IPA (50/50, v/v). 

2.2.8 Lipid notation 

The shorthand notation of the lipids is based on Liebisch et al., using the 

separator “_” if the sn-position of the fatty acyl(s) chain is unknown, while the 

separator “/” indicates a proven sn-position (with sn-1/sn-2) [31]. The position of 

the double bonds, e.g., PC 16:0/20:4(5Z,8Z,11Z,14Z), was specified only if 

confirmed by authentic standards. 
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 Results and Discussion 

2.3.1 Optimization of mass spectrometric parameters 

Sensitive as well as selective mass spectrometric analysis of PL in biological 

samples requires careful optimization of instrument parameters. Mass 

spectrometric detection of PL is feasible after positive (ESI(+)) and negative 

(ESI(-)) electrospray ionization due to their polar head group by forming different 

types of adducts [6], while DG, TG, and Chol Ester can only be efficiently ionized 

in positive mode [8, 32]. Analysis of lipids was carried out in positive and negative 

modes in two separate runs to enable characterization of the lipid class as well 

as the fatty acyl chains based on characteristic fragmentation behavior. The 

instrument software sets default settings for the source parameters based on the 

LC flow rate. Starting from these settings, the source parameters of the HESI 

source (i.e., spray voltage, sheath gas, auxiliary gas, auxiliary gas heater 

temperature, sweep gas, capillary temperature) and the S-lens RF level were 

optimized in both ionization modes, and compared with the default settings and 

the settings described in an application note for lipidomics analysis with the same 

flow rate (260 µL min-1) from the instrument manufacturer [33]. The optimization 

of the spray voltage, the sheath gas, the sweep gas, and the capillary 

temperature showed only a minor impact on the signal intensity, and is described 

in detail in the supplementary information (Appendix Fig. 8.1). 

The heated auxiliary gas flow was optimized in combination with the auxiliary 

gas heater temperature and showed the greatest impact among all source 

parameters on spray stability in both ionization modes. It was optimized in a range 

of 4 – 14 arbitrary units (Fig. 2.1A). A value of 4 resulted in a noisy and unstable 

spray, and increasing the auxiliary gas flow decreased the noise but also 

decreased the signal intensity. A value of 12 was selected for both ionization 

modes in order to minimize the noise of the spray without losing too much 

sensitivity.  
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Fig. 2.1: Effect of selected ion source parameters on intensity and stability of the ESI-MS 

signal. Shown is A the influence of the auxiliary gas flow rate on the signal in ESI(-) mode during 

infusion of a PL standard containing PC 16:0/20:4(5Z,8Z,11Z,14Z) and PE 18:1(9Z)/18:1(9Z) 

while other parameters were set to default; B the effect of the S-lens RF level on signal intensity 

relative to a value of 50 for different deuterium-labeled lipids; C, D peak intensity and shape of 

PC 16:0/20:4(5Z,8Z,11Z,14Z) and PE 18:1(9Z)/18:1(9Z) in (top, C) ESI(-) and (bottom, D) ESI(+) 

mode using default parameters, parameters of an application note for lipidomics from the 

manufacturer [33], or parameters after optimization. 

 

The value selected for the auxiliary gas flow is close to the default settings (i.e., 

11), but clearly higher than the value used in the application note (i.e., 3) [33]. 

However, the peak shape of the PL is clearly improved when a higher value is 

used (Fig. 2.1C, D). Our results are in line with previous studies employing with 

the same instrument an auxiliary gas flow of 10 for the analysis of PL in serum at 

an LC flow rate of 400 µL min-1 [34], or in pituitary adenoma tissues at an LC flow 

rate of 260 µL min-1 [7]; or an auxiliary gas flow of 15 for the analysis of human 

plasma lipids at an LC flow rate of 325 µL min-1 [11]. 
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S-lens RF level 50 50 50 50 70 70 
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Transfer of ions from the ion transfer tube to the ion optics through the S-lens 

is achieved by the RF amplitude applied to the electrodes of the S-lens. The 

S-lens RF level is a numerical factor affecting transmission, i.e., a higher S-lens 

RF level increases transmission of ions with higher m/z, while also fragmentation 

of fragile ions in the S-lens occurs. Optimization of the S-lens RF level was 

performed using deuterium-labeled lipids (SPLASH) from different lipid 

classes(Fig. 2.1B). Increasing the S-lens RF level from the default value, i.e., 50, 

increased the ion transmission of all IS except Chol Ester 18:1[D7]. For an S-lens 

RF level of 80 and 90, a decrease in the signal of lysoPE 18:1[D7]/0:0, 

PI 15:0/18:1[D7], PG 15:0/18:1[D7], and DG 15:0/18:1[D7]/0:0 was observed. 

Thus, an S-lens RF level of 70 for both ionization modes was chosen, which 

massively improved the ion transmission of the PL (Fig. 2.1B). The default S-lens 

RF level of 50 is used in several lipidomic methods using a Q Exactive HF 

instrument [7, 9, 35]. However, our results show that optimization of this 

parameter has a great impact on the ion transmission and signal intensity and 

should thus be carefully optimized. 

Overall, the optimization of the source parameters minimized the noise 

resulting in a better peak shape, and increased the sensitivity by a factor of 3 in 

ESI(+) and ESI(-) compared to the default parameters. 

2.3.2 Optimization of chromatographic separation 

Liquid chromatographic separation of lipids covering the range from polar 

lipids, such as lysoPL, to the very hydrophobic ones, e.g., neutral lipids (NL), can 

be performed using RP-LC [5, 8, 34, 36]. We aimed to optimize the 

chromatographic conditions in order to achieve an efficient separation between 

different lipid species with a focus on PL (Fig. 2.2). Since numerous isobaric lipid 

species, i.e., with the same m/z are present in biological samples, LC separation 

is crucial for their characterization. An isocratic step was included in the gradient 

to extend the elution window for PL, thereby enabling the acquisition of more MS2 

spectra for their characterization in Full MS/ddMS2 mode. 
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For the liquid chromatographic optimization, we selected three critical pairs of 

isobaric PL: PC 18:2_20:4/PC 18:1_20:5, PC 18:1_18:2/PC 16:0_20:3, and 

PC 18:0_18:2/PC 18:1_18:1. These are highly abundant in human plasma and 

have different retention times between 10 and 20 min under the applied RP-LC 

conditions. Two RP C18 columns with fully porous sub-2-µm particles for high 

separation efficiency and sample loading capacity were tested using a lipid 

extract from human plasma. We chose two columns which were previously 

successfully used in lipidomics applications, i.e., the ZORBAX Eclipse Plus RRHT 

C18 [37, 38] and the ACQUITY Premier CSH C18 column [7, 9, 34, 38, 39]. 

Using the ZORBAX Eclipse Plus RRHT C18 column (2.1 × 150 mm, 1.8 µm, 

95 Å) with an optimized gradient (Fig. 2.2A), lipids from a human plasma extract 

eluted as relatively broad peaks with a full width at half maximum (FWHM) for the 

labeled IS PS 15:0/18:1[D7], PC 15:0/18:1[D7], and PE 15:0/18:1[D7] of 17.4 s, 

19.8 s, and 18.9 s, respectively (Fig. 2.2A, middle). PL also showed an 

asymmetric peak shape with a tailing factor for the labeled PL between 1.6 and 

4.4. Overall, this mediocre separation of the lipids is reflected by incomplete 

separation of the selected critical pairs, i.e., PC 18:2_20:4/PC 18:1_20:5 and 

PC 18:1_18:2/PC 16:0_20:3 with a resolution of 0.64 and 1.1, respectively. 

Additionally, the pair PC 18:0_18:2/PC 18:1_18:1 was not fully separated 

(R = 1.2) (Fig. 2.2A, bottom). 

The separation on the ACQUITY Premier CSH C18 column (2.1 × 100 mm, 

1.7 µm, 130 Å) was carried out with adjusted elution power of the gradient during 

the isocratic step by lowering the percentage of eluent B from 60% to 52.5% 

(Fig. 2.2B). With this column, the same elution order was observed; however, the 

peak shape of the lipids was considerably improved showing narrower peaks and 

better peak symmetry. No peak tailing was observed for the PL, except for the 

acidic PS 15:0/18:1[D7] (i.e., tailing factor 1.8) (Fig. 2.2B, middle), which is known 

in RP-LC even when a high aqueous percentage is used for the initial conditions 

[40]. The better performance of this column might be explained by the charged 

surface of its particles improving peak symmetry with low ionic-strength mobile 

phases. 
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Fig. 2.2: Chromatographic separation efficiency of lipids. Shown is the separation of (top) a 

lipid extract from human plasma (Full MS scan m/z 200 – 1200), (middle) deuterium-labeled IS 

(respective extracted ion chromatogram (XIC)), and (bottom) isobaric PL species PC 38:6 

(m/z 806.5694), PC 36:3 (m/z 784.5851), and PC 36:2 (m/z 786.6007) acquired in ESI(+) mode 

using A an optimized gradient on a ZORBAX Eclipse Plus RRHT C18 column (2.1 × 150 mm, 

1.8 µm, 95 Å), B an ACQUITY Premier CSH C18 column (2.1 × 100 mm, 1.7 µm, 130 Å) and a 

gradient with adjusted elution power, and C an optimized gradient on the latter column. Mobile 

phases for all separations were eluent A (H2O/ACN (40/60, v/v)) and eluent B (IPA/ACN (90/10, 

v/v), 1% H2O), both containing 10 mmol L-1 ammonium formate and 0.1% formic acid. The fatty 

acyl chains of the isobaric PL (bottom) were characterized based on the fragmentation spectra 

acquired in ESI(-) mode. 

 

Separation of PL was also considerably improved with a resolution ≥ 1.5 for 

the selected critical pairs, e.g., PC 18:2_20:4/PC 18:1_20:5 (R = 1.5) (Fig. 2.2B, 

bottom). However, using this gradient (Fig. 2.2B), late-eluting PC and PE species 

still showed broad peaks, e.g., PE 15:0/18:1[D7] eluting at the end of the isocratic 

step with a FWHM of 16.8 s.  
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Also, more hydrophobic PL eluting after the isocratic step, e.g., PE 18:0_20:4 at 

21.7 min or PC 18:0_20:3 at 21.9 min, co-eluted with other late-eluting PL as 

indicated in the total ion chromatogram (TIC) (Fig. 2.2B, top).  

Thus, the gradient was further optimized by including a shallow linear increase 

to 60% B after the isocratic step and adjusting the initial percentage of B as well 

as the time for the final elution and re-equilibration step (Fig. 2.2C): The more 

hydrophobic PL eluted earlier, e.g., PE 18:0_20:4 at 18.6 min and PC 18:0_20:3 

at 19.7 min, and their separation was improved. For the starting conditions, 30% 

B was used as isocratic preconcentration step to focus the analytes at the 

beginning of the column. With a capacity factor k > 1, the retention of the polar 

lysoPC 18:1[D7]/0:0 (k = 2.7) was sufficient. 

Overall, with this optimized gradient, the peak shape was further improved 

yielding FWHM for all labeled PL between 10 and 13 s, also for PE 15:0/18:1[D7] 

(Table 2.1). Moreover, separation of the critical pairs was optimal with a 

resolution ≥ 1.5, i.e., PC 18:2_20:4/PC 18:1_20:5 (R = 1.6), 

PC 18:1_18:2/PC 16:0_20:3 (R = 2.7), and PC 18:0_18:2/PC 18:1_18:1 

(R = 2.08) (Fig. 2.2C, bottom). The isocratic step at 99% B at the end of the 

gradient was held for 4 min, which was sufficient to elute the NL, i.e., TG, DG, 

and Chol Ester (leading to minimal carry-over for TG 18:1_18:1_18:1 to the next 

injection (< 1%)). Only 2-min re-equilibration was required, resulting in stable 

retention times for the lysoPL in the following injection. Including re-equilibration, 

the final run time of the optimized method was 28 min covering polar as well as 

NL and the method showed stable retention times with an inter-batch (n = 92, 

6 days) relative standard deviation (RSD) < 0.71% (0.08 min) (Table 2.1). 

 

 

Table 2.1 (Next page): Characterization of mass spectrometric and chromatographic 

parameters of deuterium-labeled lipids used as IS. Shown are the molecular formula, the m/z 

of the most intense adduct measured in ESI(+) and ESI(-) mode, the concentration of the IS in 

the plasma extract, the tR, and the FWHM of the chromatographic peak using the LC-HRMS 

method. 
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2.3.3 Optimization of parameters for Full MS/dd MS2 (TOP N) acquisition 

Acquisition of data in Full MS/ddMS2 TOP N mode allows, in addition to the 

determination of the exact mass of the detected lipid species by HRMS, their 

characterization based on characteristic product ion spectra. In this mode, one 

full scan (the survey scan) is recorded, followed by the acquisition of a distinct 

number (N) of product ion spectra of selected precursor ions. For reliable analysis 

of lipids using data-dependent acquisition, it is important to balance between (i) 

the acquisition of as many product ion spectra as possible to characterize as 

many precursor ions as possible, and (ii) an appropriate cycle time (frequency) 

enabling to record enough data points (12 to 20) for the semi-quantification in Full 

MS mode. 

 

Table 2.2: Data points across the peaks using Full MS/ddMS2 (TOP N) acquisition. Shown 

are the numbers of MS scans across the full chromatographic peak width using different numbers 

of data-dependent triggered fragment spectra (TOP N), and the FWHM (mean ± SD, n = 4) for 

selected deuterium-labeled IS. Resolution settings were Full MS: R = 60,000; ddMS2: R = 15,000. 

Bold values indicate the TOP N selected for the optimized method. 

 

  ESI(-)  

analyte 
MS scans over the full peak width 

FWHM ± SD [s] 
TOP 5 TOP 10 TOP 15 TOP 20 

lysoPC 18:1[D7]/0:0 13 7 4 3 2.93 ± 0.13 

lysoPE 18:1[D7]/0:0 13 7 5 3 3.17 ± 0.07 

PI 15:0/18:1[D7] 32 17 12 9 10.6 ± 0.5 

PS 15:0/18:1[D7] 34 17 11 7 10.5 ± 0.4 

PG 15:0/18:1[D7] 34 15 11 8 8.03 ± 0.86 

SM 18:1;2O/18:1[D9] 44 21 14 11 13.2 ± 0.5 

PC 15:0/18:1[D7] 44 23 15 11 13.4 ± 1.0 

PE 15:0/18:1[D7] 41 21 13 9 11.7 ± 0.6 

 

The effect of the number of triggered ddMS2 (TOP N) on the data points across 

the chromatographic peaks of different labeled lysoPL and PL eluting over the 

chromatographic range was investigated (Table 2.2).  
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As expected, with increasing number of the TOP N, fewer data points in Full MS 

were recorded, and TOP 20 resulted in an insufficiently low number of data points 

(i.e., 3 to 11 points) per peak. For analytes with narrow peaks, e.g., the early 

eluting lysoPL with a FWHM of 3 s, only the TOP 5 acquisition led to sufficient 

data points (i.e., 13 points). However, for later eluting PL, this resulted in a high 

number of data points (> 31 points) due to their broader peaks (FWHM > 8 s). 

Thus, a higher TOP N was chosen for PL yielding more comprehensive 

qualitative data without forfeiting peak accuracy for quantification. Consequently, 

the number of ddMS2 triggered was adjusted in relation to the FWHM determined 

for the IS taking the cycle time into account using for Full MS R = 60,000 and for 

ddMS2 R = 15,000, i.e., 0.8 s for TOP 5 (1 Full MS + 5 ddMS2), 1.4 s for TOP 10 

(1 Full MS + 10 ddMS2), and 2.2 s for TOP 15 (1 Full MS + 15 ddMS2). For the 

elution window of the lysoPL (i.e., 0 – 7 min) TOP 5 was selected (Table 2.2); 

TOP 10 precursor ions were triggered from 7 to 12 min covering PL eluting with 

a FWHM of 8 – 10 s; and from 12 min until the end of the analysis TOP 15 was 

chosen covering PL eluting with a FWHM > 11 s. As this study focuses on PL, no 

optimization was done for the late-eluting NL (i.e., DG, TG, Chol Ester).  

Because one MS2 spectrum per lipid species, ideally at the apex of the peak, 

is sufficient for characterization, the apex trigger was set from 1 to 4 s and the 

dynamic exclusion to 4 s allowing on the one hand the acquisition of meaningful 

spectra at high intensity of the precursor ions and on the other hand the trigger 

of many different precursor ions. So far, the number of MS2 scans (TOP N) 

triggered during one duty cycle has not been split into segments over the analysis 

time in previous studies. Instead, they used constant TOP N ranging from 2, 3, 

10, or 20 for the whole analysis time [7–11, 34, 35, 39, 41, 42]. Our data shows 

that the optimization of this parameter is crucial to acquire as many product ion 

spectra as possible for characterization while keeping sufficient data points for 

semi-quantification in Full MS. The use of an exclusion list covering common 

contaminants, such as polysiloxanes, alkane polymers, or phthalates, prevents 

the acquisition of ddMS2 of abundant background ions containing no useful 

information (Appendix Table 8.1).  
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Additionally, using an inclusion list comprising lipids of interest, i.e., PC and PE 

bearing biologically relevant PUFA (Appendix Table 8.2), ascertains that their 

ddMS2 are recorded and thus reliably allows the characterization of their 

presence in biological samples. 

2.3.4 Optimization of normalized collision energy 

In order to obtain meaningful product ion spectra enabling comprehensive 

characterization of the lipid class as well as the fatty acyl chains, we investigated 

the influence of the collision energy (CE) on MS2 spectra in both ionization modes 

(Fig. 2.3). Lipids present in biological samples cover a wide range of masses. 

Thus, the NCE was used for fragmentation which represents the CE relative to 

m/z 500 and applies an adjusted actual CE depending on the m/z of the precursor 

ion, instead of applying the identical absolute CE regardless of the m/z. MS2 

spectra of the selected PC and PE standards were recorded in both ionization 

modes using NCE of 10, 20, 25, or 30, and evaluated for characteristic fragments 

comprising in ESI(+) the fragments of the PL’ polar head group or its (partly) loss, 

and in ESI(-) the fragments resulting from the fatty acyl chains [30]. With an NCE 

of 10, only slight fragmentation was observed: MS2 spectra were dominated by 

the molecular ions and only fragments of the polar head group were observed for 

both PL in both ionization modes (Fig. 2.3A, B, top). With a NCE of 20 and 25, 

the intensity of the fragments related to the polar head group increased (i.e., 

m/z 184.0733 for PC, and [M + H ‒ 141.0191]+ for PE) in ESI(+). Moreover, in 

ESI(-), fragments of the fatty acyl chains were detected (Fig. 2.3A, B, middle). 

Further increasing the NCE to 30 decreased the absolute intensity of most 

characteristic fragments particularly of those with a high m/z. 

Based on these findings, a stepwise fragmentation of the precursor ions using 

a combination of NCE 20 and 25 for both ionization modes was applied in the 

final method. This is in line with previous studies using also a stepwise 

fragmentation of 20 and 25 in both ionization modes [39], or 20 and 25 in ESI(+) 

and 20, 24, and 28 in ESI(-) [8]. 
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Fig. 2.3: Product ion spectra of PL with different NCE in ESI(-) and ESI(+) mode. Shown are 

the MS2 spectra of A PC 16:0/20:4(5Z,8Z,11Z,14Z) m/z 826.5604 [M + HCOO]- in ESI(-) and 

m/z 782.5694 [M + H]+ in ESI(+) mode, and B PE 18:1(9Z)/18:1(9Z) m/z 742.5392 [M ‒ H]- in 

ESI(-)and m/z 744.5538 [M + H]+ in ESI(+) mode. Analysis was done using untargeted LC-HRMS 

operating in Full MS/ddMS2 TOP N mode. 
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Fig. 2.3: Continued. Product ion spectra of PL with different NCE in ESI(-) and ESI(+) mode. 

B PE 18:1(9Z)/18:1(9Z) m/z 742.5392 [M – H]- in ESI(-) and m/z 744.5538 [M + H]+ in 

ESI(+)mode.  
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2.3.5 Sample preparation 

Selection of suitable extraction conditions for lipids from biological samples is 

a key prerequisite in untargeted analysis to ensure coverage of lipids with varying 

polarity. In the present study, individual lipid species were semi-quantified using 

one IS per lipid class. 

Recoveries between the MeOH/MTBE [23] and the two-step extraction 

protocol [25] were comparable for all PL classes covered by the IS except for PS 

(Table 2.3). Overall, apparent extraction recoveries were good, being slightly 

better in ESI(-) with > 75% except for SM, while in ESI(+) it was > 70% except for 

lysoPC and PG. Also, reproducibility of the lipid extraction was excellent with an 

intra-day and inter-day variance < 100 ± 15% except for PG and SM (< 100 ± 

20%). Extraction recovery of PS was considerably lower with the two-step 

extraction (< 13% two steps vs. > 80% MeOH/MTBE) and showed high variation, 

i.e., intra-day variance > 100 ± 47% and inter-day variance > 100 ± 97%, in both 

ionization modes. This poor recovery of PS with the two-step extraction is likely 

due to the addition of acetic acid, leading to the protonation of the serine head 

group, and thus the PS (partially) remains in the aqueous phase. With both 

processing methods, the NL, i.e., DG, TG, and Chol Ester, are also extracted. 

However, if also these more hydrophobic lipids are in the focus of analysis, a less 

polar reconstitution solvent after LLE must be chosen to ensure a better 

solubilization [32]. 

All in all, the MeOH/MTBE-based LLE is more environmentally friendly (no 

halogenated solvents) and the collection of the upper phase containing the lipids 

is easier in comparison to the extraction with CHCl3, where the lipids are in the 

lower phase. Moreover, it showed better extraction of the PS lipid class. In 

consequence, the MeOH/MTBE extraction was selected and further 

characterized. Regarding robustness, the extraction recoveries were not 

impacted by the plasma pool used for LLE (Appendix Fig. 8.6). 
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Table 2.3: Extraction recovery of IS from human plasma. IS were spiked to three different 

pools of human plasma prior to extraction and samples were extracted by LLE on three different 

days using a one-step MeOH/MTBE extraction or a two-step extraction with 

IPA/n-hexane//CHCl3/MeOH. Shown are the mean values and RSD (n = 9 for intra-day, n = 27 

for inter-day). 
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Table 2.3: Continued. Extraction recovery of IS from human plasma.  
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Inter-operator variability was thus determined combining all data from three 

different days and plasma pools (n = 81), and was excellent (< 100 ± 12% in 

ESI(-) and < 100 ± 23% in ESI(+)). Only the extraction of PS was affected by the 

operator, showing a recovery < 56% when samples were prepared by operator 2 

(Fig. 2.4), while > 80% were recovered by operators 1 and 3, which is reflected 

by an inter-operator variance of 100 ± 33%.  

 

Fig. 2.4: Robustness of extraction recovery. Shown is the extraction recovery of deuterium-

labeled IS from three different pools of human plasma by three different operators on three 

different days A in ESI(-) and B in ESI(+) mode. Shown are mean values ± SD (n = 9). Lipid 

extracts were analyzed by untargeted LC-HRMS operating in Full MS/ddMS2 TOP N mode 

(orbitrap Q Exactive HF). 
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Comparison of extraction recoveries of IS spiked to plasma prior to or post 

extraction unveiled that apparent losses of IS during sample preparation are 

< 15% for the lysoPL and < 8% for the PL in both ionization modes (Fig. 2.5A, B). 

These losses during sample preparation were slightly better than those reported 

for a modified Matyash protocol with an average loss of 27% [43]. Low apparent 

recoveries were observed particularly for PG 15:0/18:1[D7] in ESI(+) (50%) when 

the IS was added after extraction. These losses in the signal thus occur during 

LC-MS analysis due to ion suppression (Fig. 2.5C, D).  

 

Fig. 2.5: Influence of ion suppression on the extraction recovery from plasma. Shown are 

the recoveries of deuterium-labeled IS from the extraction of 10 µL of human plasma A in ESI(-) 

and B in ESI(+) mode. IS were spiked to the plasma at the beginning of sample preparation (prior 

extraction) or after sample preparation, directly before measurement (post-extraction). Shown are 

mean values ± SD, n = 3. C, D An IS solution (1.9 µmol L-1, 5 µL min-1) was post-columnly mixed 

with the LC flow (260 µL min-1) following injection of a plasma extract. Shown are the XIC of 

PG 15:0/18:1[D7] in C ESI(-) and D ESI(+) mode. The blue bar indicates the retention time of 

PG 15:0/18:1[D7].   
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2.3.6 Ion suppression analysis 

Ion suppression analysis showed in ESI(+) a strong suppression of the signal 

of PG 15:0/18:1[D7] (approx. 50%) at its elution time, while in ESI(-) the signal 

was less affected. This confirms the results of the spiking experiments and might 

explain the higher variance of the recovery of PG 15:0/18:1[D7] (Fig. 2.4, 

Table 2.3, Fig. 2.5). Overall, ion suppression analysis revealed stronger ion 

suppression effects in ESI(+) compared to ESI(-), and was similar for the different 

investigated plasma pools. Besides ion suppression, ion enhancement effects 

were also observed at the corresponding elution times, e.g., for 

SM 18:1;2O/18:1[D9] and PE 15:0/18:1[D7] in ESI(+), and for PI 15:0/18:1[D7] in 

ESI(-) (not shown). 

Extraction of a higher plasma volume (i.e., 20 and 50 µL) increased the ion 

suppression effects in ESI(+), especially for SM 18:1;O2/18:1[D9]. In ESI(-), 

besides ion suppression, strong ion enhancement was observed for 

PI 15:0/18:1[D7] and PG 15:0/18:1[D7] with higher plasma volume (Appendix 

Fig. 8.6). Thus, the use of 10 µL plasma is preferred as here ion suppression 

effects of the IS were acceptable. This sample volume is in line with previous 

lipidomics methods, e.g., Wang et al. and Chen et al. used 10 µL of human 

plasma for the extraction of lipids with a MeOH/MTBE-based LLE [44, 45] and 

Ottestad et al. extracted lipids from 10 µL of human plasma using a mixture of 

CHCl3/MeOH [46]. 

Excursus: Deletion of MS signals by orbitrap MS 

Ion suppression analysis unveiled in ESI(+) a complete drop of the signal of 

PG 15:0/18:1[D7] ([M + NH4]+ m/z 759.5875) to zero on two retention times 

between 13.24 and 15.17 min (for 116 s) (Fig. 2.5D and Fig. 2.6). Increasing the 

resolution setting of the Full MS scan from 60,000 to 240,000 decreased this 

signal drop to 32 s, but it still occurred even at the highest resolution (Fig. 2.6A). 

Full MS spectra indicate a distortion of the m/z by an interfering analyte resulting 

in a mass deviation > 20 ppm for the m/z of PG 15:0/18:1[D7] ([M + NH4]+) at both 

retention times (Fig. 2.6B).  
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Based on the m/z determined in the lipid extract without IS infusion, as well as 

its MS2 spectra, the interference could be related to the [13C1] isotope of 

PC 16:0_18:2 ([M + H]+ m/z 759.5728) which is present at high abundance in the 

plasma lipid extract (Fig. 2.6C). The elution window of this analyte from 13.30 to 

15.01 min fits the deletion of the signal. The separation of this interfering m/z was 

achieved at 13.41 min with a resolution of 240,000, but this was not the case 

around the chromatographic apex of the peak (i.e., 14.05 min) (Fig. 2.6B, 

bottom). 

 
Fig. 2.6: Collapse of the signal at m/z 759.5875 (PG 15:0/18:1[D7], [M + NH4]+) in 

LC-ESI(+)-HRMS ion suppression analysis. An IS solution was post-columnly mixed with the 

LC flow following injection of a plasma lipid extract and Full MS spectra were recorded. A XIC at 

m/z 759.5875 (PG 15:0/18:1[D7], [M + NH4]+) using resolution settings of 60,000, 120,000, or 

240,000. B Full MS spectra at 13.41 min (green) and 14.05 min (purple) showing the resolution-

dependent interference of the signal. C LC-MS chromatogram: TIC (m/z 200 – 1200) and XIC at 

m/z 759.5728 showing the peak of the interference and its Full MS spectrum. 
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Using a standard solution of PC 16:0/18:2(9Z,12Z) instead of a lipid extract 

for the ion suppression analysis confirmed that the distortion of the signal of 

PG 15:0/18:1[D7] was caused by PC 16:0/18:2(9Z,12Z) ions at high abundance 

(Fig. 2.7): When 6 µmol L-1 of the PC 16:0/18:2(9Z,12Z) was injected, the signal 

of PG 15:0/18:1[D7] at 14.05 min was distorted (Fig. 2.7A, B, bottom), while 

decreasing the injected concentration of the PC 16:0/18:2(9Z,12Z) to a similar 

intensity of the ions at m/z 759.5728 and m/z 759.5875 allowed the parallel 

detection of both m/z (Fig. 2.7A, B, top).  

 

Fig. 2.7: Ion suppression analysis of PG 15:0/18:1[D7] in ESI(+). A PG 15:0/18:1[D7] solution 

(1.9 µmol L-1, 5 µL min-1) was post-columnly mixed with the LC-flow following injection (5 µL) of a 

standard solution of PC 16:0/18:2(9Z,12Z) ((top) 0.5 µmol L-1, (middle) 3 µmol L-1, and (bottom) 

6 µmol L-1) A XIC signal at m/z 759.5875 (PG 15:0/18:1[D7], [M + NH4]+) in grey and in purple the 

peak of ([13C1] PC 16:0/18:2(9Z,12Z) [M + H]+) at m/z 759.5728. B Full MS spectra at 14.05 min 

showing the concentration-dependent interference of the peak of PG 15:0/18:1[D7] [M + NH4]+ 

with the peak of [13C1] PC 16:0/18:2(9Z,12Z) [M + H]+ with similar m/z. 
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The distortion of the m/z also depended on the amount of ions and the filling 

of the orbitrap (defined by the AGC target): When the ratio of 

PC 16:0/18:2(9Z,12Z) : PG 15:0/18:1[D7] was kept constant (12 : 1), a high 

concentration (3 – 6 µmol L-1) and a high number of ions in the trap 

(AGC ≥ 1 × 106) led again to the distortion of the signal of PG 15:0/18:1[D7]. At a 

lower filling of the trap (AGC target 2 × 104), both m/z were detected. In contrast, 

at low concentration (0.6 µmol L-1) only with a higher AGC target (≥ 1 × 106) both 

m/z were detected (Fig. 2.8). Similar findings of distortion of the m/z signal by 

abundant almost isobaric ions (despite sufficient resolution) have already been 

reported in orbitrap MS and can be explained by the formation of ion clouds with 

almost identical m/z within the trap resulting in peak coalescence [47]. Overall, 

this shows that when using an orbitrap mass analyzer abundant lipid species 

influence the detection of lower abundant ones with similar m/z which should be 

considered during method development, i.e., (i) choosing the highest resolution 

possible for Full MS analysis, and (ii) using an efficient chromatographic 

separation — as described herein — to separate almost isobaric lipids. 

Overall, the LLE with MeOH/MTBE yielded excellent extraction recoveries of 

the lysoPL and PL, and apparent losses resulted mainly from ion suppression. 

10 µL of plasma was chosen for LLE to limit matrix effects and to enable semi-

quantification. Intra- and inter-day variance < 100 ± 20%, as well as inter-

operator variance < 100 ± 18% (except for PS and PG) using different pools of 

plasma demonstrate the reproducibility and robustness of the extraction method 

underlining its suitability for lipidomics analysis (Fig. 2.4). The observed signal 

erase for PG due to the [13C1] of PC 16:0_18:2 in ESI(+) does not impact the 

detection of PG 15:0/18:1[D7] because it elutes earlier at 11.43 min (Table 2.1). 

However, it should be kept in mind that the detection of lipid species with nearly 

identical m/z eluting at the same time might be disturbed using FT-MS 

instruments resulting in loss or distortion of information regarding their presence. 

This is particularly an issue in shotgun analysis where all ions enter the MS at the 

same time, but also might occur to some extent when combined with 

chromatographic separation.  
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Fig. 2.8: Concentration and trap-filling dependent interference of PG 15:0/18:1[D7] and 

PC 16:0/18:2(9Z,12Z) in orbitrap MS. The signals of [13C1] PC 16:0/18:2(9Z,12Z) 

(m/z 759.5728) are highlighted in green and those of PG 15:0/18:1[D7] (m/z 759.5875) in grey. A 

mixture of the standards was analyzed by FIA-ESI(+)-HRMS at different concentrations, keeping 

a fixed concentration ratio of 12/1 (PC/PG). The concentrations of 

PC 16:0/18:2(9Z,12Z)/PG 15:0/18:1[D7] used are (top row) 6 µmol L-1/0.5 µmol L-1, 

(middle row) 3 µmol L-1/0.25 µmol L-1, and (bottom row) 0.6 µmol L-1/0.05 µmol L-1. Full MS 

spectra were recorded using different filling settings of the trap by setting the AGC to (left column) 

2 x 104, (middle column) 1 x 106, and (right column) 5 x 106
. 

 

The use of a higher resolution might reduce this effect, but cannot prevent 

deletion of the signal of minor lipid species by dominating ions with similar m/z. 
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2.3.7 Application: Analysis of the effects of n3-PUFA supplementation on 

the human plasma lipidome 

The effects of 12-month n3-PUFA supplementation (corresponding to 

4 portions of fatty fish per week) on the plasma PL pattern in healthy subjects 

were investigated, aiming to characterize which PL are changing most following 

supplementation. After manual review of the feature assignment by MS-DIAL, 

1399 features in ESI(+) and 580 in ESI(-) were found and evaluated by means of 

volcano plots (Fig. 2.9A). For evaluation of which lipid species showed a relevant 

change after n3-PUFA supplementation, only features with a – log10 (p-value) 

≥ 1.303 (corresponding to – log10 (p ≤ 0.05)) and a log2 (fold change) ≥ 0.5 or 

≤  – 0.5 were further investigated (348 features in ESI(+) and 151 in ESI(-)). 

From these, only the features detected in both ionization modes were semi-

quantified aiming to (i) characterize the lipid class and the fatty acyl chains of the 

lipids, which was not done in previous lipidomics studies investigating n3-PUFA 

supplementation [45, 46, 48], and to (ii) provide additional confidence regarding 

the tentative identification of the lipid species and their modulation following 

n3-PUFA supplementation by comparing the results from both ionization modes. 

Thus, DG, TG, and Chol Ester were not further evaluated (Fig. 2.9A). Further 

confidence of the lipid identification was obtained utilizing retention time behavior 

of lipids in RP-LC, which correlates with the equivalent carbon number. Plotting 

the retention times of the logical series of lipid species vs. the carbon number of 

the fatty acyl chains (Appendix Fig. 8.4) or vs. the number of double bonds 

(Appendix Fig. 8.5) showed good correlation of polynomial regression for the 

different lipid classes [12]. A total of 98 lipid species were semi-quantified based 

on their peak height using the IS of the same lipid class, and concentrations 

obtained from the analysis in ESI(+) and ESI(-) mode were comparable 

(Appendix Table 8.5). 
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Fig. 2.9: Untargeted LC-HRMS analysis of PL in human plasma following n3-PUFA 

supplementation. Plasma lipid extracts at baseline and following 12 months of n3-PUFA 

supplementation were analyzed by untargeted LC-HRMS. A Shown are volcano plots highlighting 

significantly changing features detected in both ionization modes and those only detectable in 

ESI(+). B Significantly changing features detected in both modes are highlighted according to 

their lipid class. Shown are the C relative and D absolute changes observed in ESI(+) for the 

TOP 5 most changing tentatively identified lipids (mean ± SEM, n = 20). Highlighted lipids were 

further quantified by targeted LC-MS/MS. 

 

Significant changes following n3-PUFA supplementation were observed for 

PC, ether PC, ether PE, PE, lysoPE, PI, and lysoPC lipid species. With 34 lipids, 

most changes were observed for the PC lipid class, followed by ether PC, ether 

PE, and PE with 24, 15, and 11 species, respectively (Fig. 2.9B). Following 

n3-PUFA supplementation, 8 PE species decreased, while 11 ether PE species 

increased. The change of a higher number of PC species is likely related to the 

high abundance of PC in human plasma, being the most abundant class of PL 

accounting for around 18% of all lipids [49, 50].  
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This is in line with an earlier analysis of the samples from the same study, where 

Browning et al. also found the strongest increase of DHA + EPA in the PC fraction 

among the different analyzed plasma lipid fractions (i.e., PC, Chol Ester, and TG). 

However, other PL classes were not analyzed [28]. 

Following n3-PUFA supplementation, the most increasing lipids bear 20:5 

(Fig. 2.9C). It should be noted that the baseline concentration of lipids bearing 

20:5 was lower than that of lipids bearing 22:6, which is consistent with a previous 

study reporting a lower total fatty acid level of 20:5(5Z,8Z,11Z,14Z,17Z) 

compared to 22:6(4Z,7Z,10Z,13Z,16Z,19Z) (40 ± 28 µmol L-1 and 

89 ± 37 µmol L-1, respectively) in plasma from healthy Canadian adults [51]. Due 

to their lower baseline concentration, a stronger increase was observed for lipids 

bearing 20:5: For example, lysoPC 20:5_0:0 was less abundant at baseline than 

lysoPC 22:6_0:0 (i.e., 0.25 ± 0.11 µmol L-1 vs. 0.80 ± 0.28 µmol L-1) and was 

relatively increased by 350%, while lysoPC 22:6_0:0 showed an increase of 

100%. Similar results were also observed for other PL classes, i.e., for the pairs 

PI 18:0_20:5/PI 18:0_22:6 (340% vs. 80%), PC 17:0_20:5/PC 17:0_22:6 (300% 

vs. 81%), lysoPE 20:5_0:0/lysoPE 22:6_0:0 (200% vs. 50%), and 

PC O-18:1_20:5/PC O-18:1_22:6 (180% vs. 82%).  

These observations are in line with results from the same trial showing that 

the fatty acid 20:5(5Z,8Z,11Z,14Z,17Z) [52] and its oxylipin products (e.g., 

14(15)-EpETE) [53] are relatively more affected by n3-PUFA supplementation 

compared to 22:6(4Z,7Z,10Z,13Z,16Z,19Z) and its oxylipin products. Our results 

are consistent with previous lipidomics studies showing that lysoPC 20:5_0:0 

increased more than lysoPC 22:6_0:0 following n3-PUFA supplementation 

[45, 46]. Interestingly, also the determined relative changes for lysoPC 20:5_0:0 

(i.e., 4.10 vs. 4.35) and lysoPC 22:6_0:0 (i.e., 1.93 vs. 1.89) were similar to the 

studies from Ottestad et al. where healthy subjects (n = 16) received fish oil 

capsules containing 0.7 g EPA + 0.9 g DHA per day for 7 weeks, indicating a 

steady state of modulation [46]. 
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Table 2.4: Concentration of selected PL determined by untargeted and targeted analysis 

in plasma at baseline and following 12 months of n3-PUFA supplementation. Plasma lipid 

extracts were analyzed by untargeted LC-HRMS in both ionization modes, and lipids were semi-

quantified based on normalized peak heights using one IS per lipid class. For quantification, 

extracts were analyzed by targeted LC-ESI(-)-MS/MS and lipids were quantified by external 

calibration based on analyte to corresponding IS peak area ratios. Shown are mean values ± SD, 

n = 20. The highlighted lipids were among the most changing species determined by untargeted 

LC-HRMS (see Fig. 2.9C, D). 
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Table 2.4: Continued. Concentration of selected PL determined by untargeted and targeted 

analysis in plasma at baseline and following 12 months of n3-PUFA supplementation.  
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The strongest relative decrease was observed for lipids bearing 22:4 with, 

e.g., PE 18:0_22:4 showing a decrease of − 74% and lysoPC 22:4_0:0 of − 55% 

(Fig. 2.9C), and those bearing 20:3 with, e.g., PC 18:0_20:3 decreasing by 

− 45%. Other lipids bearing potential n6-PUFA, such as ARA 

(20:4(5Z,8Z,11Z,14Z)) or linoleic acid (18:2(9Z,12Z)), also decreased following 

n3-PUFA supplementation, e.g., PE 18:0_20:4 with − 37% and PC 18:2_18:2 

with − 27%. Interestingly, the latter also showed the strongest decrease in 

concentration (Fig. 2.9D). These results are in line with previous studies reporting 

that n3-PUFA supplementation led to a decrease in the n6-PUFA content [28, 52, 

54, 55]. Our results are also consistent with the study from Uhl et al. where a 

significant decrease was found for PC 16:0/22:4, PC 18:0/22:4, and PC 18:1/20:4 

in plasma from subjects supplemented with 510 mg/day of DHA for 29 days by 

means of targeted lipidomics analysis [56]. In order to support the results 

determined with the untargeted approach, several of the most changing PL in the 

plasma were quantified using targeted LC-MS/MS. 

Targeted analysis confirmed the tentative identification of the PL 

PC 18:0/20:5(5Z,8Z,11Z,14Z,17Z), PC 18:0/22:6 (4Z,7Z,10Z,13Z,16Z,19Z), 

PE 18:0/20:4(5Z,8Z,11Z,14Z), PE 18:0/22:4(7Z,10Z,13Z,16Z), and 

PC 18:2(9Z,12Z)/18:2(9Z,12Z) (Table 2.4, Appendix Fig. 8.7). Concentrations 

determined by quantitative targeted LC-MS/MS were in the same range as those 

semi-quantified by LC-HRMS, also confirming the observed increase and 

decrease following n3-PUFA supplementation (Fig. 2.10). Quantitative targeted 

analysis resulted in almost same concentration for 

PC 18:0/20:5(5Z,8Z,11Z,14Z,17Z), while < 2.5-fold difference  in concentrations 

was found for PC 18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z), 

PE 18:0/20:4(5Z,8Z,11Z,14Z), PE 18:0/22:4(7Z,10Z,13Z,16Z), and 

PC 18:2(9Z,12Z)/18:2(9Z,12Z). 

This supports the suitability of the developed untargeted LC-HRMS method to 

monitor changes in the PL pattern in plasma. Our results showed a significant 

increase in lipids bearing n3-PUFA combined with a decrease in lipids bearing 

n6-PUFA [28, 52, 54].  
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PC 18:0/20:5(5Z,8Z,11Z,14Z,17Z) and PC 18:2(9Z,12Z)/18:2(9Z,12Z) were 

found to be significantly modulated and might be further investigated as possible 

biomarkers for n3-PUFA consumption. 

 

Fig. 2.10: Comparison of concentrations of selected PL determined by untargeted LC-

HRMS and targeted LC-MS/MS. Plasma lipid extracts were analyzed by untargeted LC-HRMS, 

and lipids were semi-quantified based on peak heights using one IS per lipid class. For 

quantification, the extracts were analyzed by targeted LC-ESI(-)-MS/MS, and lipids were 

quantified by external calibration based on analyte to corresponding IS peak area ratios. Shown 

are the concentrations of selected PL at baseline and following 12 months of n3-PUFA 

supplementation (mean ± SEM, n = 20). 
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 Conclusion 

We optimized and characterized the performance of an LC-HRMS method for 

the semi-quantification of polar lipids in human plasma. Individual MS parameters 

were systematically optimized allowing a threefold gain in sensitivity. It was 

shown that the setting of the auxiliary gas is critical for the spray stability and the 

S-lens RF level has a relevant impact on the ion transmission and signal intensity. 

Optimization of chromatographic parameters showed that the selection of the RP 

C18 column has a great impact on the separation efficiency and peak shape, 

indicating that surface interactions play a relevant role in PL separation in RP-LC. 

Data-dependent MS2 settings were identified to be crucial and the number of 

TOP N was adjusted based on the FWHM of the chromatographic peaks over the 

elution time in a staggered manner. This allows the acquisition of as many 

meaningful MS2 spectra as possible for lipid characterization, while recording 

enough data points across the peaks for semi-quantification. Of note, we found 

that highly abundant lipids can distort the detection of lipids with similar m/z in the 

orbitrap mass analyzer. Thus, the highest resolution possible should be selected 

for Full MS analysis; however, this does not resolve the problem completely. 

Thorough characterization of matrix effects by pre- and post-extraction spiking 

as well as ion suppression analysis of plasma unveiled that apparent losses are 

caused by ion suppression. Thus, concentrations resulting from semi-

quantification based on only one IS per lipid class might be affected by coeluting 

interferences in RP-LC. However, determined concentrations in plasma by 

untargeted LC-HRMS were comparable in ESI(-) and ESI(+), and in the same 

range as those obtained by targeted LC-MS/MS. 

The developed LC-HRMS method was successfully used to investigate the 

effects of n3-PUFA supplementation on the PL pattern in human plasma. A total 

of 98 PL, which were significantly changed following supplementation, were semi-

quantified in both ionization modes. A strong increase was found for lipids bearing 

20:5, while lipids bearing 22:4, and of note PC 18:2(9Z,12Z)/18:2(9Z,12Z) were 

lowered.  
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Quantitative targeted analysis confirmed the identification of selected PL and their 

relative change following n3-PUFA supplementation. The concentration 

difference between the targeted and the untargeted approach was less than 

2.5-fold, underlining the reliability of the semi-quantification using the developed 

untargeted LC-HRMS method. 
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3 Chapter 3 

LC-HRMS analysis of phospholipids bearing oxylipins * 
 

Several oxylipins including hydroxy- and epoxy-PUFA act as lipid mediators. 

In biological samples they can be present as non-esterified form, but the major 

part occurs esterified in PL or other lipids. Esterified oxylipins are quantified 

indirectly after alkaline hydrolysis as non-esterified oxylipins. However, in this 

indirect analysis the information in which lipid class oxylipins are bound is lost. In 

this work, an untargeted LC-HRMS method for the direct analysis of PL bearing 

oxylipins was developed. Optimized RP-LC separation achieved a sufficient 

separation of isobaric and isomeric PL from different lipid classes bearing oxylipin 

positional isomers. Individual PL species bearing oxylipins were identified based 

on retention time, precursor ion, and characteristic product ions. The bound 

oxylipin could be characterized based on product ions resulting from the 

α-cleavage occurring at the hydroxy/epoxy group. PL sn-1/sn-2 isomers were 

identified based on the neutral loss of the fatty acyl in the sn-2 position. A total of 

422 individual oxPL species from 7 different lipid classes i.e., PI, PS, PC, PE, 

PC-P, PC-O, and PE-P were detected in human serum and cells. This method 

enabled to determine in which PL classes supplemented oxylipins are 

incorporated in HEK293T cells: 20:4;15OH, 20:4;14Ep, and 20:5;14Ep were 

mostly bound to PI. 20:4;8Ep and 20:5;8Ep were esterified to PC and PE, while 

other oxylipins were mainly found in PC. The developed LC-HRMS method 

enables the comprehensive detection as well as the semi-quantification of 

isobaric and isomeric PL species bearing oxylipins. With this method, we show 

that the position of the oxidation has a great impact and directs the incorporation 

of oxylipins into the different PL classes in human cells. 

* modified from Carpanedo L. Rund K. M., Wende L. M., Kampschulte N., and Schebb N. H. 

(2024) Anal Chim Acta. 1326, 343139; doi: 10.1016/j.aca.2024.343139. 

https://creativecommons.org/licenses/by/4.0/ 
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 Introduction 

Eicosanoids and other oxylipins are derived from the oxidation of PUFA. The 

major part of oxylipins, particularly epoxy- and hydroxy-PUFA, is found esterified 

i.e. bound to lipids such as PL in biological samples [1-3]. Several oxylipins are 

potent lipid mediators [4,5], however, the biological activity and role of esterified 

oxylipins are not well understood. Few studies describe the effects of PL bearing 

oxylipins on inflammation. For example, pro-inflammatory actions such as 

increasing monocyte adhesion [6], platelet activation, and aggregation [7] have 

been described. However, other studies suggest anti-inflammatory effects in 

lipopolysaccharide-induced inflammation [8]. PL bearing oxylipins, i.e., oxPL can 

be formed (i) by the direct oxidation of the esterified PUFA via non-enzymatic lipid 

peroxidation or by 15-LOX accepting PL as substrate [9], or (ii) by oxidation of 

non-esterified PUFA followed by incorporation into lysoPL via the Lands’ cycle 

pathway: Here, the PUFA is oxidized either enzymatically by COX, CYP450, or 

LOX, or through non-enzymatic processes [1,9–12]. In the next step, an ACSL 

catalyzes the activation of the oxPUFA, yielding oxPUFA-CoA. The acyl-CoA are 

(re)esterified into lysoPL by different enzymes such as LPLAT [9,13]. In 

mammalian lipids, saturated FA are usually bound at the sn-1 position by an ester 

bond or in the case of ether lipids an alkyl chain is bound via an ether or a vinyl-

ether bond (plasmalogen) [14]. PUFA such as LA, ARA, EPA, or DHA are 

typically bound at the sn-2 position [15]. Consequently, it is also assumed that 

oxPL predominantly feature the oxylipin at the sn-2 position. 

In the last decades, the quantification of esterified oxylipins was carried out 

indirectly by quantitative analysis of non-esterified oxylipins using targeted 

LC-MS/MS [16,17] following the cleavage of the ester bond by alkaline hydrolysis. 

However, with this analysis the information on which lipid species/classes the 

oxylipins are esterified is lost and thus it is impossible to study the biological roles 

of specific oxPL. 
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Only few methods directly analyzing oxPL are described [7,18–23]. However, 

with the exception of the study of Aoyagi et al. [18] characterizing about 400 PL 

species bearing oxylipins, these methods only cover few esterified oxylipins. The 

MS analysis of oxPL represents a challenge because of the large number of 

isomeric species giving rise to ions with the same m/z, which in several cases 

even show a similar fragmentation behavior. Therefore, chromatographic 

separation of oxPL is crucial enabling their identification through the acquisition 

of meaningful MS2 spectra. Few studies analyzed oxPL using targeted LC-MS/MS 

in biological samples such as mouse peritoneal macrophages [18, 23] or mouse 

organs, e.g. intestine [23] or heart tissue [22]. In these studies, coeluting isobaric 

oxPL species are detected based on specific mass transitions, which only allows 

the detection of preselected PL bearing oxylipins. In contrast, untargeted 

LC-HRMS has been demonstrated to be an effective tool for the analysis of 

PC 16:0/5:0;O and PC 16:0/9:0;O in blood platelets [7], and esterified mono, 

double, and triple oxygenated ARA and AdA in mouse embryonic fibroblasts [19]. 

However, none of these studies focused on the separation and detection of 

isobaric and isomeric oxPL and as a consequence, only a low number of oxPL in 

biological samples were detected. 

Here, an untargeted LC-HRMS method for the analysis of oxPL has been 

developed. The optimized chromatography allows the separation of a large 

number of isobaric and isomeric PL bearing hydroxy- or epoxy-PUFA. Individual 

oxPL species were identified in negative ionization mode based on the precursor 

ion, MS2 spectra, and retention time. Characteristic product ions enabled to 

deduce the position of the hydroxy/epoxy group in the oxPUFA as well as the 

sn-1/sn-2 position of the fatty acyl chains. The method was applied to investigate 

in which PL class supplemented hydroxy-20:4 (20:4;OH), epoxy-18:2 (18:2;Ep), 

epoxy-20:4 (20:4;Ep), and epoxy-20:5 (20:5;Ep) positional isomers are 

incorporated in human cells. Semi-quantification of the oxPL unveiled a distinct 

incorporation pattern of individual oxylipins in specific PL classes. 
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 Experimental 

3.2.1 Chemicals and biological material 

The PL standards PI 12:0/13:0, PS 12:0/13:0, PC 12:0/13:0, and 

PE 12:0/13:0 used as IS were purchased from Avanti Polar Lipids (local supplier: 

Merck KGaA, Darmstadt). The standards PC 16:0/17(18)-EpETE, 

PC 16:0/20:4(5Z,8Z,11Z,14Z), PC 18:0/20:4 (5Z,8Z,11Z,14Z), 

PE 16:0/20:4(5Z,8Z,11Z,14Z), PE 18:0/20:4(5Z,8Z,11Z,14Z), 

PC 18:0/20:5(5Z,8Z,11Z,14Z,17Z), PC 16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z), 

PC 18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z), PE 16:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z), 

PC 18:0/22:4(7Z,10Z,13Z,16Z), and PE 18:0/22:4(7Z,10Z,13Z,16Z) as well as 

15-HETE, 12-HETE, and 5-HETE were from Cayman Chemical (Ann Arbor, MI, 

USA; local supplier: Biomol, Hamburg, Germany). The PUFA standards (i.e., 

18:2, 20:4, 20:5, or 22:6) were purchased from NuChek Prep, Inc. (Waterwill, MN, 

USA). ACN LC-MS grade, MeOH LC-MS grade, IPA LC-MS grade, as well as 

formic acid LC-MS grade were obtained from Fisher Scientific (Schwerte, 

Germany). Ultra-pure H2O (18.2 MΩ cm) was generated using the Barnstead 

Genpure Pro system from Thermo Fisher Scientific (Lan genselbold, Germany). 

Ammonium formate was supplied by Sigma-Aldrich (Schnelldorf, Germany). 

Sodium deoxycholate was from Carl Roth (Karlsruhe, Germany). All other 

chemicals, including MTBE, were purchased from Merck KGaA (Darmstadt, 

Germany). 

Epoxy-PUFA were synthesized in-house using meta-chloroperoxybenzoic 

acid (mCPBA) as described [24]. Briefly, 50 mg (~ 150 μmol L-1) PUFA (i.e., 18:2, 

20:4, 20:5, or 22:6) were dissolved in 10 mL CHCl3 and mCPBA was added in an 

equimolar amount. After gentle stirring at room temperature overnight, the 

reaction was terminated by LLE with 0.5 mol L-1 aqueous sodium bicarbonate 

solution (pH = 8.0). Following drying with sodium sulfate, the organic phase was 

evaporated to dryness, and monoepoxy-PUFA were separated from the 
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remaining educt and multiple epoxidized PUFA by (semi-)preparative 

RP-chromatography (overall yield 50 – 70% depending on PUFA). 

Soybean 15-LOX (type I – B) and the pooled human serum were purchased 

from Sigma-Aldrich (Schnelldorf, Germany). HEK293T cells were obtained from 

the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ, 

Braunschweig, Germany). 

3.2.2 Lipid extraction 

Lipids in serum and HEK293T cells were extracted using a modified LLE 

based on Matyash et al. [25] described in [26] with slight modifications. Briefly, 

100 μL freshly thawed human serum or 100 μL suspension of sonicated cells (in 

500 μL PBS) were transferred to 3 mL glass tubes. 15 pmol of each IS (i.e., 

PI 12:0/13:0, PS 12:0/13:0, PC 12:0/13:0, and PE 12:0/13:0) were added, 

yielding a final concentration of 300 nmol L-1 in the lipid extract. Lipids were 

extracted using 225 μL MeOH and 750 μL MTBE. Phase separation was induced 

by the addition of 188 μL 150 mmol L-1 ammonium acetate. Following 

centrifugation and collection of the upper phase, re-extraction of the lipids was 

done using 300 μL MTBE. After extraction and evaporation, the dried residue was 

reconstituted in 50 μL of IPA/ACN (50/50, v/v). The extracts were sonicated and 

directly used for LC-HRMS analysis. 

Extraction recovery was evaluated by adding the IS (15 pmol) and an oxPL 

mixture (7.5 pmol) prior to or post LLE to non-supplemented cell samples 

(Fig. 3.1). The recovery was calculated relative to the recovery of an IS/oxPL 

solution directly injected. 
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Inter-day variability was assessed on seven days by determining the recovery 

of the IS, i.e., PI, PS, PC, and PC bearing 12:0 and 13:0. Spiking experiment 

unveiled excellent extraction recovery > 95% for oxPL and > 85% for IS. 

Precision and reproducibility of the extraction were excellent with an intra-day 

and inter-day variance < 100 ± 10% except for PS 12:0/13:0 (< 100 ± 20%). 

 

Fig. 3.1: Extraction efficiency in human cells. Shown are the recoveries of A IS and B spiked 

oxPL from the extraction of non-supplemented cell samples in ESI(-) mode. IS (15 pmol of each) 

and an oxPL mixture (7.5 pmol of each) were added to the cell sample at the beginning of sample 

preparation (pre-spiked) or after sample preparation, directly before untargeted LC-HRMS 

measurement (post-spiked). Extraction recovery was calculated relative to an IS/oxPL solution 

directly injected. Shown are mean values ± SD, n = 3. C Inter-day variability shown as mean 

values ± SD of IS recovery from cell extraction (7 days, each mean of n = 3). 
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3.2.3 Preparation of oxidized phospholipid standards by soybean 15-LOX 

OxPL standards were generated based on a modified protocol from Morgan 

et al. [20]. Briefly, individual PL standards were dried using nitrogen, then 

resuspended in 40 mmol L-1 borate buffer (pH = 9.0) and 10 mmol L-1 

deoxycholate to a final concentration of 0.1 mmol L-1. The soybean 15-LOX was 

added (5.2 kU mL-1) and samples were incubated at room temperature for 2 h. 

Hydroperoxides were reduced to the corresponding alcohols by adding 1.3 μmol 

of tin(II) chloride in H2O, and lipids were extracted using MeOH/MTBE. The 

oxidized product was purified using RP-LC coupled to an ultraviolet spectroscopic 

detector. The concentration of the purified oxPL standards was determined by 

quantitative targeted LC-MS/MS analysis of hydroxy-PUFA following alkaline 

hydrolysis [27–30]. These oxPL were used to evaluate the sensitivity of the 

developed LC-HRMS method by injecting a sequential dilution of standards. A 

concentration of 50 nmol L-1 (20 pg on column) led to a clear peak. 

3.2.4 Cell culture 

HEK293T cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) 

high glucose (4.5 g L-1) supplemented with 10% (v/v) fetal calf serum (FCS), 

100 U mL-1 penicillin, 100 μg m L-1 streptomycin, and 1 mmol L-1 sodium pyruvate 

in a humidified atmosphere with 5 % CO2 at 37 °C. In 6-well plates, 0.5 × 106 cells 

were seeded per well and cultivated for 24 h to allow cell adhesion. Following 

24 h, the medium was replaced with 999 μL of fresh serum-free medium 

additionally supplemented with 1 μmol L-1 soluble epoxide hydrolase inhibitor 

(1-(1-propanoylpiperidin-4-yl)-3-[4-(trifluoromethoxy)phenyl]urea, TPPU). For 

supplementation, 1 μL of a mixture of oxylipins (containing hydroxy- or epoxy-

PUFA regioisomers) in DMSO was directly spiked into the medium leading to a 

final concentration of about 2 μmol L-1 (0.1% DMSO) (exact concentrations are 

listed in Table 3.1) and incubated for 2 h. Controls were treated with 0.1% DMSO. 

The supplemented medium was collected and the cells were harvested by 

scraping in ice-cold phosphate-buffered saline (PBS). 
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Table 3.1: Concentration of supplemented oxylipins in the cultivation medium of HEK293T 

cells. Non-esterified oxylipins were quantified by targeted LC-MS/MS as described [27-30]. In 

20:4;Ep-supplemented cells, 5(6)-EpETrE was excluded from further analysis due to its rapid 

decomposition to 6-hydroxy 1,5-lactone.  

 

 

 

 

 

 

supplementation oxylipin concentration [µmol L-1] 

EpOMEs 
(18:2;Ep) 

12(13)-EpOME (18:2;12Ep) 4.5 

9(10)-EpOME (18:2;9Ep) 5.0 

HETEs 
(20:4;OH) 

15-HETE (20:4;15OH) 2.2 

12-HETE (20:4;12OH) 2.0 

5-HETE (20:4;5OH) 2.1 

EpETrEs 
(20:4;Ep) 

14(15)-EpETrE (20:4;14Ep) 5.0 

11(12)-EpETrE (20:4;11Ep) 3.2 

8(9)-EpETrE (20:4;8Ep) 1.6 

5(6)-EpETrE (20:4;5Ep) 2.0 

EpETEs 
(20:5;Ep) 

17(18)-EpETE (20:5;17Ep) 5.1 

14(15)-EpETE (20:5;14Ep) 2.3 

11(12)-EpETE (20:5;11Ep) 2.1 

8(9)-EpETE (20:5;8Ep) 2.2 

EpDPE 
(22:6;Ep) 

19(20)-EpDPE (22:6;19Ep) 5.0 

16(17)-EpDPE (22:6;16Ep) 2.3 

13(14)-EpDPE (22:6;13Ep) 2.2 

10(11)-EpDPE (22:6;10Ep) 2.2 

7(8)-EpDPE (22:6;7Ep) 1.6 
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3.2.5 LC-MS analysis 

Instrumental analysis was performed on a Vanquish Horizon high-

performance LC system coupled to a hybrid quadrupole-orbitrap mass 

spectrometer (Q Exactive HF; Thermo Fisher Scientific, Dreieich, Germany). The 

injection volume was 5 μL. Chromatographic separation was carried out on an 

ACQUITY Premier CSH C18 column (2.1 × 100 mm, 1.7 μm, 130 Å; Waters, 

Eschborn, Germany) equipped with a guard column (2.1 × 5 mm, 1.7 μm) at 

40 °C. A binary gradient was used with eluent A (H2O/ACN, 60/40, v/v) and 

eluent B (IPA/ACN, 80/20, v/v, +1% H2O), both containing 10 mmol L-1 

ammonium formate and 0.1% formic acid. Lipids were separated using the 

following gradient with a flow rate of 260 μL/min: 0–0.7 min 30% B; 0.7–0.8 min 

30–57.5% B; 0.8–9 min 57.5% B; 9–22 min 57.5–68% B; 22–24 min 68–99% B; 

24–28 min 99% B; 28–30 min 30% B.  

Lipids were analyzed following ESI(-). Few analyses were also carried out in 

ESI(+) mode to evaluate the elution of different lipid classes (Fig. 3.2). The Full 

MS scans were recorded over a mass range of m/z 200 – 1200 at a resolution 

setting of 60,000 with the AGC target set to 1 × 106 and a maximum IT of 160 ms. 

Optimized ion source and MS settings for PL were used [26]. NCE was optimized 

using PC 16:0/15-HETE, PE 16:0/15-HETE, PC 16:0/17-HDHA, and 

PE 16:0/17-HDHA standards (Appendix Fig. 8.8). Optimized NCE was set to 25 

and 30 relative to m/z 500 at a resolution setting of 15,000 with an AGC target of 

5 × 104 and a maximum IT of 80 ms. MS detection was carried out in Full 

MS/ddMS2 TOP N mode: ddMS2 scans of the 15 most intense m/z (TOP 15) in 

the Full MS scan were triggered based on an exclusion [26] and inclusion list 

specific for ESI(-) (Appendix Table 8.6). This led to an average duty cycle of 1.0 s. 

Additionally, the concentration of esterified oxylipins in samples (Appendix Tables 

8.7, 8.8, 8.9) was quantified indirectly by targeted LC-MS/MS with (total oxylipins) 

and without (non-esterified oxylipins) alkaline hydrolysis as previously described 

[27–30]. 
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3.2.6 Data processing 

OxPL were tentatively identified by LC-ESI(-)-HRMS based on (i) the 

precursor ion within a mass tolerance ≤ 3 ppm, (ii) the product ion of the head 

group of the lipid class or its (partial) neutral loss, (iii) the product ion resulting 

from the neutral loss of the fatty acyl in the sn-2 position as a ketene, (iv) the 

product ion(s) of the (ox)FA, and (v) the product ion resulting from the α-cleavage 

of the oxPUFA occurring at the hydroxy/epoxy group. In case the product ion of 

the α-cleavage was not present in the MS2 spectrum, only the chemical formula 

of the (oxidized) fatty acyl/alkyl chains is reported. In accordance with the 

nomenclature of PL [31], the separator “/” is used for oxPL whose sn-position of 

the fatty acyl/alkyl chains was confirmed by authentic standards or by the neutral 

loss of the fatty acyl in sn-2 position, while the separator “_” is used in case the 

sn-position is unknown. Esterified epoxy- and hydroxy-PUFA were distinguished 

based on different elution times, considering that PL bearing epoxy-PUFA elute 

later in RP chromatography (Appendix Fig. 8.9, Table 8.10). 

OxPL in oxylipin-supplemented HEK293T cells were semi-quantified based 

on peak heights obtained in LC-ESI(-)-HRMS using one IS per lipid class: 

PI 12:0/13:0 was used for oxPI species, PS 12:0/13:0 for oxPS species, 

PC 12:0/13:0 for oxPC, oxPC-P, and oxPC-O species, and PE 12:0/13:0 for 

oxPE and oxPE-P species. The ionization efficiency of unoxidized bi-saturated 

PL used as IS was comparable (i.e., PC 12:0/13:0 and PE 12:0/13:0) to oxPC 

and oxPE species (Appendix Table 8.11). Thus, the concentration of the oxPL 

could be calculated based on their peak heights compared to that of the IS (one 

point calibration). For the cell culture samples the concentrations were calculated 

based on the amount of protein. 
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 Results and discussion 

3.3.1 Chromatographic separation of oxidized phospholipids 

Oxylipins can be esterified to numerous PL classes bearing different FA 

resulting in a large number of oxPL including several isobaric species which can 

be present in biological samples. Therefore, chromatographic separation of oxPL 

species is crucial. Based on an established RP-LC-HRMS method for the 

analysis of PL [26], the chromatographic separation of PL bearing hydroxy- and 

epoxy-PUFA was optimized (Appendix Fig. 8.9): The oxPL elute as narrow peaks 

over a broad elution window from 7 to 21 min, followed by the elution of the 

unoxidized PL and NL (Fig. 3.2A). The elution order of the oxPL classes is 

identical to the RP separation of unoxidized PL, with oxPI eluting earliest, 

followed by oxPS, oxPC, oxPE, oxPC-P, oxPC-O, and oxPE-P (Fig. 3.3, 3.4) [26]. 

A constant retention time difference was found between analogue lipid species 

from the same lipid class differing by the fatty acyl/alkyl chain in the sn-1 position, 

e.g. analogue oxPC species bearing 16:0 vs. 18:0 showed a difference of 

4.57 ± 0.09 min, and similarly for oxPC species bearing 16:0 vs. 18:1 the 

difference was 0.50 ± 0.06 min (Table 3.2, Appendix Table 8.12). A constant shift 

in retention time was also observed between PL and ether PL bearing the same 

(oxidized) FA, e.g., oxPC vs. oxPC-O (i.e., 2.4 min) and oxPC vs. oxPC-P 

(i.e., 1.7 min). The additional double bond of oxPC-P leads to an earlier elution 

compared to oxPC-O and is consistent with previous reports for unoxidized PL 

separated on a C18 column [26,32]. These distinct retention time differences 

enable to confidently differentiate isomeric oxPC-P and oxPC-O species such as 

the pair PC P-18:0/20:4;15OH and PC O-18:1/20:4;15OH. 

Overall, separation of esterified hydroxy- and epoxy-PUFA positional isomers 

from 18:2, 20:4, 20:5, and 22:6 was achieved (Fig. 3.2B, C) as demonstrated for 

lipid extracts of both human serum and oxylipin-supplemented cells. The critical 

isobaric pairs PC 16:0/18:2;13OH and PC 16:0/18:2;9OH (R = 2.5) as well as 

PI 18:0/18:2;12Ep and PI 18:0/18:2;9Ep (R = 2.3) were baseline separated. 
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Fig. 3.2: Chromatographic separation efficiency of oxPL by means of RP-LC-HRMS. Shown 

is the separation of a lipid extract from human serum A full scan m/z 200 – 1200 in ESI(+) mode 

and B XIC signals of PC species bearing different hydroxy-PUFA positional isomers in ESI(-) 

mode (X = position of the hydroxy group). In C, the XIC signals of PI species bearing different 

epoxy-PUFA positional isomers in oxylipin-supplemented cells are shown in ESI(-) mode 

(Y = position of the epoxy group). 

 

Likewise, PI bearing 20:4;14Ep, 20:4;11Ep, 20:4;8Ep, and 20:4;5Ep were 

separated with R > 1.5 (Fig. 3.2C). Eight PC species bearing hydroxy-20:5 

(PC 16:0/20:5;OH), nine PC species bearing hydroxy-20:4 (PC 16:0/20:4;OH), 

and nine PC species bearing hydroxy-22:6 (PC 16:0/22:6;OH) could be at least 

partially separated and individually detected (Fig. 3.2B). 
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PL bearing oxylipins with hydroxy groups at similar position showed similar 

retention times, e.g., PC 16:0/20:5;14OH and PC 16:0/20:5;15OH, 

PC 16:0/20:4;11OH and PC 16:0/20:4;12OH, as well as PC 16:0/22:6;13OH and 

PC 16:0/22:6;14OH. The last eluting PC 16:0/22:6;OH, i.e., PC 16:0/22:6;7OH 

and PC 16:0/22:6;8OH eluted in an asymmetric and broad peak. Nonetheless, 

the separation was sufficient to obtain at least one meaningful MS2 spectrum of 

each isomer and deduce their elution order (Appendix Fig. 8.10, 8.11, 8.12). This 

chromatographic separation is dramatically better than the few previous methods 

dedicated to the analysis of oxPL [20,21,33]. For example, Reis et al. described 

the identification of oxidized palmitoyl-linoleoyl-PC following radical peroxidation; 

however, no separation could be achieved for 18:2;OH positional isomers [21]. 

Similarly, O’Donnell and coworkers generated five 20:4;OH positional isomers 

esterified to PC or PE by air oxidation [20, 33], which co-eluted in the LC 

separation. The published method from Aoyagi et al. [18] led to a similar 

chromatographic separation of esterified 20:4;OH, however, the separation of 

esterified hydroxy- and epoxy-positional isomers from other PUFA such as 

PI 18:0/20:5;Ep and PC 16:0/22:6;OH is much better in the method described 

here (Appendix Table 8.14). 

Table 3.2: Distinct retention time differences between lipid classes/species. Top: The 

differences in retention time between analogue lipids bearing the same oxylipin in sn-2 position 

and differing by the fatty acyl/alkyl chain in sn-1 position. Bottom: Differences in the retention 

time of analogues oxPL vs. oxPL-P and oxPL vs. oxPL-O enable the distinction of isomeric 

oxPL-P and oxPL-O. n.a. = not announced because the peaks of both analogues were not 

detected. 

 

    ΔtR [min] 

    oxPI   oxPC   oxPE 

16:0 vs. 18:0   4.05 ± 0.35   4.57 ± 0.09   4.61 ± 0.06 

16:1 vs. 18:1   n.a.   4.22 ± 0.14   4.37 ± 0.04 

16:0 vs. 18:1   0.42 ± 0.09   0.50 ± 0.06   0.51 ± 0.05 

oxPL vs. oxPL-P   n.a.   1.76 ± 0.07   1.90 ± 0.09 

oxPL vs. oxPL-O   n.a.   2.44 ± 0.10   n.a. 
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Fig. 3.3: RP-LC-ESI(-)-HRMS separation of PI, PC, PE, PC-P, PC-O, and PE-P bearing 

hydroxy- and epoxy-20:4. Shown is the separation of different PL classes bearing A 20:4;OH 

positional isomers in a lipid extract from human serum (X = position of the hydroxy group). 
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Fig. 3.3: Continued. LC-ESI(-)-HRMS separation of PI, PC, PE, PC-P, PC-O, and PE-P 

bearing hydroxy- and epoxy-20:4. B 20:4;Ep positional isomers in a lipid extract from 

20:4;Ep-supplemented cells (Y = position of the epoxy group). 
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Fig. 3.4: RP-LC-ESI(-)-HRMS separation of PI, PC, PE, PC-P, PC-O, and PE-P bearing 

hydroxy- and epoxy-18:2. Shown is the separation of the different PL classes bearing A 18:2;OH 

positional isomers in a lipid extract from human serum (X = position of the hydroxy group).  
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Fig. 3.4: Continued. RP-LC-ESI(-)-HRMS separation of PI, PC, PE, PC-P, PC-O, and PE-P 

bearing hydroxy- and epoxy-18:2. B 18:2;Ep positional isomers in a lipid extract from 

18:2;Ep-supplemented cells (Y = position of the epoxy group). 
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The elution order of individual hydroxy- and epoxy-PUFA bound to PL is the 

same for the different lipid classes, i.e. PI, PC, PE, PC-P, PC-O, and PE-P 

(Fig. 3.3, Fig. 3.4): The shorter the distance between the ester group and the 

hydroxy/epoxy group, and thus the longer the aliphatic chain – causing the 

retention in RP chromatography – the longer is the retention time. Thus, PL 

bearing 20:4;15OH elute before the corresponding PL bearing 20:4;5OH 

(Fig. 3.3A). While in RP chromatography of non-esterified oxylipins a separation 

of 8- and 12-HETE, 8- and 12-HEPE as well as 10- and 14-HDHA is rarely 

achieved [27,34,35], their esterified analogues are well separated with the 

method described here. Interestingly, for 20:5;12OH and 20:5;8OH bound to PL 

an altered elution order compared to the analysis of non-esterified oxylipins was 

observed with PC 16:0/20:5;12OH eluting before PC 16:0/20:5;8OH (Fig. 3.2B). 

This change of elution order was already described for other oxylipin derivatives 

such as pentafluorophenyl esters [36]. The elution order of esterified epoxy-

PUFA is identical to that of non-esterified epoxy-PUFA in RP chromatography 

(Fig. 3.3B, 3.4B) [27–30]. 

PL of different classes bearing the same fatty acyls were separated. For 

example, 20:4;15OH bound at sn-2 position to PI, PC, PE, PC-P, and PC-O (and 

16:0 at sn-1) eluted at 8.1, 10.8, 11.8, 12.5, 13.2, and 13.6 min, respectively, with 

R > 1.5 (Fig. 3.3A). Only PC O-16:0/20:4;15OH and PE P-16:0/20:4;15OH were 

partially overlapping with R = 1.0. A similar effective separation was achieved for 

epoxy-PUFA bound to different PL classes, such as 20:4;Ep (Fig. 3.3B). PUFA 

bearing a hydroxy or an epoxy group at the same position (e.g., 20:4;15OH and 

20:4;14Ep) are isobaric and yield similar MS2 spectra [27,37]. Thus, PL bearing 

these hydroxy- and epoxy-PUFA have to be separated by chromatography. With 

respect to PL, this results in a total of 77 critical pairs bearing regioisomeric 

hydroxy- and epoxy-PUFA (from 18:2, 20:4, 20:5, 22:4, and 22:6) (Appendix 

Table 8.11): Out of those, the retention time difference of 71 critical pairs was 

> 1.5 min. The other critical separation pairs eluted with a retention time 

difference between 1.0 and 1.5 min, but were baseline separated (R > 1.5).  
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Separation of sn-1/sn-2 oxPL isomers was assessed using the generated 

standards and was achieved for 4 out of 9 standards with R > 1.5, while the other 

5 pairs showed a resolution between 1.28 and 1.45 sufficient for qualitative 

analysis (Fig. 3.5). 

 

Fig. 3.5: Chromatographic separation efficiency of sn-1/sn-2 oxPL isomers. Shown are the 

elution order of oxPL standards generated by soybean 15-LOX (XIC, in ESI(-) mode) of PC and 

PE species. The oxidized standards primarily contain oxPUFA in the sn-2 position, with a smaller 

portion having the oxPUFA in the sn-1 position. Thus, the standards are eluting as two peaks 

resulting from the chromatographic separation of sn-1/sn-2 positional isomers. The sn-position of 

the fatty acyl chains of each peak was determined using characteristic product ions in the MS2 

spectra (Table 8.11). 

Overall, the LC-HRMS method described herein allows the separation of PL 

species from different lipid classes bearing oxPUFA, by both the polar head 

groups as well as the hydroxy- and epoxy-PUFA positional isomers. 
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3.3.2 Characterization of PL bearing oxylipins by untargeted LC-HRMS 

The ionization and fragmentation behavior of unoxidized PL is well described 

[32,38–40]. However, information about the detection and identification of PL 

species bearing oxylipins by LC-MS has been described only in a few studies 

[18,19,22,33]. We aimed to characterize/identify oxPL species in ESI(-) mode 

based on a mass accuracy within 3 ppm tolerance for the precursor ion, 

characteristic product ions in MS2, and plausible retention time. Overall, we 

detected a total of 422 PL species bearing hydroxy- or epoxy-PUFA from seven 

different lipid classes (i.e., PI, PS, PC, PE, PC-P, PC-O, and PE-P) in human 

serum and oxylipin-supplemented cells. The commercial serum pool contains 

exceptionally high total levels of hydroxy-PUFA presumably formed by 

autoxidation (Appendix Table 8.7). Therefore, it was used in this study as a 

source of PL bearing hydroxy-PUFA, while epoxy-PUFA-supplemented cells 

served as a source of PL bearing epoxy-PUFA. 

The detected PL bear 14:0, 16:0, 16:1, 17:1, 18:0, 18:1, and 18:2 mostly in 

the sn-1 position and an oxPUFA in the sn-2 position (18:2;O, 18:3;O, 20:2;O, 

20:3;O, 20:4;O, 20:5;O, 22:4;O, 22:5;O, and 22:6;O). A list of all detected oxPL 

including their retention time, adduct ion, precursor ion, and product ions can be 

found in Table 8.10. In untargeted lipidomics, software tools such as MS-DIAL or 

mzMine are increasingly used to simplify and automate the analysis of large 

MS-based datasets [41,42]. Consequently, we created a database in MSP format 

containing precursor ion m/z, retention time, and MS2 spectra of detected oxPL 

to facilitate its inclusion in software tools (supplementary information). Using this 

list in MS-DIAL (v.5.2.240218.2), we found more than 90% of the included oxPL 

as matching features in the analyzed samples. 

158 individual oxPL species all with esterified hydroxy-PUFA were detected in 

the human serum with concentrations up to the micromolar range. PL bearing 

epoxy-PUFA were not detected, which is consistent with their lower concentration 

in the nanomolar range determined by targeted analysis [27–30] (Appendix 

Table 8.7). Nine esterified 20:4;OH positional isomers were found for example in 

serum in the PC class (PC 16:0/20:4;OH).  
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The MS2 spectra of these oxPC in ESI(-) mode show several similarities 

(Fig. 3.6): Major fragment ions are the demethylated-PC 16:0/20:4;OH 

[M – CH3]-; an ion at m/z 782.5342 formed by the additional loss of HCOO, and 

the lysoPC 16:0/0:0 [M – CH3]- at m/z 480.3090 resulting from the neutral loss of 

20:4;OH as a ketene. Also, product ions of the fatty acyl chains, i.e., 16:0 at 

m/z 255.2330 and 20:4;OH at m/z 319.2279, were detected at high abundance. 

Additionally, characteristic product ions resulting from the fragmentation of the 

oxylipin were found, i.e., the α-cleavage occurring at the hydroxy group:  

m/z 193.1234 for 13-HETE (Fig. 3.6a), m/z 219.1390 for 15-HETE (Fig. 3.6b), 

m/z 153.0921 for 10-HETE (Fig. 3.6c), m/z 167.1077 for 11-HETE (Fig. 3.6d), 

m/z 179.1077 for 12-HETE (Fig. 3.6e), m/z 141.0557 for 7-HETE (Fig. 3.6f), 

m/z 155.0714 for 8-HETE (Fig. 3.6g), m/z 167.0714 for 9-HETE (Fig. 3.6h), and 

m/z 115.0401 for 5-HETE (Fig. 3.6i). These specific ions were consistent with the 

MS2 spectra of non-esterified 15-, 12-, 8-, and 5-HETE [37,43]. Also esterified 

hydroxy-PUFA positional isomers derived from other PUFA were characterized 

in the human serum e.g., 18:2;OH with three positional isomers (Appendix 

Fig. 8.10), 18:3;OH with three positional isomers (Appendix Table 8.10), 20:5;OH 

with eight positional isomers (Appendix Fig. 8.11), 22:4;OH with two positional 

isomers (Appendix Table 8.10), and 22:6;OH with nine positional isomers 

(Appendix Fig. 8.12). Likewise, product ions of esterified oxylipins were in line 

with the MS2 spectra of non-esterified HODEs [44], HOTrEs [27], HEPEs [43,45], 

DH-HETEs [46], and HDHAs [43,47]. 

Based on a similar fragmentation behavior, PI and PE species bearing 

oxylipins were identified: The characteristic product ions of the head group of PI 

[C6H10O8P]- at m/z 241.0119 and PE [C2H7O4NP]- at m/z 140.0118 enabled the 

confident assignment of the lipid class (Appendix Table 8.10) [48]. 

Also, esterified oxylipins bound to PC and PE bearing an alkyl chain via an 

ether (i.e., PC-O) or a vinyl-ether bond (i.e., PC-P and PE-P) at sn-1 position 

were observed. Here, only the product ions of the esterified oxidized fatty acyl 

chain were observed in the MS2 spectra, which is consistent with previous reports 

on the fragmentation of unoxidized PC-P, PC-O, and PE-P [32]. 
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Fig. 3.6: Fragmentation spectra of PC bearing hydroxy-20:4 positional isomers: Shown are 

the MS2 spectra in ESI(-) mode of PC species from human serum bearing 16:0 and 20:4;OH 

positional isomers recorded at a 9.9 min, b 10.8 min, c 11.0 min, d 11.8 min, e 12.2 min, 

f 12.8 min, g 13.1 min, h 13.5 min, and i 15.0 min. In the structures, suggested sites of 

fragmentation are indicated. R1 = C15H31 and R2 = C5H13NPO4.  
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In HEK293T cells following oxylipin-supplementation levels of added epoxy-

PUFA (and 20:4;OH) were ≥ 1 nmol mg-1 protein (Appendix Tables 8.8, 8.9). 

A total of 282 individual oxPL species were detected in the oxylipin-supplemented 

cells (Appendix Table 8.10). The elution order of the oxPL species was compared 

to a previous work describing about 400 oxPL in oxylipin-supplemented 

HEK293T cells [18] (Appendix Table 8.13): 88 individual oxPL species were 

detected in both studies. The difference in the detected oxPL can be explained 

by a supplementation with different oxylipins in the two studies. Moreover, PC-P 

and PE-P were not covered in the previous study [18]. Nevertheless, the 88 

commonly detected oxPL species showed consistent elution order, underlining 

the confidence of our tentative identification. Among the 282 species detected, 

256 PL bear the supplemented oxylipins (18:2;Ep, 20:4;OH, 20:4;Ep, 20:5;Ep, 

and 22:6;Ep) while 26 PL species bear non-supplemented oxylipins (20:2;Ep, 

20:3;Ep, 22:4;Ep, or 22:5;Ep). These oxPL are presumably formed by elongation 

and further desaturation of the added oxylipins, e.g., 20:3;14Ep being formed 

from 18:2;Ep. Of note, PL species bearing e.g., 18:3;Ep resulting only from the 

desaturation of 18:2;Ep were not detected. For 20:4;Ep- and 20:5;Ep-

supplemented cells, only esterified oxylipins derived from elongation were 

observed, e.g., 20:4;14Ep to 22:4;16Ep and 20:5;17Ep to 22:5;19Ep.  

Again, chromatographic separation and evaluation of plausible retention time 

is key for the correct identification: Esterified 20:4;14Ep is not only isobaric to 

20:4;15OH but also shows an identical MS2 spectrum (Fig. 3.7a, d). Esterified 

20:4;11OH and 20:4;11Ep differ in their MS2 spectra by the additional product ion 

m/z 179.1077 resulting from the α-cleavage of 20:4;11Ep (Fig. 3.7b, e). Similarly, 

the product ion m/z 167.0707 enabled to differentiate PC 16:0/20:4;8Ep over 

PC 16:0/20:4;8OH (Fig. 3.7c, f). 

The LC-HRMS method allows the tentative identification of individual PL 

species bearing hydroxy- or epoxy-PUFA. This identification was also supported 

by eleven authentic oxPL standards and the indirect quantification of esterified 

oxylipins by targeted LC-MS/MS. 
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Fig. 3.7: Comparison of fragmentation of esterified position-isomeric hydroxy- and 

epoxy-20:4. The XIC recorded at m/z 842.5553 of PC 36:4;O in ESI(-) mode shows the 

separation of PC bearing A 20:4;OH positional isomers in a lipid extract from human serum and 

B 20:4;Ep positional isomers in a lipid extract from 20:4;Ep-supplemented cells. Shown are the 

MS2 spectra of PC 16:0/20:4;15OH and PC 16:0/20:4;14Ep (a 10.8 min, d 13.1 min), 

PC 16:0/20:4;11OH and PC 16:0/20:4;11Ep (b 11.8 min, e 14.1 min) as well as 

PC 16:0/20:4;8OH and PC 16:0/20:4;8Ep (c 13.1 min, f 15.0 min). In the structures, suggested 

sites of fragmentation are indicated. R1 = C15H31 and R2 = C5H13NPO4.  
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3.3.3 Differentiation of sn-1/sn-2 isomers of oxidized phospholipids 

Oxylipins can be bound to both the sn-1 or the sn-2 position in the PL. Here, 

we describe distinct fragmentation patterns following ionization in ESI(-) mode for 

these isomeric (oxidized) PL, allowing to assign the esterified (oxidized) FA to the 

sn-1 or the sn-2 position (Fig. 3.8, 3.9). 

The analysis of a standard of PC 16:0/20:4 showed in addition to the expected 

compound a small peak (Fig. 3.8A), presumably of its sn-1/sn-2 isomer 

PC 20:4/16:0. Consistently, enzymatic conversion of this PL to 

PC 16:0_15-HETE also led to two products (Fig. 3.8B). Furthermore, analysis of 

20:4;Ep-supplemented cells led to two peaks for the corresponding PC 36:4;O 

(Fig. 3.8C). 

Fragmentation of the smaller (earlier-eluting) peak of the PC 36:4 resulted in 

m/z 528.3390 (acyl 20:4 demethylated-lysoPC), corresponding to the loss of 16:0 

as a ketene (Fig. 3.8a). It is well established that the neutral loss of the fatty acyl 

as a ketene or as an FA is favored in the sn-2 position of the PL, and the one 

bound in the sn-1 position yields only minor product ions [49]. Thus, it can be 

concluded that the small peak is indeed caused by low levels of PC 20:4/16:0 in 

the PC 16:0/20:4 standard. Similarly, the earlier-eluting peak of both PC 36:4;O 

species (hydroxy- and epoxy-isomers) yielded m/z 544.3039 (acyl 20:4;O 

demethylated-lysoPC), resulting from the loss of 16:0 (Fig. 3.8c, e), indicating 

that 20:4;O is bound to the sn-1 position. In contrast, the main peak of the three 

(oxidized) PC species yielded the product ions m/z 480.3090 and in lower 

intensity m/z 462.2984 (Fig. 3.8b, d, f). These ions can be assigned to the acyl 

16:0 demethylated-lysoPC resulting from the loss of 20:4;(O) as a ketene or the 

loss as FA in the sn-2 position, respectively. Other demethylated lysoPC-related 

ions resulting from the neutral loss of the fatty acyl in the sn-1 position were not 

detected, even at different collision energies (combined NCE of 20,25 or 30,35) 

(Appendix Fig. 8.8). 
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Fig. 3.8: LC-ESI(-)-HRMS characterization of sn-1/sn-2 isomers of (ox)PL. Chromatographic 

separation of the sn-1/sn-2 positional isomers A PC 36:4, B, and C PC 36:4;O and corresponding 

MS2 spectra of the two peaks recorded at a 21.3 min, b 21.6 min, c 10.2 min, d 10.8 min, 

e 12.5 min, and f 13.1 min. Suggested sites of fragmentation are indicated in the structures. 
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Fig. 3.9: LC-ESI(-)-HRMS characterization of sn-1/sn-2 isomers of (ox)PL. Chromatographic 

separation of the sn-1/sn-2 isomers A PC 38:6, B, and C PC 38:6;O and corresponding MS2 

spectra of the two peaks recorded at a 20.3 min, and b 20.6 min, c 10.0 min, e 10.5 min, e 11.7 

min, and f 12.1 min. Suggested sites of fragmentation are indicated in the structures. 
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Regarding the characterization of the oxPL it is important to note that the 

sn-position of the (oxidized) fatty acyl chains impacts the intensity of the detected 

product ions (Fig. 3.8): If the 20:4(;O) is bound in the sn-1 position, the abundance 

of its product ion (m/z 319.2279 and m/z 303.2328 for the oxidized or unoxidized 

20:4, respectively) is lower compared to the product ion of the acyl bound at sn-2 

position, i.e., 16:0 m/z 255.2330 and vice versa (Fig. 3.8, 3.9). Similarly, the 

product ion resulting from the α-cleavage in the carbon chain of the oxylipin 

(m/z 219.1390) is low abundant when the 20:4;O is esterified in the sn-1 position, 

but is clearly detected when the oxPUFA is bound in the sn-2 position 

(Fig. 3.8B, C, Fig. 3. 9B, C). 

With this data, we could show that the specific fragmentation pattern of PC 

(and also other PL) allows to characterize in which sn-position an oxylipin is 

bound in the PL. Of note, the low intensity for characteristic product ions resulting 

from the fragmentation of the oxPUFA at the sn-1 position may hinder structural 

characterization. However, the oxidized fatty acyl esterified in the sn-2 position 

can clearly be distinguished from the species with the same fatty acyl in the sn-1 

position. In our study, oxylipins were dominantly found in the sn-2 position in 

human serum and cells. However, several oxPL species bearing the oxylipin in 

sn-1 position were detected. In the human serum four PC species all bearing 

18:2;OH; and in supplemented cells with twenty oxPL bearing different 

epoxy-PUFA (Appendix Table 8.10). 

3.3.4 Incorporation of hydroxy- and epoxy-PUFA in human cells 

The uptake and the esterification of oxylipins into PL in human cells were 

investigated by applying the developed LC-HRMS method. The sum of esterified 

oxylipins in these samples was indirectly quantified by an established targeted 

LC-MS/MS method [27–30]. Specifically, we aimed to characterize in which PL 

class 18:2;Ep, 20:4;OH, 20:4;Ep, and 20:5;Ep positional isomers are 

incorporated.  
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Fig. 3.10:  Incorporation of oxylipins in the PL of cells. 0.5 × 106 cells were used per 

experiment. HEK293T cells were supplemented with either a mixture of 18:2;Ep, 20:4;OH, 

20:4;Ep, or 20:5;Ep positional isomers (Table 3.1). Shown are A the recovery of the added 

oxylipins in the medium and the cells, and B the esterification rate (%) in the cells determined by 

quantitative targeted LC-MS/MS [27–30]. C The concentration of esterified oxylipins in the cells 

quantified following alkaline hydrolysis by targeted LC-MS/MS is compared to the sum of oxPL 

semi-quantified by untargeted LC-ESI(-)-HRMS. D Relative amount of oxylipins found in the 

different PL classes by untargeted LC-ESI(-)-HRMS. 
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Quantitative targeted analysis unveiled distinct incorporation rates for 

hydroxy- and epoxy-PUFA positional isomers (Fig. 3.10A): e.g. for epoxy-18:2 

(18:2;12Ep: 31% vs. 18:2;9Ep: 43%), hydroxy-20:4 (20:4;15OH: 14% vs. 

20:4;5OH: 39%), epoxy-20:4 (20:4;14Ep: 28% vs. 20:4;8Ep: 67%), epoxy-20:5 

(20:5;14Ep: 26% vs. 20:5;8Ep: 47%), and epoxy-22:6 (22:6;16Ep: 27% vs. 

22:6;7Ep: 41%). For both 20:4-derived epoxy- and hydroxy-PUFA, a trend can 

be identified that the closer the functional group is to the carboxyl end – thus the 

longer the non-polar (FA-like) acyl chain – the higher the incorporation rate. This 

is also the case for the two investigated 18:2-derived epoxy-PUFA, while 

epoxy-20:5 regioisomers show inconstant incorporation rates (Fig. 3.10A). 

Almost all oxylipins in the cells were esterified (> 96%, Fig. 3.10B). The 

highest esterification rate was found for 20:4;8Ep with > 99% and the lowest for 

20:5;11Ep with 96%, whose uptake in the cells is also among the lowest (i.e., 

14%) (Fig. 3.10A). Thus, oxylipins which are taken up from the medium in the 

cells are rapidly incorporated into lipids. This is consistent with our previous work 

demonstrating that hydroxy-PUFA are mainly found esterified in HEK293T cells 

transfected with 15-LOX-1/-2 enzymes [50]. Nevertheless, kinetic experiments 

analyzing incorporation and remodeling at different incubation times are required 

to investigate how the position of the oxidation impacts the esterification rate. 

Using the developed untargeted LC-ESI(-)-HRMS method, a total of 153 oxPL 

were semi-quantified (Table 3.3). The resulting concentrations (sum of individual 

oxPL species) were in the same order of magnitude as the (indirect) quantification 

of esterified oxylipins by targeted LC-MS/MS following alkaline hydrolysis 

(Fig. 3.10C). At least 20% and up to 46% of oxylipins were found bound to PL 

species covered by the LC-HRMS method, e.g., with 36% for 20:4;11Ep with 

1.2 nmol mg-1 vs. 3.2 nmol mg-1 for the indirect quantification. Oxylipins were 

found esterified in PI, PS, PC, PE, PC-P, PC-O, and PE-P lipid classes bearing 

16:0, 18:0, or 18:1, but could not be detected in PG, PA, or SM (Table 3.3). Except 

for 20:4;15OH, each oxylipin was found esterified in the sn-2 position to PC-P, 

PC-O, and PE-P bearing 16:0 (and also 18:1 for PC-O), and to PC and PE 

species bearing either 16:0, 18:0, or 18:1. 20:4;15OH could only be detected in 

PI bearing either 16:0, 18:0, or 18:1.  
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Epoxy-PUFA could be detected in relevant amounts in PI bearing either 16:0, 

18:0, or 18:1. Only epoxy-18:2 were found in PS species. Additionally, several 

oxylipins such as 18:2;12Ep, 20:4;14Ep, or 20:5;17Ep were found esterified both 

in the sn-1 position or in the sn-2 position to PC or PI (only epoxy-18:2). 

Both hydroxy- and epoxy-PUFA positional isomers were distinctly 

incorporated into PL classes (Fig. 3.10D): While almost 70% of 18:2;12Ep and 

18:2;9Ep were found in PC, incorporation in PI was 14% vs. 6.7% and in PS 1.8% 

vs. 3.5% for 18:2;12Ep and 18:2;9Ep, respectively. Similarly, > 50% of 20:4;5OH 

and 20:4;12OH were found in PC, while 20% of 20:4;5OH and only 10% of 

20:4;12OH were detected in PC-O and none of them in PI. In contrast, 20:4;15OH 

was found esterified exclusively to PI species. Also, other oxylipins bearing a 

hydroxy or epoxy functionality at the C15-position, namely 20:4;15OH, 

20:4;14Ep, and 20:5;14Ep were preferentially incorporated into PI. A 

characteristic pattern was observed for epoxy-20:4 positional isomers: The closer 

the epoxy functionality to the ester group – and thus the longer the non-

substituted acyl chain – the larger is the fraction of the oxylipin bound in PE and 

PE-P (10%, 17%, and 30% for 20:4;14Ep, 20:4;11Ep, and 20:4;8Ep, 

respectively). Positional analogues of epoxy-20:4 and epoxy-20:5 showed an 

almost identical distribution in the lipid classes: e.g. for 20:4;14Ep and 20:5;14Ep 

43% and 41% in PI, 38% and 39% in PC, 6.7% and 8.2% in PE, 6.4% and 6.3% 

in PC-O, 3.6% and 3.7% in PE-P, and 1.7% and 1.4% in PC-P. All in all, this 

indicates that the position of the oxidation has a great impact on the incorporation 

of the oxylipins into the PL class. These results are consistent with a previous 

study in which a large percentage of [14C1]14(15)-EpETrE was found in PI while 

only [14C1]11(12)-EpETrE and [14C1]8(9)-EpETrE were detected in PE following 

the incubation of endothelial cells with different regioisomers of [14C1]EpETrE 

[51]. Stenson et al. also found that [14C1]12-HETE was mostly incorporated in PC 

among all PL in neutrophils supplemented with [14C1]12-HETE [52]. The same 

study reported that the major part of [14C1]12-HETE was found in TG, which is 

line with our results showing that 71% of 12-HETE is not esterified to PL 

(Fig. 3.10C). 
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Table 3.3: Concentration of oxPL species detected in oxylipin-supplemented cells. 

0.5 × 106 cells were used per experiment. HEK293T cells were supplemented either with a 

mixture of 18:2;Ep, 20:4;OH, 20:4;Ep, or 20:5;Ep positional isomers (Table 3.1). OxPL were semi-

quantified by LC-ESI(-)-HRMS based on peak heights, using one IS per lipid class. Shown is the 

mean ± SD (n = 3) of the concentration per mg of cell protein. n.d = not detected. 

 

concentration of oxPL in oxylipin-supplemented HEK293T cells [pmol mg-1 protein] 

analyte +18:2;Ep +20:4;OH +20:4;Ep +20:5;Ep 

oxPI 

PI 18:2;12Ep_16:0 26 ± 9 n.d. n.d. n.d. 
PI 16:0_18:2;12Ep 54 ± 12 n.d. n.d. n.d. 
PI 18:2;9Ep_16:0 32 ± 8 n.d. n.d. n.d. 
PI 16:0_18:2;9Ep 27 ± 6 n.d. n.d. n.d. 

PI 18:0/18:2;12Ep 320 ± 74 n.d. n.d. n.d. 
PI 18:0/18:2;9Ep 170 ± 23 n.d. n.d. n.d. 

PI 18:1_18:2;12Ep 80 ± 19 n.d. n.d. n.d. 
PI 18:1_18:2;Ep 65 ± 16 n.d. n.d. n.d. 

PI 16:0_20:4;15OH n.d. 53 ± 3 n.d. n.d. 

PI 16:0/20:4;14Ep n.d. n.d. 85 ± 7 n.d. 
PI 16:0/20:4;11Ep n.d. n.d. 33 ± 6 n.d. 
PI 16:0/20:4;8Ep n.d. n.d. 25 ± 5 n.d. 

PI 16:0/20:5;17Ep n.d. n.d. n.d. 75 ± 4 
PI 16:0/20:5;14Ep n.d. n.d. n.d. 61 ± 4 
PI 16:0/20:5;11Ep n.d. n.d. n.d. 28 ± 2 
PI 16:0/20:5;8Ep n.d. n.d. n.d. 26 ± 3 

PI 18:0/20:4;15OH n.d. 240 ± 11 n.d. n.d. 

PI 18:0/20:4;14Ep n.d. n.d. 430 ± 33 n.d. 
PI 18:0/20:4;11Ep n.d. n.d. 130 ± 20 n.d. 
PI 18:0/20:4;8Ep  n.d. n.d. 130 ± 27 n.d. 

PI 18:1/20:4;15OH n.d. 100 ± 5 n.d. n.d. 

PI 18:1/20:4;14Ep n.d. n.d. 130 ± 11 n.d. 
PI 18:1/20:4;11Ep n.d. n.d. 39 ± 5 n.d. 
PI 18:1/20:4;8Ep  n.d. n.d. 34 ± 6 n.d. 

PI 18:0/20:5;17Ep n.d. n.d. n.d. 390 ± 25 
PI 18:0/20:5;14Ep n.d. n.d. n.d. 260 ± 9 
PI 18:0/20:5;11Ep n.d. n.d. n.d. 49 ± 3 
PI 18:0/20:5;8Ep n.d. n.d. n.d. 120 ± 10 

PI 18:1_20:5;17Ep n.d. n.d. n.d. 110 ± 4 
PI 18:1_20:5;14Ep n.d. n.d. n.d. 88 ± 3 
PI 18:1_20:5;11Ep n.d. n.d. n.d. 17 ± 1 
PI 18:1_20:5;8Ep n.d. n.d. n.d. 33 ± 3 

oxPS 

PS 18:0/18:2;12Ep 62 ± 9 n.d. n.d. n.d. 
PS 18:0/18:2;9Ep 150 ± 32 n.d. n.d. n.d. 

oxPC 

PC 18:2;12Ep/16:0 330 ± 51 n.d. n.d. n.d. 
PC 16:0/18:2;12Ep 800 ± 120 n.d. n.d. n.d. 
PC 18:2;9Ep/16:0 700 ± 120 n.d. n.d. n.d. 
PC 16:0/18:2;9Ep 1200 ± 210 n.d. n.d. n.d. 
PC 18:2;12Ep/16:0 330 ± 51 n.d. n.d. n.d. 
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Table 3.3: Continued 1/3. Concentration of oxPL detected in oxylipin-supplemented cells. 

 

concentration of oxPL in oxylipin-supplemented HEK293T cells [pmol mg-1 protein] 

analyte +18:2;Ep +20:4;OH +20:4;Ep +20:5;Ep 

oxPC 

PC 16:1/18:2;12Ep 320 ± 46 n.d. n.d. n.d. 
PC 18:2;9Ep/16:1 210 ± 34 n.d. n.d. n.d. 
PC 16:1/18:2;9Ep 240 ± 53 n.d. n.d. n.d. 

PC 18:0/18:2;12Ep 210 ± 39 n.d. n.d. n.d. 
PC 18:0/18:2;9Ep 160 ± 30 n.d. n.d. n.d. 

PC 18:1/18:2;12Ep 760 ± 120 n.d. n.d. n.d. 
PC 18:1/18:2;9Ep 550 ± 82 n.d. n.d. n.d. 

PC 16:0/20:4;12OH n.d. 150 ± 4 n.d. n.d. 
PC 20:4;5OH_16:0 n.d. 76 ± 9 n.d. n.d. 
PC 16:0/20:4;5OH n.d. 170 ± 17 n.d. n.d. 

PC 20:4;14Ep/16:0 n.d. n.d. 190 ± 40 n.d. 
PC 16:0/20:4;14Ep n.d. n.d. 220 ± 9 n.d. 
PC 20:4;11Ep/16:0 n.d. n.d. 160 ± 41 n.d. 
PC 16:0/20:4;11Ep n.d. n.d. 370 ± 59 n.d. 
PC 16:0/20:4;8Ep  n.d. n.d. 300 ± 34 n.d. 

PC 20:5;17Ep/16:0 n.d. n.d. n.d. 46 ± 6 
PC 16:0/20:5;17Ep n.d. n.d. n.d. 360 ± 27 
PC 20:5;14Ep/16:0 n.d. n.d. n.d. 76 ± 10 
PC 16:0/20:5;14Ep n.d. n.d. n.d. 150 ± 6 
PC 16:0/20:5;11Ep n.d. n.d. n.d. 230 ± 17 
PC 16:0/20:5;8Ep n.d. n.d. n.d. 266 ± 13 

PC 18:0/20:4;12OH n.d. 36 ± 5 n.d. n.d. 
PC 18:0/20:4;5OH n.d. 26 ± 4 n.d. n.d. 

PC 18:0/20:4;14Ep n.d. n.d. 45 ± 2 n.d. 
PC 18:0_20:4;11Ep n.d. n.d. 18 ± 1 n.d. 
PC 18:0/20:4;8Ep  n.d. n.d. 57 ± 4 n.d. 

PC 18:1/20:4;12OH n.d. 110 ± 7 n.d. n.d. 
PC 18:1/20:4;5OH n.d. 83 ± 7 n.d. n.d. 

PC 18:1/20:4;14Ep n.d. n.d. 120 ± 7 n.d. 
PC 18:1/20:4;11Ep n.d. n.d. 100 ± 4 n.d. 
PC 18:1/20:4;8Ep  n.d. n.d. 150 ± 12 n.d. 

PC 18:0/20:5;17Ep n.d. n.d. n.d. 190 ± 8 
PC 20:5;14Ep/18:0 n.d. n.d. n.d. 67 ± 4 
PC 18:0/20:5;14Ep n.d. n.d. n.d. 99 ± 8 
PC 18:0_20:5;11Ep n.d. n.d. n.d. 69 ± 6 
PC 18:0/20:5;8Ep n.d. n.d. n.d. 140 ± 5 

oxPC-P 

PC P-16:0/18:2;12Ep 41 ± 10 n.d. n.d. n.d. 
PC P-16:0/18:2;9Ep 78 ± 13 n.d. n.d. n.d. 

PC P-16:0/20:4;12OH n.d. 13 ± 2 n.d. n.d. 
PC P-16:0/20:4;5OH n.d. 30 ± 4 n.d. n.d. 

PC P-16:0/20:4;14Ep n.d. n.d. 26 ± 2 n.d. 
PC P-16:0/20:4;11Ep n.d. n.d. 21 ± 1 n.d. 
PC P-16:0/20:4;8Ep n.d. n.d. 39 ± 4 n.d. 

PC P-16:0/20:5;17Ep n.d. n.d. n.d. 54 ± 3 
PC P-16:0/20:5;14Ep n.d. n.d. n.d. 14.0 ± 0.1 
PC P-16:0_20:5;11Ep n.d. n.d. n.d. 9 ± 1 
PC P-16:0/20:5;8Ep n.d. n.d. n.d. 43 ± 2 
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Table 3.3: Continued 2/3. Concentration of oxPL detected in oxylipin-supplemented cells. 

 

concentration of oxPL in oxylipin-supplemented HEK293T cells [pmol mg-1 protein] 

analyte +18:2;Ep +20:4;OH +20:4;Ep +20:5;Ep 

oxPC-O 

PC O-16:0/18:2;12Ep 130 ± 21 n.d. n.d. n.d. 
PC O-16:0/18:2;9Ep 220 ± 39 n.d. n.d. n.d. 

PC O-18:1/18:2;12Ep 28 ± 5 n.d. n.d. n.d. 
PC O-18:1/18:2;9Ep 66 ± 10 n.d. n.d. n.d. 

PC O-16:0/20:4;12OH n.d. 35 ± 1 n.d. n.d. 
PC O-16:0/20:4;5OH n.d. 100 ± 5 n.d. n.d. 

PC O-16:0/20:4;14Ep n.d. n.d. 72 ± 4 n.d. 
PC O-16:0/20:4;11Ep n.d. n.d. 57 ± 5 n.d. 
PC O-16:0/20:4;8Ep n.d. n.d. 110 ± 5 n.d. 

PC O-16:0/20:5;17Ep n.d. n.d. n.d. 140 ± 4 
PC O-16:0/20:5;14Ep n.d. n.d. n.d. 47 ± 4 
PC O-16:0/20:5;11Ep n.d. n.d. n.d. 33.3 ± 0.9 
PC O-16:0/20:5;8Ep n.d. n.d. n.d. 120 ± 14 

PC O-18:1/20:4;12OH n.d. 11 ± 1 n.d. n.d. 
PC O-18:1/20:4;5OH n.d. 26 ± 1 n.d. n.d. 

PC O-18:1/20:4;14Ep n.d. n.d. 24 ± 1 n.d. 
PC O-18:1/20:4;11Ep n.d. n.d. 20.4 ± 0.4 n.d. 
PC O-18:1/20:4;11Ep n.d. n.d. 43 ± 3 n.d. 

PC O-18:1/20:5;17Ep n.d. n.d. n.d. 59 ± 3 
PC O-18:1/20:5;14Ep n.d. n.d. n.d. 16.3 ± 0.3 
PC O-18:1/20:5;11Ep n.d. n.d. n.d. 10 ± 1 
PC O-18:1/20:5;8Ep n.d. n.d. n.d. 50 ± 2 

oxPE 

PE 16:0/18:2;12Ep 66 ± 5 n.d. n.d. n.d. 
PE 16:0/18:2;9Ep 115 ± 11 n.d. n.d. n.d. 

PE 18:0/18:2;12Ep 75 ± 7 n.d. n.d. n.d. 
PE 18:0/18:2;9Ep 110 ± 14 n.d. n.d. n.d. 

PE 18:1/18:2;12Ep 120 ± 8 n.d. n.d. n.d. 
PE 18:1/18:2;9Ep 180 ± 23 n.d. n.d. n.d. 

PE 16:0/20:4;12OH n.d. 19 ± 2 n.d. n.d. 
PE 16:0/20:4;5OH n.d. 22 ± 2 n.d. n.d. 

PE 16:0/20:4;14Ep n.d. n.d. 28 ± 2 n.d. 
PE 16:0/20:4;11Ep n.d. n.d. 35 ± 2 n.d. 
PE 16:0/20:4;8Ep  n.d. n.d. 61 ± 8 n.d. 

PE 16:0/20:5;17Ep n.d. n.d. n.d. 71 ± 3 
PE 16:0/20:5;14Ep n.d. n.d. n.d. 22 ± 2 
PE 16:0_20:5;11Ep n.d. n.d. n.d. 16 ± 1 
PE 16:0/20:5;8Ep n.d. n.d. n.d. 68 ± 4 

PE 18:0/20:4;12OH n.d. 28 ± 1 n.d. n.d. 
PE 18:0_20:4;5OH n.d. 18 ± 3 n.d. n.d. 

PE 18:0/20:4;14Ep n.d. n.d. 31 ± 3 n.d. 
PE 18:0/20:4;11Ep n.d. n.d. 49 ± 2 n.d. 
PE 18:0/20:4;8Ep  n.d. n.d. 92 ± 10 n.d. 

PE 18:1_20:4;12OH n.d. 32 ± 2 n.d. n.d. 
PE 18:1_20:4;5OH n.d. 27 ± 2 n.d. n.d. 

PE 18:1/20:4;14Ep n.d. n.d. 41 ± 3 n.d. 
PE 18:1/20:4;11Ep n.d. n.d. 41 ± 2 n.d. 
PE 18:1/20:4;8Ep  n.d. n.d. 84 ± 6 n.d. 
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Table 3.3: Continued 3/3. Concentration of oxPL detected in oxylipin-supplemented cells. 

 

The observed distinct incorporation of hydroxy- and epoxy-PUFA positional 

isomers into the PL classes could depend on the substrate specificity of the 

enzymes involved in the formation of PL and integration of FA during the Lands’ 

remodeling cycle [9,13], i.e. ACSL and LPLAT. Klett et al. demonstrated that all 

five human ACSL isoforms (i.e. ACSL1, -3, -4, -5, and -6) accept both EpETrEs 

(20:4;Ep) and HETEs (20:4;OH) positional isomers as substrate [53]. This 

suggests that the observed unique incorporation pattern depends not on ACSL 

but on the specificity of LPLAT isoforms towards the positional isomers. LPLAT11 

was reported to incorporate PUFA-CoAs into lysoPI [54,55]. Furthermore, in 

humans four isoforms of lysoPC acyl transferase (LPCAT) are described, i.e., 

LPCAT1, -2, -3, and -4 [13], which exhibit differences regarding both the acyl-CoA 

and the LPLAT activity. LPLAT8 (LPCAT1) transfers 16:0-, 18:2-, and 18:3-CoA 

to lysoPG and LPLAT10 (LPCAT4) only transfers 18:1-CoA into lysoPC and 

lysoPE. LPLAT9 (LPCAT2) and LPLAT12 (LPCAT3) use preferentially 18:2- and 

concentration of oxPL in oxylipin-supplemented HEK293T cells [pmol mg-1 protein] 

analyte +18:2;Ep +20:4;OH +20:4;Ep +20:5;Ep 

oxPE 

PE 18:0/20:5;17Ep n.d. n.d. n.d. 97 ± 6 
PE 18:0/20:5;14Ep n.d. n.d. n.d. 28 ± 2 
PE 18:0_20:5;11Ep n.d. n.d. n.d. 19.9 ± 0.7 
PE 18:0/20:5;8Ep n.d. n.d. n.d. 95 ± 2 

PE 18:1/20:5;17Ep n.d. n.d. n.d. 93 ± 2 
PE 18:1_20:5;14Ep n.d. n.d. n.d. 31 ± 2 
PE 18:1_20:5;11Ep n.d. n.d. n.d. 19.7 ± 0.8 
PE 18:1/20:5;8Ep n.d. n.d. n.d. 88 ± 4 

oxPE-P 

PE P-16:0/18:2;12Ep 85 ± 7 n.d. n.d. n.d. 
PE P-16:0/18:2;9Ep 100 ± 15 n.d. n.d. n.d. 

PE P-18:1/18:2;12Ep 26 ± 3 n.d. n.d. n.d. 
PE P-18:1/18:2;9Ep 30 ± 5 n.d. n.d. n.d. 

PE P-16:0/20:4;12OH n.d. 30.2 ± 0.6 n.d. n.d. 
PE P-16:0/20:4;5OH n.d. 58 ± 9 n.d. n.d. 

PE P-16:0/20:4;14Ep n.d. n.d. 55 ± 6 n.d. 
PE P-16:0/20:4;11Ep n.d. n.d. 75 ± 6 n.d. 
PE P-16:0/20:4;8Ep n.d. n.d. 140 ± 12 n.d. 

PE P-16:0/20:5;17Ep n.d. n.d. n.d. 240 ± 25 
PE P-16:0/20:5;14Ep n.d. n.d. n.d. 36.7 ± 0.9 
PE P-16:0/20:5;11Ep n.d. n.d. n.d. 48 ± 1 
PE P-16:0/20:5;8Ep n.d. n.d. n.d. 230 ± 3 
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20:4-CoAs as substrates [56,57]. While LPLAT9 only incorporates PUFA-CoAs 

into lysoPC, LPLAT12 additionally transfers them to lysoPS and lysoPE. Based 

on these specificities, our results would suggest that LPLAT11 preferentially uses 

20:4;15OH-, 20:4;14Ep-, and 20:5;14Ep-CoAs as a substrate while the other 

oxylipins might be preferentially transferred by LPLAT9 and/or LPLAT12. The 

distinct incorporation of oxylipins into lysoPL warrants further investigation 

including a detailed analysis of the role of LPLAT9, LPLAT11, and LPLAT12. 

 Conclusion 

A RP-LC separation method covering a large number of isobaric and isomeric 

PL species bearing different biologically relevant oxylipin positional isomers such 

as 18:2;O, 20:4;O, 20:5;O, and 22:6;O was developed. In combination with 

ESI(-)HRMS analysis, the position of the hydroxy/epoxy groups and the sn-1/sn-2 

position of the (oxidized) fatty acyl chains could be deduced, and esterified 

hydroxy-PUFA are differentiated from epoxy-PUFA. This enables for the first time 

a comprehensive analysis of oxylipins being bound to PL. Untargeted 

semiquantification of oxPL in oxylipin-supplemented HEK293T cells using one IS 

per lipid class unveiled that 20% and up to 46% of the esterified oxylipins are 

bound to different PL classes. Each oxylipin showed a distinct incorporation 

pattern: 20:4;15OH, 20:4;14Ep, and 20:5;14Ep are mostly esterified into PI. 

20:4;8Ep and 20:5;8Ep are found in PC and PE while 20:5;17Ep is mainly found 

in PC and PI. The other oxylipins are mainly found in PC accounting for example 

from > 50% for 20:4;12OH to > 65% for 18:2;12Ep. Overall, the developed and 

optimized LC-HRMS method enabled us to get a first insight in which PL class 

oxylipins are bound. We conclude that the position of the oxidation has a great 

impact and directs the incorporation of oxylipins into the different PL classes. 
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4 Chapter 4 

Substrate-dependent incorporation of 15-lipoxygenase 
products in phospholipids: 15-HETE and 15-HEPE in PI, 

17-HDHA in plasmalogen PE, and 13-HODE in PC * 
 

Several oxylipins including hydroxy-PUFA act as lipid mediators. In 

biological samples the major part occurs esterified in PL or other lipids. In this 

work, the incorporation into PL of 15(S)-HETE, 15(S)-HEPE, 17(S)-HDHA, and 

13(S)-HODE was investigated in oxylipin-supplemented HEK293T cells and cells 

overexpressing 15-LOX-2 (ALOX15B). Indirect quantification of esterified 

oxylipins in lipid fractions showed that > 97% of each supplemented 15-LOX-2 

product is esterified and that < 25% are bound to NL, while > 75% are bound to 

distinct PL classes, depending on the hydroxy-PUFA. 15-HETE and 15-HEPE 

were found in PI/PS, while 17-HDHA was in PE and 13-HODE in PC. The same 

pattern was found for oxylipins endogenously formed by overexpression of 

15-LOX-2. A new targeted method for the analysis of oxPL enabled to pinpoint 

the specific molecular species of the oxylipins. 15-HETE and 15-HEPE are 

dominantly found as PI 18:0/20:4;15OH (70%) and PI 18:0/20:5;15OH (80%), 

respectively. This preferential incorporation of 20:4;15OH and 20:5;15OH into PI 

may be biologically relevant for PI signaling pathways. In contrast, > 50% of 

17-HDHA was found in PE P-16:0/22:6;17OH, PE P-18:0/22:6;17OH, and 

PE P-18:1/22:6;17OH. At least 40% of 13-HODE was incorporated into 

PC 16:0/18:2;13OH and relevant amounts were found in PI 18:0/18;13OH, 

PC 18:1/18;13OH, and PC-O 16:0/18;13OH. The distinct incorporation of 

15-LOX-2 products from different PUFA into PL might contribute to the biological 

effect of these oxylipins and their precursor FA. 

* modified from Carpanedo L. Wende L. M., Goebel B, Häfner AK, Chromik M. A., 

Kampschulte N., Steinhilber D., and Schebb N. H. (2025) J Lipid Res. Accepted for 

publication. 

Author contributions: LC: Writing – review & editing, Writing – original draft, Visualization, 
Methodology, Investigation, Formal analysis, Data curation, and Conceptualization. LMW: Writing – 
review & editing, Methodology, Visualization, Investigation, Formal analysis.  BG: Writing – review & 
editing, Resources. AKH: Writing – review & editing, Resources. MAC: Writing – review & editing, 
Investigation. NK: Writing – review & editing, Methodology. DS: Writing – review & editing, Resources, 
Supervision, Funding acquisition. NHS: Writing – review & editing, Writing – original draft, 
Methodology, Supervision, Project administration, Investigation, Funding acquisition, 
Conceptualization. 
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 Introduction 

Eicosanoids and other oxylipins are formed by oxidation of PUFA [1, 2]. 

Hydroxy-PUFA can be obtained by the reduction of hydroperoxy-PUFA which are 

generated non-enzymatically via reactive oxygen species, or enzymatically by 

COX, CYP450, and LOX enzymes such as 15-LOX-1, 15-LOX-2, 5-LOX, and 

12-LOX [2-4]. 15-LOX can oxidize both, non-esterified PUFA as well as PUFA 

esterified to PL [3, 5]. ARA oxidation by 15-LOX-1 leads to the two products 

15(S)-H(p)ETE and 12(S)-H(p)ETE, with pronounced species differences [6, 7]. 

15-LOX-2 converts ARA only to 15(S)-H(p)ETE [8]. 

15(S)-hydroxyeicosapentaenoic acid (HEPE), 17(S)-hydroxydocosahexaenoic 

acid (HDHA), and 13(S)-HODE are generated by 15-LOX-2 from EPA, DHA, and 

LA, respectively [7]. Moreover, both 15-HETE and 13-HODE can be formed in 

minor amounts by COX-2 [9-11] and CYP450 enzymes [12]. 15(S)-HETE and in 

part 13(S)-HODE are discussed to act predominantly anti-inflammatory [1, 13] 

and were found for example to have antitumor roles in smokers with non-small 

cell lung carcinoma [14]. However, increased levels were also observed in 

inflammation, and higher levels of 15-HETE and 13-HODE were found in 

atherosclerotic plaques [15, 16]. 15-HEPE may exhibit inflammatory effects and 

was found to protect wild-type mice against chemically induced colitis [17]. Also, 

17(S)-HDHA prevented hyperhomocysteinemia-induced formation of the 

nucleotide-binding oligomerization domain-like receptor containing pyrin domain 

3 inflammasome in podocytes of mice, and inhibited the formation of the pro-

inflammatory cytokine interleukin-1β [18]. 

The major part of hydroxy-PUFA occurs in biological samples as esterified in 

lipids such as PL or NL [13, 19-22]. In the last decades, the quantification of 

esterified oxylipins was carried out indirectly by quantitative analysis of 

non-esterified oxylipins using targeted LC coupled to MS/MS following the 

cleavage of the ester bond by alkaline hydrolysis [23, 24]. This analysis does not 

provide the information in which lipid classes/species, and at which sn-position 

oxylipins are esterified. Thus, it is not possible to study the biological roles of 
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oxPL, including PL bearing 15-HETE (20:4;15OH), 15-HEPE (20:5;15OH), 

17-HDHA (22:6;17OH), and 13-HODE (18:2;13OH).   

In the 1990s, incorporation of 15-HETE and 13-HODE was investigated into 

lipids using TLC following supplementation of cells with radioactively labeled 

oxylipins, e.g. [3H]15-HETE or [14C]15-HETE [25-32]. This approach provided a 

first insight in which lipid classes these oxylipins are incorporated following 

supplementation, but could not provide information in which molecular species 

they are esterified. Moreover non-labeled oxylipins, and thus endogenous 

formation could not be investigated. In the 2010s, the main LOX products from 

ARA, i.e., 15-HETE, 12-HETE, and 5-HETE, have been detected in different PL 

species by LC-MS in human monocytes [33], in murine peritoneal macrophages 

from naïve lavage [34], human platelets [33, 35], and human neutrophils [36] by 

O’Donnell and coworkers.   

In this study, we aimed to characterize for the first time in which PL classes 

dominating 15-LOX products from the main PUFA are esterified. For this purpose, 

we investigated the pattern of oxylipins in HEK293T cells following either 

exogenous oxylipin supplementation or endogenous oxylipin formation by 

15-LOX-2 using a genetically modified cell line. The vast majority of oxylipins 

were found esterified in HEK293T cells, predominantly in PL. Hydroxy-PUFA 

exhibited distinct incorporation patterns across PL classes. Using a newly 

developed targeted LC-MS/MS method, each hydroxy-PUFA was found to be 

specifically esterified into distinct molecular PL species. Supplemented and 

15-LOX-2 overexpressing HEK293T cells showed a similar incorporation pattern 

of 15-LOX products into PL classes and species. The dramatic differences 

between the incorporation pattern of the 15-LOX products of different PUFA might 

be relevant for PI signaling pathways. 



CHAPTER 4 

 

116 

 

 Materials and methods 

4.2.1 Chemicals and biological material 

PI 12:0/13:0, PG 12:0/13:0, PC 12:0/13:0, and PE 12:0/13:0 were purchased 

from Avanti Polar Lipids (local supplier: Merck, Darmstadt, Germany). PL 

standards as well as 15(S)-HETE, 15(S)-HEPE, 17(S)-HDHA, and 13(S)-HODE 

were from Cayman Chemical (Ann Arbor, MI, USA; local supplier: Biomol, 

Hamburg, Germany). Ultra-pure H2O (18.2 MΩ cm) was generated using the 

Barnstead Genpure Pro system from Thermo Fisher Scientific (Langenselbold, 

Germany). Ammonium formate was supplied by Sigma-Aldrich (Schnelldorf, 

Germany). Soybean 15-LOX (type I-B) and all other chemicals were purchased 

from Merck (Darmstadt, Germany).  

HEK293T cells were obtained from the German Collection of Microorganisms 

and Cell Cultures GmbH (DSMZ, Braunschweig, Germany). Transfected 

HEK293T cells with doxycycline-inducible 15-LOX-2 expression using a sleeping 

beauty system characterized in [19] were used. 

4.2.2 Preparation of oxidized phospholipid standards by soybean 

15-LOX-1 

OxPL standards were generated based on a protocol from Morgan et al. [37]. 

Briefly, individual PL standards were dried using nitrogen, then resuspended in 

40 mmol L-1 borate buffer (pH = 9.0) and 10 mmol L-1 deoxycholate to a final 

concentration of 0.1 mmol L-1. Soybean 15-LOX was added (5.2 kU mL-1) and 

samples were incubated at room temperature for 2 h. Hydroperoxy-PUFA were 

reduced to the corresponding hydroxy-PUFA by adding 1.3 μmol of tin(II) chloride 

in H2O and lipids were extracted using a mixture of MeOH and MTBE. The 

oxidized product was separated from its unoxidized precursor using RP-LC 

coupled to an ultraviolet spectroscopic detector. Chromatographic separation 

was achieved on a LiChrospher 100 C18 column (4.6 × 250 mm, 5 µm, 95 Å; 
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Bischoff) with a flow rate of 1 mL min-1. A binary gradient (68% B to 100% B over 

15 min, hold 100% B for 20 min) was used with eluent A (H2O/MeOH, 95/5, v/v) 

and eluent B (MeOH/H2O, 99/1, v/v), both containing 10 mmol L-1 ammonium 

formate. Elution of oxPL was monitored at 235 nm and the PL precursor at 

205 nm. The concentration of the purified oxPL standards was determined by 

quantitative targeted LC-MS/MS analysis of oxylipins following alkaline hydrolysis 

[24, 38-40].  

4.2.3 Extraction 

A single cell pellet was used for the parallel analysis of total and non-

esterified oxylipins, esterified oxylipins in lipid fractions, intact oxPL (Fig. 4.1), as 

well as peptides. Dry pellets were resuspended in 290 µL MeOH/H2O (50/50, v/v), 

followed by the addition of 10 µL antioxidant/inhibitor mixture (10 μL 0.2 mg mL-1 

BHT, 100 μmol L-1 indomethacin and 100 μmol L-1 t-AUCB) [24, 38-40]. Samples 

were vortexed and sonicated for 10 s. Protein content was determined from the 

cell homogenate by bicinchoninic acid assay [41, 42]. The concentrations of 

oxylipins and oxPL were calculated based on the amount of cellular protein. 

Non-polar solid-phase extraction. Non-esterified and total oxylipins were 

extracted using an established procedure [24, 38-40], using 50 µL and 100 µL of 

cell suspension, respectively (Fig. 4.1A, B). Deuterium-labeled oxylipins 

(Cayman Chemicals, local supplier: Biomol, Hamburg, Germany) were added as 

IS. Protein precipitation was performed using 280 µL MeOH for non-esterified 

oxylipins and 400 µL IPA for total oxylipins. After centrifugation (4 °C, 10 min, 

20,000 × g), the supernatant from the total oxylipin samples was hydrolyzed for 

30 min at 60 °C with 100 µL 0.6 M KOH (H2O/MeOH, 25/75, v/v) (Fig. 4.1B) [24]. 

Following alkaline hydrolysis, oxylipins were extracted using mixed-mode solid-

phase extraction (SPE) with Bond Elut Certify II cartridges (C8 and anion 

exchange, 40 µm, 3 mL/200 mg; Agilent, Waldbronn, Germany) [24, 39]. For the 

extraction of non-esterified oxylipins (Fig. 4.1), the supernatant was directly 

applied to the SPE cartridges. After evaporation, the residues were reconstituted, 

sonicated, and analyzed by targeted metabolomics LC-MS/MS [24, 38-40]. 
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Peptide digestion and extraction. Sample preparation was carried out as 

described [38]. In brief, the cell pellet obtained after the protein precipitation was 

re-dissolved in 5% w/v sodium deoxycholate containing 1% protease inhibitor mix 

(39102.02, SERVA Electrophoresis GmbH, Heidelberg, Germany), sonicated, 

and centrifuged (4 °C, 10 min, 15,000 × g). A solution containing 500 µg total 

protein was used for analysis. Proteins were precipitated and washed with four 

volumes of ice-cold acetone. Dried pellets were reconstituted in 6 mol L-1 urea to 

a final concentration of 5 mg mL-1. The disulfide bridges were reduced for 1 h with 

200 mmol L-1 dithiothreitol (in 50 mmol L-1 NH4HCO3), and the resulting free 

sulfhydryl groups were alkylated for 1 h with 200 mmol L-1 iodoacetamide (in 

50 mmol L-1 NH4HCO3). Tryptic digestion using > 6.000 U g-1 trypsin from porcine 

pancreas (Merck 37286.03) was performed for 15 h at 37°C (pH ≈ 7.8). The 

digestion was stopped by the addition of concentrated acetic acid reducing the 

pH to 3 ‒ 4. Heavy labeled peptides (lys: U-13 C6; U-15 N2; arg: U-13 C6; U-15 N4) 

serving as IS were added. Following centrifugation, peptides were extracted by 

SPE (Strata-X 33 µm polymeric reversed phase material, Phenomenex LTD, 

Aschaffenburg, Germany). After evaporation, the residues were reconstituted, 

sonicated, and analyzed by targeted proteomics LC-MS/MS (Fig. 4.2) [38]. 
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Fig. 4.1: Workflow of comprehensive oxylipin analysis. In A non-esterified oxylipins are 

analyzed directly. In B total oxylipins are analyzed and quantified as non-esterified oxylipins 

following hydrolysis. C To quantify oxylipins bound in different PL, the lipids were fractionated by 

HILIC-SPE prior to hydrolysis, followed by the quantification of esterified oxylipins in each fraction. 

In D PL bearing oxylipins are analyzed directly. 
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HILIC-based solid-phase extraction. Lipids were fractionated into distinct 

lipid classes using HILIC-based SPE with CHROMABOND cartridges 

(aminopropyl-modified silica, 45 µm, 3 mL/500 mg; Machery-Nagel, Düren, 

Germany) (Fig. 4.1C) [43-45]. Briefly, 400 µL of ice-cold IPA was added to 50 µL 

suspension of sonicated cells. Samples were vortexed and frozen at ‒ 80 °C for 

at least 30 min. Cartridges were preconditioned with 6 mL of H2O/ACN (5/95, v/v). 

Following centrifugation (4 °C, 10 min, 20,000 × g), the supernatant of the 

sample was diluted on the cartridge with 1 mL of ACN. NL fraction including 

monoacylglycerides, DG, TG, Chol Ester, and ceramides was eluted with 4.5 mL 

of H2O/ACN (5/95, v/v). The second fraction containing all choline-bearing PL 

(i.e., lysoPC, PC, and SM) was collected with 5.5 mL of H2O/ACN (11/89, v/v). 

The fraction comprising lysoPE and PE was isolated using 12 mL of MeOH with 

0.1% acetic acid. Non-esterified FA and oxylipins were washed off with 18 mL 

MeOH containing 0.1% acetic acid. PG were isolated with 12 mL of H2O/ACN/IPA 

(6/18/76, v/v/v), and PI/PS were simultaneously eluted using 12 mL of 

H2O/ACN/IPA (20/35/45, v/v/v). Elution of the individual lipid fractions was 

conducted under slight vacuum (~ 900 mbar) in glass tubes containing 8 µL of 

30% glycerol in MeOH. Following evaporation to dryness, residues of each 

fraction were reconstituted in IPA. Esterified oxylipins in each lipid fraction ‒ 

PI/PS, PE, PC, PG, and NL ‒ were quantified following alkaline hydrolysis as 

described above.  

Liquid-liquid extraction. Lipids were extracted from the HEK293T cells 

using a modified LLE based on Matyash et al. [46] with slight modifications 

described in [47] (Fig. 4.1D). Briefly, 50 µL suspension of sonicated cells (i.e., 

0.38 mg protein) was transferred to 3 mL glass tubes. 2.5 pmol of each IS (i.e., 

PI 12:0/13:0, PC 12:0/13:0, and PE 12:0/13:0) were added, yielding a final 

concentration of 50 nmol L-1 in the lipid extract. Lipids were extracted using a 

mixture of MeOH and MTBE. After extraction and evaporation, the dried residue 

was reconstituted in 50 μL of IPA/ACN (50/50, v/v) containing 50 nmol L-1 

PG 12:0/13:0 as IS2 used to calculate the extraction recovery of IS. The extracts 

were sonicated and directly used for oxPL LC-MS measurement.  
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4.2.4 LC-MS/MS analysis 

Targeted analysis of oxylipins. Targeted LC-MS/MS analysis of oxylipins 

was carried out using a 1290 Infinity II (Agilent, Waldbronn, Germany) LC system 

coupled to a QTRAP 5500 mass spectrometer (Sciex, Darmstadt, Germany) as 

described [24, 38-40]. The injection volume was 5 µL. Chromatographic 

separation was carried out on a ZORBAX Eclipse Plus C18 column 

(2.1 × 150 mm, 1.8 µm, 95 Å; Agilent) equipped with a guard column 

(2.1 × 2 mm, 1.8 µm) at 40 °C. A binary gradient was used with eluent A (0.1% 

acetic acid in H2O/eluent B, 95/5, v/v) and eluent B (ACN/MeOH/acetic acid, 

800/150/1, v/v/v). Oxylipins were separated using the following gradient with a 

flow rate of 300 µL min-1: 0–1.0 min 21% B; 1.0–1.5 min 21–26% B; 1.5–10 min 

26–51% B; 10–19 min 51–66% B; 19–25.1 min 66–98% B; 25.1–27.6 min 

98% B; 27.6–27.7 min 21% B; 27.7–31.5 min 21% B. MS detection of oxylipins 

was performed in scheduled selected reaction monitoring mode following ESI(-). 

Oxylipins were quantified using external calibrations with IS (Fig. 4.3).  

Targeted analysis of peptides. Analysis of peptides was carried out using a 

1290 Infinity II (Agilent, Waldbronn, Germany) LC system coupled to a 

QTRAP 6500+ mass spectrometer (Sciex, Darmstadt, Germany) as described 

[1]. Chromatographic separation was carried out on a ZORBAX Eclipse Plus C18 

column (2.1 × 150 mm, 1.8 µm, 95 Å; Agilent) equipped with a guard column 

(2.1 × 2 mm, 1.8 µm) at 40 °C. A binary gradient was used with eluent A 

(H2O/ACN, 95/5, v/v) and eluent B (H2O/ACN, 5/95, v/v), both containing 0.1% 

acetic acid. Peptides were separated using the following gradient with a flow rate 

of 300 µL min-1: 0–1.0 min 0% B; 1.0–30.5 min 0–35% B; 30.5–30.6 min 35–

100% B; 30.6–33.5 min 100% B; 33.5–33.7 min 100–0% B; 33.7–36 min 0% B. 

MS detection of peptides was performed in scheduled MRM mode following 

positive ESI. Peptides were quantified using external calibrations with IS, and 

concentrations were normalized on the amount of cellular protein (Fig. 4.2). 
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Untargeted analysis of oxPL. Untargeted LC-HRMS analysis of oxPL was 

carried out as described [47] on a Vanquish Horizon high-performance LC system 

coupled to a hybrid quadrupole-orbitrap mass spectrometer (Q Exactive HF; 

Thermo Fisher Scientific, Dreieich, Germany). The injection volume was 5 µL. 

Chromatographic separation was carried out on an ACQUITY Premier CSH C18 

column (2.1 × 100 mm, 1.7 µm, 130 Å; Waters, Eschborn, Germany) equipped 

with a guard column (2.1 × 5 mm, 1.7 µm) at 40 °C. A binary gradient was used 

with eluent A (H2O/ACN, 60/40, v/v) and eluent B (IPA/ACN, 80/20, v/v, 

+ 1% H2O), both containing 10 mmol L-1 ammonium formate and 0.1% formic 

acid. Lipids were separated using the following gradient with a flow rate of 

260 µL min-1: 0–0.7 min 30% B; 0.7–0.8 min 30–57.5% B; 0.8–9 min 57.5% B; 9–

22 min 57.5–68% B; 22–24 min 68–99% B; 24–28 min 99% B; 28–

30 min 30% B. Lipids were analyzed in Full MS Full MS/ddMS2 TOP 15 mode 

following ESI(-) mode. The Full MS scans were recorded over a mass range of 

m/z 200 – 1200 at a resolution setting of 120,000 and ddMS2 spectra were 

acquired at a resolution setting of 15,000. For data acquisition and instrument 

control Chromeleon software (version 7.2.11, Thermo Fisher Scientific) was 

used. OxPL species were characterized as described in [47] based on precursor 

ion, product ions, and retention time using Freestyle software (version 1.8, 

Thermo Fisher Scientific) (Fig. 4.4). 

Targeted analysis of oxPL. Targeted LC-MS/MS analysis of oxPL was 

carried out using a 1290 Infinity II (Agilent, Waldbronn, Germany) LC system 

coupled to a QTRAP 6500+ mass spectrometer (Sciex, Darmstadt, Germany). 

The injection volume was 5 µL. Lipids were separated using the ACQUITY 

Premier CSH C18 column with the same eluents and gradient conditions as the 

untargeted LC-HRMS method, see above. MS detection was performed in 

negative ESI mode with the following settings: ion spray voltage − 4500 V, source 

temperature 650 °C, nebulizer gas (gas 1, compressed air purified with 

RAMS05Z; CMC instruments, Eschborn, Germany) 60 psi and drying gas (gas 2, 

purified compressed air) 60 psi, curtain gas (nitrogen, generated with the nitrogen 

generator Eco Inert-ESP4; DWT, Bottrop, Germany) 35 psi, collision gas 

(nitrogen) 6 psi.  



TARGETED LC-MS/MS ANALYSIS OF PHOSPHOLIPIDS BEARING OXYLIPINS 

 

123 

 

MS detection was carried out in scheduled MRM mode acquiring three transitions 

per oxPL: two for qualification and one for quantification resulting from the specific 

cleavage of the oxidized fatty acyl chains. The detection window was set to 120 s 

around the retention time and the (maximum) cycle time to 1 s. The CE was 

optimized for each of the oxPL. The declustering potential, entrance potential, 

and collision cell exit potential were – 50 volts, – 2 volts, and – 10 volts, 

respectively, as these parameters have a minor impact on the signal intensity. 

MS parameters for targeted oxPL analysis can be found in Table 4.1 and 

Table 8.14. Analyst (Sciex, version 1.7) was used for instrument control and data 

acquisition, and Multiquant (Sciex, version 2.1.1) for data evaluation.  

For calibration, individual oxPL standards were mixed and diluted in 

ACN/IPA (50/50, v/v) at 11 concentration levels. Each calibration level contained 

the same amount of the IS (PI 12:0/13:0, PC 12:0/13:0, and PE 12:0/13:0; 

50 nmol L-1 for each). Linear calibration was carried out using linear least square 

regression (weighting: 1/x2). Analyte quantification was done based on the 

analyte to corresponding IS peak area ratio using the obtained linear calibrations. 

All standards are listed in Table 4.2 and Table 8.15, and the concentration of 

oxPL in oxylipin-supplemented cells and in 15-LOX-2 overexpressing cells can 

be found in Table 8.16. 

4.2.5 Method characterization of targeted analysis of oxPL 

The LC-MS/MS method was characterized and validated regarding 

sensitivity (LOD and LLOQ), linearity, extraction recovery, intra- and inter-day 

accuracy and precision, and dilution integrity (Fig. 4.5, 4.6, 4.7, 4.8, 4.9 and 

Tables 4.2, 4.3, 8.17, 8.18) based on criteria of the Guideline on bioanalytical 

method validation of the International Council for Harmonization [48]. Resulting 

concentrations of oxPL obtained by the targeted LC-MS/MS method were 

compared to an established oxylipin LC-MS/MS method (Fig. 4.10). 
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4.2.6 Cell culture 

HEK293T cells were cultivated in DMEM high glucose (4.5 g L-1) 

supplemented with 10% (v/v) FCS, 100 U mL-1 penicillin, 100 µg mL-1 

streptomycin, and 1 mmol L-1 sodium pyruvate in a humidified atmosphere with 

5% CO2 at 37 °C. In 10 cm2 dishes, 5 × 106 cells were seeded and cultivated for 

24 h to allow cell adhesion. Following 24 h, the medium was replaced with 10 mL 

of fresh serum-free medium. For supplementation, 10 µL of either 15(S)-HETE, 

15(S)-HEPE, 17(S)-HDHA, or 13(S)-HODE in DMSO was directly spiked into the 

medium leading to a final concentration of 300 nmol L-1 (0.1% DMSO) and 

incubated for 2 h [47]. Cells were harvested by scraping in ice-cold PBS. 

HEK293T cells were transfected with 15-LOX-2 using the sleeping beauty 

system [49] described in [19] using the pSBtetmChP_15-LOX-2 plasmid for 

construct. This plasmid results in a silenced gene expression until doxycycline 

treatment and also contains the mCherry gene as a fluorescent marker and a 

puromycin resistance gene for positive selection. In a 6-well plate, 1 × 105 

HEK293T cells were seeded and allowed to adhere for 24 h. The medium was 

replaced with 2 mL of fresh medium followed by the addition of the transfection 

mixture containing the plasmid (2.5 µg), a second plasmid carrying the SB100X 

transposase gene (0.25 µg), and polyethylenemine (12.5 µg). Stable transfection 

of cells was performed for 16 h. The medium was exchanged with fresh medium 

containing 2.5 µg mL-1 puromycin and homogenous mCherry expression was 

checked by fluorescence. 

To induce 15-LOX-2 overexpression in transfected HEK293T_15-LOX-2 cells, 

5 × 106 cells were seeded and cultivated for 24 h to allow cell adhesion. The 

medium was replaced after 24 h with 10 mL of fresh medium containing 

200 ng mL-1 doxycycline for 24 h (0.1% DMSO). Cells were harvested by 

scraping in ice-cold PBS. Overexpression of 15-LOX-2 in HEK293T_15-LOX-2 

cells was characterized by quantification of the enzyme level of 15-LOX-2 and 

concentration levels of 15-LOX-2 oxylipin products using combined targeted 

LC-MS/MS proteomics [38, 50]  and oxylipin metabolomics [24, 38-40] (Fig. 4.2).  
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Fig. 4.2: Characterization of 15-LOX-2 overexpression induced by doxycycline in HEK293T 

cells transfected with 15-LOX-2 using combined targeted proteomics and oxylipin 

metabolomics. Shown are A protein level of expressed 15-LOX-2 and B total oxylipin 

concentration of (left) 15-HETE and (right) 12-HETE of the HEK293T cells inducible transfected 

with 15-LOX-2 with and without incubation of doxycycline (DOXY) (200 ng mL-1, 24 h). ALOX15B 

peptides were measured following tryptic digestion by targeted LC-MS/MS proteomics [38, 50]. 

Total oxylipins were analyzed following alkaline hydrolysis by targeted LC-MS/MS [24, 38-40]. 

Shown is the mean concentration ± SD per mg cellular protein (n = 3). 

4.2.7 Lipid notation 

Oxylipins in human HEK293T cells were analyzed using a combination of 

indirect and direct LC-MS approaches (Fig. 4.1). The terms “indirect 

quantification” or “indirect analysis” refer to the measurement of esterified 

oxylipins as non-esterified by targeted LC-MS/MS following alkaline hydrolysis 

(Fig. 4.1B, C). The terms “direct quantification” or “direct analysis” refer to the 

measurement of esterified oxylipins as oxPL using untargeted LC-HRMS [47] or 

the targeted LC-MS/MS method developed in this work (Fig. 4.1D).  

The notations 15-HETE, 15-HEPE, 17-HDHA, and 13-HODE are used when 

identification was confirmed using authentic standards (i.e., oxylipin or oxPL), 

whereas the notations 20:4;15OH, 20:5;15OH, 22:6;17OH, and 18:2;13OH are 

used when authentic standards of the oxylipin-containing species were not 

available. Furthermore, the notations 15(S)-HETE, 15(S)-HEPE, 17(S)-HDHA, 

and 13(S)-HODE are used only to describe the supplemented (enantiopure) 

oxylipins. 
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 Results and discussion 

4.3.1 Incorporation of oxylipins into phospholipid classes 

Oxylipins − especially hydroxy-PUFA − are mainly found esterified to lipids in 

biological samples [19-21, 51]. However, information in which lipid class 

hydroxy-PUFA are bound is scarce and has been described only in studies 

following oxylipin-supplementation [25-32, 47]. We aimed to investigate in which 

PL classes of the HEK293T cell line the 15-LOX products 15(S)-HETE, 

15(S)-HEPE, 17(S)-HDHA, and 13(S)-HODE are incorporated (Fig. 4.3). 

 Quantitative targeted analysis unveiled that the baseline concentration of total 

15-HETE, 15-HEPE, 17-HDHA, and 13-HODE is ≤ 4.0 pmol mg-1 protein, with 

non-esterified concentrations below 0.48 pmol mg-1 (Fig. 4.3A). Following 

supplementation (300 nmol L-1, 2 h), levels of the added hydroxy-PUFA 

increased to 40 – 270 pmol mg-1. 97% of 15-HETE and 15-HEPE occurred 

esterified and showed similar incorporation rates of 20 ± 2% and 21.4 ± 0.3% of 

the added amount, respectively. While 17-HDHA and 13-HODE were also only 

detected esterified (> 97%) but were incorporated with lower amounts 

(12.8 ± 0.7% and 3.4 ± 0.3%, respectively). Alpert et al. [29] also found by TLC a 

comparable incorporation rate of 29 ± 5% in human tracheal epithelial cells 

following a 2 h incubation with 1 µmol L-1 of [3H]15(S)-HETE. Concentrations of 

hydroxy-PUFA formed endogenously via 15-LOX-2 using a genetically modified 

HEK293T cell line were in the same order of magnitude. Most oxylipins (> 97%)  

in the cells were esterified, which is consistent with our previous works showing 

that 15-HETE and other hydroxy-PUFA such as 12-HETE and 5-HETE occur in 

cells esterified at baseline, following supplementation, and endogenous formation 

by 15-LOX [19, 47].  
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 Using HILIC fractionation [43-45], we found that > 75% of the hydroxy-PUFA 

were bound to polar lipids i.e. lysoPL and PL and less than 25% were esterified 

into NL such as DG, TG, and Chol Ester (Fig. 4.3B). Following supplementation 

(300 nmol L-1, 2 h), incorporation of hydroxy-PUFA in NL was higher compared 

to oxylipins endogenously formed by 15-LOX-2, especially for 15-HEPE with 25% 

in NL vs. 2.8% in cells overexpressing 15-LOX-2. For 15-HETE, 17-HDHA, and 

13-HODE smaller differences (< 10%) were found between supplementation and 

endogenous formation. This is consistent with earlier reports showing that 

15-HETE incorporation in both PL and PI is saturable in human tracheal epithelial 

and that increased amounts of [H3]15-HETE were found in NL above 1 µmol L-1 

supplementation [29]. In our study, the concentrations of 15-HETE and 15-HEPE 

following supplementation were higher compared to 15-LOX-2 endogenous 

formation, e.g., for 15-HEPE with 270 pmol mg-1 vs. 55 pmol mg-1 in 15-LOX-2 

overexpressing cells (Fig. 4.3A). When a lower concentration was used for 

supplementation (i.e., ~ 50 nmol L-1, 2 h), fewer hydroxy-PUFA were incorporated 

in NL and the proportion was similar to the one in 15-LOX-2 expressing cells 

(Appendix Table 8.19). These results indicate the incorporation of 15-HETE and 

15-HEPE into PL via specific mechanisms that can be saturated. 

Oxylipins were distinctly incorporated into PL classes, i.e. PI/PS, PE, and PC. 

Only very low amounts were bound to PG. Despite minor differences, the 

incorporation patterns of hydroxy-PUFA into PL classes were comparable at 

baseline concentration, following supplementation, and in cells overexpressing 

15-LOX-2 (Fig. 4.3B): The majority of 15-HETE and 15-HEPE were found in 

PI/PS, while more than half of 17-HDHA was detected in PE and over half of 

13-HODE was found in PC. Following supplementation, 178 ± 8 pmol mg-1 (95%) 

of 15-HETE was found in PI/PS, and 90 ± 10 pmol mg-1 (84%) of endogenously 

formed 15-HETE was incorporated into PI/PS. Incorporation of 15-HETE into 

other PL classes was minor in both supplemented cells and 15-LOX-2 

overexpressing cells, with 8.4 ± 0.9 pmol mg-1 vs. 15 ± 1 pmol mg-1, respectively, 

in the sum of PC and PE.  
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Fig. 4.3: (Previous page) Incorporation of oxylipins in distinct lipid classes at baseline, 

following supplementation, and following overexpression of 15-LOX-2 in HEK293T cells. 

5 × 106 HEK293T cells were used per experiment. (left column) HEK293T cells treated with 0.1% 

DMSO as controls. (middle column) HEK293T cells supplemented with either 15(S)-HETE, 

15(S)-HEPE, 17(S)-HDHA, or 13(S)-HODE (300 nmol L-1, 2 h). (right column) Endogenous 

formation of oxPL elicited by overexpression of 15-LOX-2 in HEK293T_15-LOX-2 cells 

(200 ng mL-1 doxycycline, 24 h). Oxylipins were analyzed as non-esterified following alkaline 

hydrolysis by targeted LC-MS/MS method. Shown are the concentrations per mg cellular protein 

of A non-esterified and total oxylipins and B esterified oxylipins in each HILIC-separated lipid 

fraction (mean ± SD (n = 3)). At baseline concentration, 13-HODE is not shown due to 

interferences caused by a contamination occurring in the HILIC-based cartridges. 

15-HEPE presented a similar distribution between the PL classes 

(Fig. 4.3B): 32 ± 5 pmol mg-1 (72%) of 15-HEPE was in PI/PS, 

6.9 ± 0.7 pmol mg-1 in PE, and 5.5 ± 0.5 pmol mg-1 in PC in cells overexpressing 

15-LOX-2. For both 15-HETE and 15-HEPE, incorporation into PE was higher in 

15-LOX-2 overexpressing cells compared to cells supplemented with oxylipins: 

11% and 16%, respectively, of endogenously formed 15-HETE and 15-HEPE 

was found in PE vs. 2.0% and 1.6% following supplementation. At baseline 

concentration, 17-HDHA was only detected in PE, likely due to its low 

concentration i.e. 0.13 pmol mg-1 close to the LLOQ. Following supplementation 

and endogenous formation by 15-LOX-2, most 17-HDHA was also found in PE, 

74 ± 7 pmol mg-1 (55%) and 49 ± 4 pmol mg-1 (52%), respectively. One 

noticeable difference was observed in the incorporation pattern of 17-HDHA: 

endogenously formed 17-HDHA was more incorporated into PI/PS with 

23 ± 1 pmol mg-1 (25%) vs. 7.5 ± 0.4 pmol mg-1 (5.5%) following 

supplementation. PI/PS were also the second most abundant PL classes for 

13-HODE incorporation, with 8.1 ± 0.6 pmol mg-1, but the major part of 13-HODE 

was detected in PC with 17.0 ± 0.3 pmol mg-1 (50%) in 15-LOX-2 overexpressing 

cells. In 13(S)-HODE-supplemented cells, 23 ± 1 pmol mg-1 (40%) and 

12 ± 2 pmol mg-1, were found in PC and PI, respectively. 
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In this work, we demonstrate for the first time that 15-LOX products show 

a distinct incorporation pattern into PL, and we also show the incorporation of 

17-HDHA and 15-HEPE into lipids which was not previously described. 

Importantly, we demonstrate this pattern not only following supplementation, as 

carried out for labeled 15-HETE and 13-HODE in the 1990s [25-32], but also for 

oxylipins endogenously formed by 15-LOX-2. Because our method also allows 

us to detect unlabeled lipids, we demonstrate that endogenously formed 

hydroxy-PUFA, at baseline or upon 15-LOX-2 activity show a comparable 

incorporation pattern, highlighting the biological relevance of these findings. 

4.3.2 Direct analysis of oxidized phospholipids  

Indirect analysis of oxPL in lipid fractions in HEK293T cells unveiled that 

15-HETE, 15-HEPE, 17-HDHA, and 13-HODE are incorporated into specific 

polar lipid classes. Based on this finding, we aimed to characterize and quantify 

the PL molecular species into which the oxylipins are incorporated. 

Therefore, we developed a targeted LC-MS/MS method for the direct 

analysis of PL bearing hydroxy-PUFA in HEK293T cells based on an established 

untargeted LC-HRMS method [47] (Fig. 4.4): OxPL were screened in Full 

MS/ddMS2 mode in lipid cell extracts and characterized based on MS2 spectra 

and retention time as described in [47] (Fig. 4.4A, C). Notably, no oxylipins were 

found esterified in PL with a sphingosine backbone, i.e., SM. Untargeted 

LC-HRMS detected the hydroxy-PUFA bound to PI, PC, PE, PC-P, PC-O, and 

PE-P lipid classes but none in lysoPL, PS, or PG (Fig. 4.4A). The detected PL 

bear 16:0, 16:1, 18:0, and 18:1 in the sn-1 position and 18:2;13OH, 20:4;15OH, 

20:5;15OH, 22:4;17OH, 22:5;17OH, and 22:6;17OH in the sn-2 position. The 

most relevant oxPL species were included in the targeted LC-MS/MS method.  
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Three mass transitions were selected to monitor product ions corresponding to 

(i) the saturated FA, (ii) the oxPUFA, and (iii) the characteristic product ion 

resulting from the α-cleavage of the oxPUFA at the hydroxy group (Fig. 4.4D): 

For example, PI 18:0/20:4;15OH was detected with the mass transitions 

m/z 901.5 → 319.2, m/z 901.5 → 283.2, and m/z 901.5 → 219.2. In total, 

67 oxPL species from six different PL classes (i.e., PI, PC, PE, PC-P, PC-O, and 

PE-P) were included in the targeted MRM method (Table 4.1, Table 8.14).  

 

Fig. 4.4: Development of a targeted LC-MS/MS method based on an untargeted LC-HRMS 

method. Shown is the detection in ESI(-) mode of PL bearing hydroxy-PUFA in 15-LOX-2 

overexpressing HEK293T_15-LOX-2 cells (200 ng mL-1 doxycycline, 24 h): A untargeted 

LC-HRMS in full MS/ddMS2 mode (Q Exactive HF) B by targeted LC-MS/MS in scheduled MRM 

(QTRAP 6500+). C HRMS-extracted ion chromatogram as well as MS2 spectrum and D MS/MS 

MRM chromatograms of PI 18:0/20:4;15OH. 
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Table 4.1: Parameters of the targeted LC-ESI(-)-MS/MS method. Shown are the mass 

transitions used for quantification in scheduled MRM method, CE, and tR. Transitions used for 

qualification are depicted in Table 8.14. 

 

Analyte 
Mass transition   CE    tR 

Q1 Q3       [min] 

PI 16:0/18:2;13OH 849.5 195.2   -65   8.39 

PI 18:0/18:2;13OH 877.6 195.2   -65   12.60 

PI 16:0/20:4;15OH 873.5 219.2   -55   8.77 

PI 16:0/20:5;15OH 871.5 219.2   -55   7.79 

PI 18:0/20:4;15OH 901.5 219.2   -55   12.60 

PI 18:1/20:4;15OH 899.5 219.2   -55   9.08 

PI 18:0/20:5;15OH 899.5 219.2   -55   10.81 

PI 16:0/22:5;17OH 899.5 247.2   -55   9.34 

PI 18:1/20:5;15OH 897.5 219.2   -55   8.04 

PI 16:0/22:6;17OH 897.5 201.3   -55   8.50 

PI 18:0/22:5;17OH 927.6 247.2   -60   13.00 

PI 18:0/22:6;17OH 925.5 201.3   -60   12.16 

PI 18:1/22:6;17OH 923.5 201.3   -55   8.80 

PC 16:0/18:2;13OH 818.5 195.1   -60   10.87 

PC 16:1/18:2;13OH 816.5 195.2   -60   7.96 

PC 18:0/18:2;13OH 846.6 195.1   -60   15.31 

PC 18:1/18:2;13OH 844.6 195.1   -60   11.20 

PC 16:0/15-HETE  842.4 219.2   -50   11.80 

PC 16:0/20:5;15OH 840.5 219.2   -50   9.79 

PC 18:0/15-HETE  870.6 219.2   -55   16.36 

PC 16:0/22:5;17OH 868.5 247.2   -50   11.95 

PC 18:0/15-HETE  868.5 219.2   -50   14.07 

PC 18:1/20:5;15OH 866.4 219.2   -50   10.37 

PC 16:0/17-HDHA  866.4 201.3   -50   11.08 

PC 18:0/DH-17-HETE 898.5 247.3   -55   18.70 

PC 18:1/22:5;17OH 894.5 247.2   -55   12.64 

PC 18:0/17-HDHA 894.5 201.3   -55   15.53 

PC 18:1/22:6;17OH 892.6 201.3   -50   11.74 

PC P-16:0/18:2;13OH 802.6 195.1   -60   12.55 

PC P-16:0/20:4;15OH 826.6 219.2   -50   13.16 

PC P-16:0/22:5;17OH 852.6 247.2   -55   14.20 

PC O-16:0/18:2;13OH 804.6 195.1   -60   13.30 

PC O-16:0/20:4;15OH 828.6 219.2   -50   13.92 

PC O-18:1/20:4;15OH 854.6 219.2   -55   14.22 

PC O-16:0/22:5;17OH 854.6 247.2   -55   14.44 

PC O-16:0/22:6;17OH 852.6 201.3   -50   13.44 

PC O-18:1/22:5;17OH 880.6 247.2   -55   14.70 
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Table 4.1: Continued. Parameters of the targeted LC-ESI(-)-MS/MS method.  

 

 

 

Analyte 
Mass transition   CE    tR  

Q1 Q3       [min]  

PC O-18:1/22:6;17OH 878.6 201.3   -60   13.75  

PE 16:0/18:2;13OH 730.5 195.2   -50   11.81  

PE 18:0/18:2;13OH 758.5 195.2   -55   16.32  

PE 16:0/20:4;15OH 754.4 219.2   -45   12.40  

PE 16:0/20:5;15OH 752.4 219.2   -40   10.85  

PE 18:0/15-HETE 782.5 219.2   -45   17.10  

PE 18:1/20:4;15OH 780.5 219.2   -45   12.86  

PE 18:0/20:5;15OH 780.5 219.2   -45   15.32  

PE 18:1/20:5;15OH 778.4 219.2   -45   11.27  

PE 16:0/17-HDHA  778.4 201.3   -45   12.02  

PE 18:0/DH-17-HETE 810.7 247.1   -48   19.50  

PE 18:0/22:5;17OH 808.5 247.2   -45   17.83  

PE 18:0/22:6;17OH 806.5 201.3   -45   16.51  

PE 18:1/22:5;17OH 806.5 247.2   -50   13.41  

PE 18:1/22:6;17OH 804.5 201.3   -45   12.45  

PE P-16:0/18:2;13OH 714.5 195.2   -50   13.70  

PE P-16:0/20:4;15OH 738.5 219.2   -45   14.29  

PE P-16:0/20:5;15OH 736.5 219.2   -40   12.36  

PE P-18:0/20:4;15OH 766.5 219.2   -45   19.27  

PE P-16:0/DH-17-HETE 766.5 247.2   -45   16.84  

PE P-18:1/20:4;15OH 764.5 219.2   -45   14.92  

PE P-18:0/20:5;15OH 764.5 219.2   -40   17.25  

PE P-16:0/22:5;17OH 764.5 247.2   -45   14.86  

PE P-18:1/20:5;15OH 762.5 219.2   -45   12.98  

PE P-16:0/22:6;17OH 762.5 201.5   -45   13.82  

PE P-18:0/DH-17-HETE 794.6 247.2   -45   19.81  

PE P-18:0/22:5;17OH 792.5 247.2   -45   19.50  

PE P-18:1/22:5;17OH 790.5 247.2   -45   15.20  

PE P-18:0/22:6;17OH 790.5 201.3   -45   18.44  

PE P-18:1/22:6;17OH 788.5 201.3   -45   14.11  

PI 12:0/13:0 (IS) 711.4 241.0   -48   7.56  

PC 12:0/13:0 (IS) 680.4 213.0   -42   9.89  

PE 12:0/13:0 (IS) 592.0 213.0   -38   10.84  

PG 12:0/13:0 (IS) 623.2 213.0   -42   8.30  
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4.3.3 Method characterization and validation of the oxPL targeted analysis 

Method performance 

Quantification of the oxPL was carried out based on the analyte to 

corresponding IS area ratio using linear calibration. OxPC and oxPE species 

were quantified using identical standards or when not available, standards of the 

same lipid class and similar fatty acyl chain composition (Appendix Table 8.15). 

OxPI species were quantified using OxPC species standards with similar fatty 

acyl chain composition. PL bearing 18:2;13OH were quantified using PL standard 

containing 20:4;15OH, while PL bearing 22:5;17OH were quantified using PL 

standard containing 22:6;17OH. For oxPL species whose standard was not 

available, the relative concentration was determined using selected ion 

monitoring (SIM)/MRM measurements of both the lipid extracts and standard 

solutions, assuming similar ionization efficiency [52]. Based on that, a factor of 

the MRM signal was calculated for each analyte and corresponding compound 

used as standard (Appendix Table 8.15). IS was assigned for each oxPL species 

based on the polar head group: PI 12:0/13:0 for oxPI species, PC 12:0/13:0 for 

oxPC species, and PE 12:0/13:0 for oxPE species. For oxPI quantification, 

PI 12:0/13:0 was used as IS to calculate the area ratio for the calibration 

(Table 4.2). 

The sensitivity of the method was evaluated by determining LOD and 

LLOQ based on S/N. The concentration yielding an S/N ≥ 3 was defined as LOD. 

Analytes showed an LOD ranging from 7.5 to 30 fmol (0.59 to 4.8 pg) on column, 

i.e. 1.5 to 12 nmol L-1 (Table 4.2). The concentration with an S/N ≥ 5 and an 

accuracy of 80 – 120% within the linear calibration was defined as LLOQ and set 

as the lowest concentration of the linear calibration. All oxPL were detected with 

an LLOQ in the same order of magnitude from 30 to 125 fmol (2.36 to 10 pg) on 

column, i.e. 6 to 25 nmol L-1 in the injected solution. Few studies have reported 

information about the LOD, LLOQ, and linear range of oxPL species. Linearity 

was assessed using standard solutions covering a concentration range from 0.75 

to 1000 nmol L-1 (30 ‒ 5000 fmol on column).  
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Table 4.2: Method characterization of the targeted LC-ESI(-)-MS/MS method. Shown are the 

tR, the FWHM, the LOD (nmol L-1 in solution and fmol on column), the calibration range, the 

assigned IS, the R2, and the slope of the linear calibration for standard oxPL. 

 

a
n

a
ly

te
 

t
R

a 
F

W
H

M
a 

L
O

D
b 

c
a
lib

ra
tio

n
 ra

n
g

e
  IS

 
R

2
 e 

s
lo

p
e

 
 

 
 

  
  

  
  

  
L

L
O

Q
c 

d 
  

  
[m

in
] 

[s
] 

[n
m

o
l L

-1] 
[fm

o
l] 

[n
m

o
l L

-1] 
  

  
  

P
C

 1
6
:0

/1
7
-H

D
H

A
 

1
1
.0

2
 

±
 

0
.0

3
 

1
2
.9

 
±
 

0
.2

 
6
.0

 
3
0

 
2
5

 
8
0
0

 
P

C
 1

2
:0

/1
3
:0

  0
.9

9
7
  3

.4
E

-0
4

 

P
I 1

2
:0

/1
3
:0

 
0
.9

9
6

 
1
.1

E
-0

3
 

P
C

 1
6
:0

/1
5
-H

E
T

E
  

1
1
.4

2
 

±
 

0
.0

3
 

1
3
.4

 
±
 

0
.5

 
6
.0

 
3
0

 
1
2

 
8
0
0

 
P

C
 1

2
:0

/1
3
:0

  0
.9

9
7
  6

.1
E

-0
4

 

P
I 1

2
:0

/1
3
:0

 
0
.9

9
6

 
2
.0

E
-0

3
 

P
E

 1
6
:0

/1
7
-H

D
H

A
 

1
1
.9

7
 

±
 

0
.0

3
 

1
3
.2

 
±
 

0
.3

 
6
.0

 
3
0

 
1
2

 
8
0
0

 
P

E
 1

2
:0

/1
3

:0
 

0
.9

9
5

 
5
.1

E
-0

3
 

P
C

 1
8
:0

/1
5
-H

E
P

E
  

1
4
.0

4
 

±
 

0
.0

3
 

1
3
.3

 
±
 

0
.2

 
6
.0

 
3
0

 
1
2

 
8
0
0

 
P

C
 1

2
:0

/1
3
:0

  0
.9

9
5
  6

.6
E

-0
4

 

P
I 1

2
:0

/1
3
:0

 
0
.9

9
7

 
2
.3

E
-0

3
 

P
C

 1
8
:0

/1
7
-H

D
H

A
  

1
5
.5

4
 

±
 

0
.0

3
 

1
3
.1

 
±
 

0
.5

 
6
.0

 
3
0

 
1
2

 
8
0
0

 
P

C
 1

2
:0

/1
3
:0

  0
.9

9
7
  3

.3
E

-0
4

 

P
I 1

2
:0

/1
3
:0

 
0
.9

9
6

 
1
.1

E
-0

3
 

P
C

 1
8
:0

/1
5
-H

E
T

E
  

1
5
.9

9
 

±
 

0
.0

3
 

1
2
.9

 
±
 

0
.4

 
1
.5

 
7
.5

 
6
 

8
0
0

 
P

C
 1

2
:0

/1
3
:0

  0
.9

9
7
  8

.2
E

-0
4

 

P
I 1

2
:0

/1
3
:0

 
0
.9

9
7

 
2
.7

E
-0

3
 

P
E

 1
8
:0

/1
5
-H

E
T

E
 

1
7
.0

1
 

±
 

0
.0

3
 

1
4
.2

 
±
 

0
.1

 
1
.5

 
7
.5

 
6
 

8
0
0

 
P

E
 1

2
:0

/1
3

:0
 

0
.9

9
7

 
9
.6

E
-0

3
 

P
C

 1
8
:0

/D
H

-1
7
-H

E
T

E
 

1
8
.4

3
 

±
 

0
.0

3
 

1
4
.1

 
±
 

0
.5

 
6
.0

 
3
0

 
1
2

 
8
0
0

 
P

C
 1

2
:0

/1
3
:0

 
0
.9

9
9

 
9
.5

E
-0

4
 

P
E

 1
8
:0

/D
H

-1
7
-H

E
T

E
 

1
9
.4

9
 

±
 

0
.0

3
 

1
4
.6

 
±
 

0
.2

 
1
.5

 
7
.5

 
6
 

8
0
0

 
P

E
 1

2
:0

/1
3

:0
 

0
.9

9
7

 
1
.6

E
-0

2
 

a F
W

H
M

 w
e

re
 d

e
te

rm
in

e
d

 a
s
 m

e
a

n
 fro

m
 s

ta
n

d
a
rd

s
 w

ith
 th

e
 c

o
n
c
e

n
tra

tio
n

 1
2
5

 n
m

o
l L

-
1 (n

 =
 3

) 

b L
O

D
 w

a
s
 s

e
t to

 th
e

 lo
w

e
s
t c

o
n

c
e

n
tra

tio
n

 y
ie

ld
in

g
 a

 S
/N

 ra
tio

 ≥
 3

. 

c L
L

O
Q

 w
a

s
 s

e
t to

 th
e
 lo

w
e
s
t c

a
lib

ra
tio

n
 s

ta
n

d
a

rd
 in

je
c
te

d
 y

ie
ld

in
g

 a
 S

/N
 ra

tio
 ≥

 5
 a

n
d

 a
n

 a
c
c
u

ra
c
y
 in

 th
e

 c
a

lib
ra

tio
n

 c
u

rv
e

 w
ith

in
 1

0
0
%

 ±
 2

0
%

. 

d c
o

n
c
e

n
tra

tio
n

 d
o

e
s
 n

o
t re

p
re

s
e

n
t th

e
 e

n
d

 o
f th

e
 d

y
n

a
m

ic
 ra

n
g

e
, b

u
t is

 th
e

 h
ig

h
e
s
t c

a
lib

ra
tio

n
 s

ta
n

d
a

rd
 in

je
c
te

d
. 

e C
a

lib
ra

tio
n

 w
a
s
 p

e
rfo

rm
e

d
 a

s
 lin

e
a

r w
e
ig

h
te

d
 le

a
s
t s

q
u

a
re

 re
g

re
s
s
io

n
 u

s
in

g
 1

/x
2

 w
e
ig

h
tin

g
. 



CHAPTER 4 

 

136 

 

Few methods also investigated oxPL using a triple quadrupole mass 

spectrometer: Slatter et al. established a targeted method for 111 oxPL species 

in human platelets [35], Aoyagi et al. quantified 20 oxPL species in mouse 

peritoneal macrophages [53], and Nakanishi et al. analyzed 44 PC species 

bearing hydroxy-PUFA, hydroperoxy-PUFA, aldehyde-bearing PUFA, and 

carboxylated PUFA [54]. If provided, these methods had a similar sensitivity and 

linearity as the method developed here, but none of them includes all the 

important PL bearing hydroxy-PUFA as in the present study. Aoyagi et al. found 

a LOD of 10 fmol for oxPC and oxPE using a QTRAP6500 mass spectrometer 

and a linear range of 10 ‒ 500 fmol on column [53]. Using a QTRAP4000 mass 

spectrometer, Nakanishi et al. reported a linear range of 50 ‒ 100,000 fmol on 

column [54]. 

 

Choice of internal standards 

IS are key for accurate quantification as they compensate for sample 

losses during extraction, ion suppression, correct for instrumental variability, and 

enhance the reproducibility. In untargeted lipidomics, at least one isotopically 

labeled IS is employed per lipid class. However, no deuterium (2H, D)- or 

13C-labeled oxPL are commercially available. Therefore, unoxidized PL ‒ either 

deuterium-labeled or containing odd-carbon fatty acyl chains ‒ were evaluated 

regarding their suitability as IS (Fig. 4.5).  

Comparison of recoveries of IS spiked to cell samples added prior or after 

post extraction showed acceptable losses of less than 20% during extraction for 

all IS tested (Fig. 4.5B, C, D). Adding the IS after sample preparation revealed 

relevant ion suppression effects for those potential IS (i.e., deuterium-labeled PL 

as well as PC 17:0/14:1 and PE 17:0/14:1) eluting after the elution window of 

oxPL (i.e., 20 min), with over 50% signal suppression (Fig. 4.5A, C, D). 

Therefore, these compounds are not suitable as IS. Within the early elution 

window of oxPL, from 7 to 11 min, ion suppression effects were minor 

(Fig. 4.5A, B): Using 0.76 mg of protein for LLE, the signals of PI, PC and PE 
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bearing 12:0 and 13:0 were partially suppressed (less than 20%) while no matrix 

effects were observed using 0.38 mg of protein. Thus, the three unoxidized PL 

i.e. PI, PC, and PE bearing 12:0 and 13:0, were chosen as IS. Moreover, the 

amount of sample was set to 0.38 mg protein for extraction because no apparent 

ion suppression effects were observed (Fig. 4.5B). 

 

Fig. 4.5: Choice of IS. A Elution order of possible IS compared to PL bearing hydroxy-PUFA 

detected in HEK293T_15-LOX-2 cells overexpressing 15-LOX-2. In B, C, and D, the recoveries 

of the IS (2.5 pmol of each) added before or after sample preparation (pre- or post-spiked) were 

evaluated using different amounts of sample (0.38 mg protein or 0.76 mg protein). Shown is the 

mean ± SD (n = 3). 

 

Our results showed that strong ion suppression effects occur after the 

elution window of oxPL, while minor matrix effects are observed in the early 

elution window of oxPL. This indicates that PL with short fatty acyl chains are 

suitable IS for oxPL. This is in line with previous studies where PE 14:0/14:0 was 

used as IS for the quantification of oxPL in human platelets [35] and mice organs 
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[34]. Also, PC 14:0/14:0 was used for the quantification of oxPC in human serum 

[55]. Aoyagi et al. used PI, PS, PG, PC, and PE all bearing 17:0 and 14:1 as IS 

for the analysis of oxPL in primary mouse peritoneal macrophages [53], but did 

not provide information about extraction recovery. In our hands, the signal of both 

PC 17:0/14:1 and PE 17:0/14:1 is partially suppressed by the HEK293T cell 

matrix (Fig. 4.5C) and thus are not suitable for the tested matrix. Because no 

isotopically labeled oxPL are available, the selection of PL as IS requires caution 

and their extraction recovery should be evaluated in the matrix using prior- and 

post-spiking experiments as described here. 

 

Effect of sample amount on the concentration of endogenous oxPL 

Investigation of recoveries of IS added at the end of the sample 

preparation allowed the selection of suitable IS for the analysis of oxPL (see 

above). Here we found no or minimal interference at a sample amount of 0.38 mg 

protein (Fig. 4.5B). In the next step, the effect of the sample amount was further 

characterized based on the determined apparent concentration of endogenous 

oxPL (Fig. 4.6A).  

Analysis of samples containing 0.38 mg protein allowed a sensitive detection 

of oxPL in 15-LOX-2 overexpressing cells: A total of 40 oxPL species were 

quantified, while 0.76 mg protein led to the additional detection of 6 oxPL species. 

However, considerably fewer oxPL were detected when lower amounts of protein 

were used, with 30 oxPL species quantified at 0.19 mg protein and 20 oxPL 

species at 0.076 mg protein. Using different cellular protein amounts for LLE, 

consistent concentrations were obtained for 16 of the 20 detected oxPL, with less 

than 18% difference compared to the value obtained with 0.38 mg protein 

(Fig. 4.6A). For PE 18:0/22:6;17OH and PE 18:0/15-HETE, the use of 0.57 mg 

protein or more leads to deviations by ion suppression/enhancement effects, 

indicating that 0.38 mg protein or less should be analyzed. An unacceptable 

variation in concentrations was found for the last-eluting analyte, i.e., 

PE P-18:0/22:5;17OH, probably caused by ion enhancement effects.  

 



TARGETED LC-MS/MS ANALYSIS OF PHOSPHOLIPIDS BEARING OXYLIPINS 

 

139 

 

 

Fig. 4.6: Effect of the number of cells (mg cellular 

protein) on the apparent concentration and the 

recovery of IS. Endogenous formation of oxPL elicited by 

overexpression of 15-LOX-2 in 5 × 106 

HEK293T_15-LOX-2 cells. LLE was performed using 

different volumes of cell homogenate — 10 µL (0.076 mg 

protein), 25 µL (0.19 mg protein), 50 µL (0.38 mg protein), 

75 µL (0.57 mg protein), and 100 µL (0.76 mg protein) — 

while maintaining identical extraction solvent volumes. 

Analytes are sorted by retention time. Shown is the 

mean ± SD (n = 3) of A the concentrations normalized to 

the one obtained with 0.38 mg protein and B the recovery 

of the IS. The concentration of each oxPL species can be 

found in Table 8.17. 
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The signals of IS were partially suppressed when 0.57 mg and 0.76 mg protein 

were used for extraction (Fig. 4.6B): Apparent recoveries of PI 12:0/13:0, 

PC 12:0/13:0, and PE 12:0/13:0 were 37%, 61%, and 76%, respectively, when 

0.76 mg protein was used for LLE. However, good recoveries of 62%, 90%, and 

104% were achieved when 0.38 mg protein was used for LLE, as previously 

shown (Fig. 4.5B). 

Overall, varying protein amounts used for extraction yielded consistent 

concentrations for almost all oxPL (Fig. 4.6A), with a few exceptions, 

emphasizing the robustness of the developed LC-MS/MS method. Good 

recoveries of IS and no apparent matrix effects were observed within the elution 

window of 7 to 18 min when 0.38 mg protein or less was used for LLE (Fig. 4.6). 

Extraction using 0.38 mg protein also enabled the detection of more oxPL species 

compared to lower protein amounts. Therefore, a sample amount of 0.38 mg 

cellular protein was selected for extraction, as it minimized matrix interferences 

while enabling the sensitive detection of oxPL. 

Extraction efficiency of oxidized phospholipids 

OxPL are present in much lower concentrations compared to unoxidized 

PL in biological samples and thus their detection can be challenging. Selection of 

a suitable extraction procedure from biological samples is a key prerequisite to 

ensure good extraction recovery and coverage of oxPL with varying polarity.  
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Fig. 4.7: (Previous page) Extraction efficiency of spiked oxPL in HEK293T cells. Shown are 

the recoveries of spiked oxPL from HEK293T cell homogenates (0.38 mg protein). A mixture of 

oxPL was added to the cell sample (6.25 or 12.5 pmol of each) before or after sample preparation 

(pre- or post-spiked). OxPL are sorted by retention time. Shown are mean values ± SD, (n = 3). 

 

MTBE-based LLE effectively extracts both unoxidized PL (Fig. 4.5) and oxPL 

species (Fig. 4.7) differing in polar head groups and fatty acyl chain composition. 

Comparison of recoveries of oxPL spiked to cell samples prior or post extraction 

showed losses of less than 10% during extraction for all oxPC and oxPE tested 

(Fig. 4.7). The addition of oxPL before LC-MS/MS analysis unveiled ion 

suppression/enhancement effects for the two last eluting PL bearing 

dihomo-17-hydroxyeicosatetraenoic acid (DH-17-HETE): while only 20% of the 

signal of PC 18:0/DH-17-HETE was suppressed, PE 18:0/DH-17-HETE was 

subjected to a strong enhancement effect of almost 400%, probably caused by 

coelution with abundant PE P-18:0/22:5;17OH (Fig. 4.6A). Thus, these two-lipid 

species can be analyzed by the LC-MS/MS method after dilution (see below). 

Other analytes eluting from 11 to 17 min were not affected by matrix effects. Intra- 

and inter-day variability were excellent with < 100 ± 14% for almost all analytes 

and slightly lower for PC 18:0/17-HDHA with ≤ 100 ± 19% (Appendix Table 8.18).  

All in all, these results indicate that MTBE-based LLE is well suited for the 

extraction of oxPL species in HEK293T cells. Previous studies extracted oxPL 

using a solvent mixture of acetic acid/IPA/n-hexane [34, 35] or using SPE with 

C18 cartridges [53, 54], but did not present data about extraction recovery. In this 

study, the sample preparation used for oxPL is simple, environmentally friendly, 

and efficiently extracts lipids without discrimination of lipid species, enabling the 

investigation of both PL and oxPL by a single extraction procedure. 

Intra- and inter-day accuracy and precision 

Intra- and inter-day accuracy and precision of the analytical procedure 

were characterized based on the Guideline on bioanalytical method validation of 

the International Council for Harmonization [48]. In order to evaluate the accuracy 

and precision, HEK293T cell samples spiked at four concentration levels were 

analyzed in three replicates on three different days (Table 4.3).  
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Table 4.3: Intra- and inter-day accuracy (acc.) as well as precision (prec.) of the extraction 

of oxPL from human cells. For the determination of accuracy and precision, oxPL were spiked 

in four concentration levels (1.25, 2.50, 6.25, and 12.5 pmol of each) to the HEK293T cell samples 

(0.38 mg protein) at the beginning of the sample preparation. Accuracy was determined from the 

calculated concentration following extraction using an external calibration and precision was 

calculated as the relative standard deviation of the sample sets (n = 3 for intra- and n = 3 for 

inter-day). Analytes are sorted by tR. 

 

Analyte 

    INTRA-DAY INTER-DAY 

tR  conc. day 1   3 days 

  [min] [pmol mg-1] acc. [%]   prec. [%]   acc. [%]   prec. [%] 

PC 16:0/17-HDHA 11.00 

3.2 94 ± 3   99 ± 4 

6.4 105 ± 9   102 ± 6 

16.1 108 ± 2   104 ± 4 

32.1 112 ± 5   108 ± 4 

PC 16:0/15-HETE 11.40 

3.2 108 ± 13   102 ± 5 

6.4 103 ± 9   104 ± 1 

16.1 106 ± 6   100 ± 7 

32.1 111 ± 4   105 ± 5 

PE 16:0/17-HDHA 11.90 

3.2 90 ± 9   85 ± 7 

6.4 95 ± 11   98 ± 5 

16.1 101 ± 1   99 ± 3 

32.1 105 ± 7   104 ± 1 

PC 18:0/15-HEPE 14.00 

3.2 86 ± 13   82 ± 8 

6.4 94 ± 9   97 ± 3 

16.1 101 ± 5   96 ± 6 

32.1 101 ± 6   100 ± 1 

PC 18:0/17-HDHA 15.50 

3.2 99 ± 10   98 ± 3 

6.4 110 ± 2   100 ± 9 

16.1 107 ± 4   97 ± 8 

32.1 105 ± 10   101 ± 8 

PC 18:0/15-HETE 16.00 

3.2 90 ± 7   92 ± 6 

6.4 101 ± 7   98 ± 3 

16.1 102 ± 2   98 ± 4 

32.1 102 ± 6   101 ± 3 

PE 18:0/15-HETE 17.00 

3.2 87 ± 5   88 ± 2 

6.4 95 ± 3   98 ± 5 

16.1 103 ± 6   99 ± 3 

32.1 101 ± 5   101 ± 1 

PC 18:0/DH-17-HETE 18.40 

3.2 73 ± 9   69 ± 5 

6.4 78 ± 2   75 ± 4 

16.1 78 ± 2   73 ± 8 

32.1 84 ± 8   80 ± 5 

PE 18:0/DH-17-HETE 19.50 

3.2 348 ± 3   345 ± 1 

6.4 391 ± 4   387 ± 9 

16.1 411 ± 6   389 ± 5 

32.1 380 ± 4   387 ± 3 
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Excellent intra- and inter-day accuracy and precision were obtained for 

analytes eluting from 11 min to 17 min, while later-eluting analytes i.e. PC/PE 

bearing 18:0 and DH-17-HETE, were detected with lower accuracy (Table 4.3). 

Indeed, except for PC/PE bearing DH-17-HETE, the intra-day accuracy ranged 

from 75% to 112%, indicating low interference of cell matrix in the elution window 

from 11 to 17 min.  

For PC 18:0/DH-17-HETE (tR = 18.3 min), inter- and intra-day accuracy was 

lower but still acceptable ranging from 66% to 80%, indicating moderate ion 

suppression effects. For all analytes, intra-day precision calculated as RSD was 

< 15% at all spiked levels with two exceptions (18% and 21%) over 108 data 

points calculated. Inter-day precision was better, below 9% indicating a stable 

method enabling the analysis of large sample batches. 

Our results show that most oxPL can be analyzed with excellent accuracy. 

Only the signal of oxPL eluting after 17 min could be disturbed by severe matrix 

effects as shown for PE 18:0/DH-17-HETE. Lipidomics analysis typically relies 

on a single IS to cover multiple analytes [34, 35, 53-55], which does not correct 

for possible matrix effects in reversed-phase chromatography. Also, in our 

approach only few, non-oxidized PL are used as IS (see above). Thus, matrix 

effects cannot be fully compensated by the IS, which emphasizes the importance 

of assessing oxPL accuracy as shown here.  

 

Dilution integrity of the determined concentration for oxidized 

phospholipids 

  

 Extraction recoveries and accuracy evaluations showed a strong 

enhancement effect on PE 18:0/DH-17-HETE (Fig. 4.6A, Fig. 4.7), while other 

analytes exhibited excellent accuracy and recoveries. To further characterize and 

support the absence of matrix effects, we evaluated accuracy and extraction 

recoveries of oxPL and IS added at the beginning of the sample preparation in 

non-diluted and diluted lipid extracts (Fig. 4.8). 
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Fig. 4.8: Dilution integrity of IS and spiked oxPL in HEK293T cells. Cell homogenates 

(0.38 mg protein) were spiked with a mixture of oxPL (12.5 pmol of each) and IS (2.5 pmol of 

each) prior to LLE. Lipid extracts were diluted by factor 2, 5, or 10 prior to targeted LC-MS/MS 

analysis. Shown are in non-diluted and diluted cell extracts A the recovery of the spiked IS, and 

B the accuracy of oxPL determined from the calculated concentration (mean ± SD (n = 3)). 

Analytes are sorted by retention time.  

 

No ion suppression effects are present for analytes eluting from 7.4 to 17 min 

(Fig. 4.8). However, ion suppression or ion enhancement effects were observed 

for analytes eluting after 18 min (Fig. 4.8B). Calculated extraction recoveries of 

IS were nearly identical in non-diluted and diluted lipid extracts (Fig. 4.8A). Also, 

remarkable constant concentrations were observed across different dilutions of 

the lipid extract with an accuracy ranging from 97% and 120% (Fig. 4.8B), except 

for PC 16:0/17-HDHA with an accuracy of 127% in the 1:10 diluted extract close 

to the LLOQ. This supports the data of the accuracy and precision (Table 4.3). 

Increasing dilution improved the accuracy of the two late-eluting PL bearing 

DH-17-HETE (Fig. 4.8B), indicating a reduction of ion matrix effects: For 

PC 18:0/DH-17-HETE, the accuracy increased from 84% in the non-diluted 

extract to 110% in the 1:10 diluted extract. Similarly, the accuracy of 

PE 18:0/DH-17-HETE was dramatically improved by dilution: Starting from 432%, 

to 270%, 161%, and finally 115% in the 1:10 diluted extract. Thus, a 1:10 dilution 

also enabled accurate quantification for these two-lipid species.  

The 1:10 dilution of the oxPL extract (Fig. 4.9) reduced the matrix effects on 

PE P-18:0/22:5;17OH formed via 15-LOX-2 in HEK293T_15-LOX-2 cells.  
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The calculated concentration of PE P-18:0/22:5;17OH dropped from 

61 pmol mg-1 in non-diluted extract (Fig. 4.9A) to 15 pmol mg-1 in the 1:10 diluted 

extract (Fig. 4.9B). After dilution, the resulting concentration of (the sum of) PL 

bearing 22:5;17OH was nearly identical compared to the targeted oxylipin 

method, with only a 15% difference (Fig. 4.9B). This demonstrates the accuracy 

of the quantification of PE P-18:0/22:5;17OH by targeted LC-MS/MS using an 

extraction volume of 50 µL (0.38 mg protein) and a 1:10 dilution. 

 

Fig. 4.9: Dilution of oxPL extract improves quantification accuracy by reducing ion 

suppression of PE P-18:0/22:5;17OH. Esterified oxylipins were quantified in 15-LOX-2 

overexpressing HEK293T_15-LOX-2 cells (0.38 mg protein) either following alkaline hydrolysis 

or as intact oxPL by targeted LC-MS/MS methods. Shown is the comparison of the concentration 

of 22:5;17OH in A non-diluted oxPL extract and B 1:10 diluted oxPL extract. (Light Grey bar) 

Total 22:5;17OH quantified following alkaline hydrolysis. (Colored bar) sum of individual oxPL 

species of each lipid class. Shown is the mean ± SD per mg cellular protein (n = 3). 

 

All in all, these results support the occurrence of ion 

suppression/enhancement effects after 18 min but also demonstrate that a factor 

10 dilution of the oxPL extract can resolve these matrix effects, consistent with 

the literature [56]. Additionally, the consistent concentrations observed for all 

other analytes across different dilutions of the oxPL extract underline the 

robustness of the developed method and the absence of matrix interferences. 
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Comparison of direct oxPL analysis with indirect analysis 

 The developed targeted LC-MS/MS method was compared to orthogonal 

approaches using an indirect analysis following alkaline hydrolysis as shown in 

Fig. 4.1.  

The developed targeted oxPL LC-MS/MS method resulted in remarkably 

consistent concentrations with the indirect quantification of esterified oxylipins 

following alkaline hydrolysis (with and without HILIC-based SPE fractionation). 

This is shown in Figure 4.10 exemplarily for 15-LOX-2 overexpressing cells: The 

differences between (the sum of) concentrations determined by targeted 

quantification of oxPL were < 14% compared to the targeted oxylipin method, the 

current gold standard for esterified oxylipin analyses. This underlines that the new 

targeted oxPL method covers all relevant oxylipin-bearing species, and this also 

further demonstrates the accuracy of the method. Thus, esterified 15-LOX-2 

products bound in PL can be accurately quantified as individual oxPL species by 

the developed targeted method. 

 

Fig. 4.10: Targeted analysis of PL bearing hydroxy-PUFA leads to similar concentrations 

as targeted esterified oxylipin analysis. Esterified oxylipins were quantified in 15-LOX-2 

overexpressing 5 × 106 HEK293T_15-LOX-2 cells (200 ng mL-1 doxycycline, 24 h), either 

indirectly following alkaline hydrolysis or directly as intact oxPL by targeted LC-MS/MS methods. 

Shown is the comparison of the results. (Light grey bar) esterified oxylipins determined as 

total ‒ non-esterified oxylipins. (Dark grey bar) sum of esterified oxylipins in the HILIC-separated 

lipid fractions. (Colored bars) sums of individual oxPL species of each lipid class. Shown is the 

mean concentration ± SD per mg cellular protein (n = 3).  
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4.3.4 Incorporation of oxylipins into distinct phospholipid species 

Using the developed targeted LC-MS/MS method, we could show that 

esterified 15-LOX-2 products occur in a few PL species (Fig. 4.11): The oxylipins 

were always found in the sn-2 position of the PL species (Fig. 4.11B, D). The fatty 

acyls at sn-1 were dominantly 16:0 (PC, PE-P, and PC-O) and 18:0 (PI and PE). 

Analysis of oxPL in HEK293T cells following supplementation or overexpression 

of 15-LOX-2 showed a comparable distribution of oxylipins both in the PL classes 

(Fig. 4.11A, C) and across PL species (Fig.11B, D), except for PE as shown for 

15-HETE and 15-HEPE (Fig. 4.3B): In 15-LOX-2 overexpressing cells, 5.7% of 

20:4;15OH and 12% of 20:5;15OH were incorporated into PE-P bearing 16:0 at 

the sn-1 position, while less than 1% of supplemented 20:4;15OH and 20:5;15OH 

were found in these lipids. 15-LOX-2 can oxidize both non-esterified PUFA but 

also PUFA esterified in PL [3, 5]. Following incubation of cell homogenates with 

exogenous 15-LOX-2 (Fig. 4.12), 61% of 20:4;15OH was bound to PI species 

compared to at least 90% for 20:4;15OH in supplemented and 15-LOX-2 

overexpressing cells. Almost half of the 20:5;15OH formed by PL oxidation by 

15-LOX-2 was incorporated into PE-P species, while at least 80% of 

supplemented and endogenously formed 20:5;15OH was esterified into PI. 

A notable specificity of oxylipin incorporation towards certain PL species was 

observed (Fig. 4.11B, D), both in supplemented and 15-LOX-2 overexpressing 

cells: While 20:4;15OH (15-HETE) and 20:5;15OH (15-HEPE) showed a narrow 

distribution between few PI species, 22:6;17OH (17-HDHA) and 18:2;13OH 

(13-HODE) were more evenly distributed across the PL classes and species. 

20:4;15OH was predominantly bound to the species PI 18:0/20:4;15OH with 

71 ± 1% in 15-LOX-2 overexpressing cells (Fig. 4.11D). 20:4;15OH was detected 

in notable amounts in PI 18:1/20:4;15OH and PI 16:0/20:4;15OH, with 

12.4 ± 0.6% and 7.1 ± 0.4%, respectively. A minor part of 20:4;15OH was 

detected in PE-P 16:0/20:4;15OH with 5.7 ± 0.3%, while the six remaining PC 

and PE species detected represented each less than 1.5%.  
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Fig. 4.11: 15-LOX-2 products of PUFA are esterified to distinct PL classes and specific 

molecular PL species following supplementation and in 15-LOX-2 overexpressing cells. 

5 × 106 cells were used per experiment. A and B HEK293T cells supplemented with either 

15(S)-HETE, 15(S)-HEPE, 17(S)-HDHA, or 13(S)-HODE (300 nmol L-1, 2 h). Shown is the 

relative distribution of 20:4;15OH, 20:5;15OH, 22:6;17OH, and 18:2;13OH A in PL classes and B 

for the PL molecular species. For each oxylipin, the percentage of the sum of all oxPL quantified 

by targeted LC-MS/MS was calculated. Mean concentration ± SD per mg cellular protein (n = 3) 

can be found in Table 8.16. 
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Fig. 4.11: Continued. 15-LOX-2 products of PUFA are esterified to distinct PL classes and 

specific molecular PL species following supplementation and in 15-LOX-2 overexpressing 

cells. 5 × 106 cells were used per experiment. C and D Endogenous formation of oxPL elicited 

by overexpression of 15-LOX-2 in HEK293T_15-LOX-2 cells (200 ng mL-1 doxycycline, 24 h). 

Shown is the relative distribution of 20:4;15OH, 20:5;15OH, 22:6;17OH, and 18:2;13OH C in PL 

classes and D for the PL molecular species. For each oxylipin, the percentage of the sum of all 

oxPL quantified by targeted LC-MS/MS was calculated. Mean concentration ± SD per mg cellular 

protein (n = 3) can be found in Table 8.16. 
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Similar to 20:4;15OH, the vast majority of 20:5;15OH was found in 

PI 18:0/20:5;15OH accounting for 81.6 ± 0.4%. At lower amount, 20:5;15OH was 

found in PE P-16:0/20:4;15OH and PC 16:0/20:5;15OH species, with 

11.7 ± 0.4% and 5.9 ± 0.6%, respectively. Direct oxPL analysis showed that 

22:6;17OH is predominantly esterified to PE-P: More than 50% was detected 

among the three species PE P-16:0/22:6;17OH (23%), PE P-18:0/22:6;17OH 

(17%), and PE P-18:1/22:6;17OH (15%) in cells overexpressing 15-LOX-2. The 

second most abundant PL class was PI, with the species PI 18:0/22:6;17OH 

accounting for 11 ± 1%. 30% of 22:6;17OH was distributed quasi-equally 

between four lipid species i.e. PE bearing 18:0 and 18:1, and PC(-O) bearing 

16:0. 18:2;13OH was detected in four PC species bearing 16:0, 16:1, 18:0, and 

18:1 in the sn-1 position, but was predominantly bound to PC 16:0/18:2;13OH 

with 49.6 ± 0.4%. Each of the three species PC O-16:0/18;13OH, 

PI 18:0/18;13OH, and PC 18:1/18;13OH accounted for ~ 10% of esterified 

18:2;13OH. The last 20% of 18:2;13OH was distributed between the six lowest-

concentration PC(-O) and PE(-P) species. The differences observed in oxylipin 

distribution across PL species seem not to depend on the concentration: Among 

the analyzed oxylipins in cells overexpressing 15-LOX-2 (Fig. 4.10), 18:2;13OH 

is the least abundant with 29.9 ± 2.5 pmol mg-1 while 20:5;15OH is nearly twice 

as abundant at 54.6 ± 3.5 pmol mg-1 and exhibits a restricted distribution between 

only four oxPL species (Fig. 4.11D).  

4.3.5 Biological relevance of oxylpins’ distinct incorporation 

Oxylipins were found to be distinctly incorporated into both PL classes and 

molecular species (Fig. 4.3B, Fig. 4.11). Supplementation and endogenous 

formation of oxylipins led to a comparable incorporation pattern, while direct 

oxidation of cell PL by exogenously added 15-LOX-2 was different (Fig. 4.12). 

These results indicate that for the formation of oxPL in the 15-LOX-2 

overexpressing cells, FA are first released, the non-esterified FA is oxidized, and 

then incorporated into lysoPL and not formed by direct oxidation of intact PL by 

the LOX enzyme.  
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Fig. 4.12: Investigation of the oxPL pattern formed by exogenous 15-LOX-2 added to the 

cell homogenate vs. endogenous formation by 15-LOX-2 or incorporation following 

supplementation. Shown is the relative distribution of 20:4;15OH, 20:5;15OH, 22:6;17OH, and 

18:2;13OH per PL class in HEK293T cells (mean ± SD (n = 3)). (Left bar) 15-LOX-2 human 

enzyme added to cell homogenate of HEK293T cells and incubated (6.9 × 10-3 U mL-1 in assay, 

2 h at 37 °C). (Middle bar) Endogenous formation of oxPL elicited by overexpression of 15-LOX-2 

in HEK293T_15-LOX-2 (200 ng mL-1 doxycycline, 24 h). (Right bar) HEK293T cells 

supplemented with either 15(S)-HETE, 15(S)-HEPE, 17(S)-HDHA, or 13(S)-HODE (300 nmol L-1, 

2 h). For each oxylipin, data were normalized on the sum of all oxPL quantified by targeted oxPL 

LC-MS/MS. The concentrations of each oxPL species can be found in Table 8.16. 
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The observed distinct incorporation of oxylipins into the membranes (Fig. 4.3B, 

Fig. 4.11) thus depends on the specificity of the enzymes generating the PL 

during the Lands’ remodeling cycle. This involves the different ACSL and LPLAT 

enzymes [57, 58]. Different ACSL isoforms (i.e., ACSL-1, -3, -4, -5, and -6) accept 

15-HETE, 12-HETE, and 5-HETE as substrates [59]. Thus, the LPLAT-catalyzed 

transfer of activated acyl-CoA into lysoPL seems to cause this distinct 

incorporation. 14 LPLAT have been identified exhibiting pronounced differences 

in substrate preferences and lysoPL enzymatic activities [57, 60-64]. For 

example, while LPLAT12 (LPCAT3) incorporates 18:2- and 20:4-CoAs into 

lysoPC, lysoPE, and lysoPS [62], LPLAT13 (MBOAT2) and LPLAT14 (MBOAT1) 

both transfer 22:6-CoA into lysoPE (and lysoPC for LPLAT13) [64]. Moreover, 

LPLAT11 (MBOAT7) transfers 20:4- and 20:5-CoAs predominantly into lysoPI 

[60]. Inhibition of LPLAT12 using 10 µM (R)-HTS-3 reduced the formation of PC 

and PE species bearing 12-HETE, but not those containing 11- or 15-HETE, in 

thrombin-activated platelets [65]. These results would indicate that LPLAT12 

exhibits selectivity toward oxylipin positional isomers. The almost exclusive 

incorporation of 20:4;15OH and 20:4;15OH into PI observed in this study thus 

might result from LPLAT11. In contrast, the esterification of 22:6;17OH into 

lysoPE is likely catalyzed by other LPLAT, e.g., LPLAT13 or LPLAT14. Similarly, 

incorporation of 18:2;13OH into lysoPC might be catalyzed by LPLAT12. 

Preferred incorporation of 15-HETE into PI has been previously described 

following supplementation of labeled [3H]/[14C1]15-HETE (0.1 ‒ 1 µmol L-1, 

20 ‒ 120 min) in bovine pulmonary arterial endothelial cells [30], human primary 

neutrophils [31], mouse macrophage-like RAW 5774.2 cell line [32], human 

tracheal epithelial cells [29], and Madin-Darby canine kidney cells [27]. Using 

radioactively labeled oxylipins, these studies showed by TLC that between 69% 

and 86% of labeled 15-HETE was incorporated into PI, and in smaller amounts 

into PC and PE, ranging from 4.9% to 21% for PC plus PE. Similarly, favored 

incorporation of [14C]13-HODE into PC was shown: Cho et al. reported by TLC 

that 58% of [14C]13-HODE was incorporated into PC, 23% into PI, 12% into PS, 

and 6.8% into PE following supplementation in the epidermis (1.6 µmol L-1, 6 h) 

[28]. In this study, consistent incorporation patterns of 20:4;15OH and 18:3;13OH 
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into PL classes were found following supplementation in HEK293T cells 

(Fig. 4.3B, Fig. 4.11A). Specific incorporation of 15-HETE into PI bearing 18:0 at 

the sn-1 position was reported in two studies. Legrand et al. identified 

[3H]15(S)-HETE in PI bearing 18:0 or 18:1 by GC-MS following separation by TLC 

in supplemented endothelial cells (1 µmol L-1, 2 h) [30]. In our previous work, non-

labeled 20:4;15OH was identified exclusively into PI species containing 18:0, 

18:1, or 16:0 in 15-HETE-supplemented HEK293T cells (2 µmol L-1, 2 h) [47]. 

Here, targeted LC-MS/MS not only supported this distinct incorporation of 

20:4;15OH into these three PI species (Fig. 4.11B, D), but also enabled the 

detection of low concentrated PC and PE species bearing 20:4;15OH. Moreover, 

we could also show a similar specific incorporation of 20:5;15OH into PI bearing 

18:0. 22:6;17OH and 18:2;13OH were found to be more evenly distributed into 

PE-P and PC species, respectively, but 10% of these oxylipins were also bound 

to PI bearing 18:0 (Fig. 4.11D).  

Overall, these findings could be of high importance as PI species are 

involved in two main regulatory pathways, which impact cell growth and signaling 

[66-69]. In the PI-cycle pathway, PI is converted to PIP2 by a two-step reaction. 

Binding of an agonist to a Gq-coupled receptor leads to the activation of 

phospholipase C (PLC), which cleaves PIP2 into DG and inositol 

1,4,5-trisphosphate (IP3) [66, 67]. Both act as second messengers. IP3 activates 

protein kinase C regulating e.g. the production of pro-inflammatory cytokines [70]. 

In the protein kinase B (Akt/PKB) signaling pathway, PIP2 is phosphorylated to 

PIP3 via phosphoinositide 3-kinases. PIP3 then recruits Akt/PKB to the plasma 

membrane enabling its phosphorylation by phosphoinositide-dependent 

kinase-1, controlling e.g. cell proliferation via Akt/PKB and mTOR [68]. In this 

context, specific incorporation into PI of 15-HETE and 15-HEPE could play a key 

role in the regulation of these pathways. Indeed, previous studies described that 

[3H]/[14C]15-HETE caused an elevation of labeled 15-HETE-DG in bovine 

pulmonary endothelial cells exposed to bradykinin [30], and in epithelial cells 

treatment with platelet activated factor was associated with a selective decrease 

in [3H]15-HETE-PI [26]. In the same study, [14C]15-HETE-DG was able to 

stimulate protein kinase C-α [26]. Setty et al. reported that 15-HETE caused an 
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elevation of cellular DG and as well as a stimulation of endothelial cells’ DNA 

synthesis and cell growth [71]. Here, we show that the 15-LOX products of DHA 

and LA are not incorporated into PI. Thus, a shift in the fatty acid pattern could 

alter PI signaling. It is well known that intake of long-chain n3-PUFA leads to a 

shift in the FA composition, thereby increasing n3-PUFA (largely DHA) and 

decreasing n6-PUFA (largely ARA) [72-74]. The formation and occurrence of 

hydroxy-PUFA correlate with the concentration of the substrate [75, 76], and 

15-LOX even prefers DHA as substrate compared to ARA [7].  

As we show here, hydroxy-PUFA occur exclusively esterified and 

dominantly in PL (Fig. 4.3B), the diet directly seems to also modify the oxylipin 

pattern and thus the PL membrane composition. Therefore, a diet rich in long-

chain n3-PUFA increasing 17-HDHA via 15-LOX while decreasing 15-HETE 

might influence PI signaling pathway(s), which could contribute to the biological 

effects of a n3-PUFA-rich diet [77-79]. Additionally, several studies demonstrate 

that 15-HETE and 15-HEPE have anti-inflammatory effects [17]. Importantly, the 

preferential incorporation of 15-HETE into PI is not limited to the supplemented 

or 15-LOX-2 overexpressing HEK293T cells used in this study, but has also been 

consistently observed in a variety of other cell types following supplementation 

[26, 27, 30-32] ‒ highlighting the physiological relevance of this incorporation. 

With the modification of PI-based signaling, we suggest here a new pathway that 

may explain the effects of n3-PUFA and 15-LOX products, warranting further 

investigation. 
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 Conclusion 

Combined analysis of esterified oxylipins enabled the characterization in 

which PL classes and molecular PL species 15-LOX-2 oxylipin products are 

located in HEK293T cells. Indirect quantification of esterified oxylipins in lipid 

fractions identified the specific PL classes in which 15-LOX-2 oxylipin products 

are located at baseline, following supplementation, and in 15-LOX-2 

overexpressing cells. Targeted LC-MS/MS quantification of PL bearing 

hydroxy-PUFA enabled to pinpoint in which molecular species and sn-1/sn-2 

position oxylipins are esterified following supplementation and endogenous 

formation. The vast majority of 15-HETE and 15-HEPE was incorporated into 

distinct PI species with more than 70% of 20:4;15OH and 80% of 20:5;15OH 

esterified in the sn-2 position of PI bearing 18:0. On the opposite, 17-HDHA and 

13-HODE were more evenly distributed into PL classes and species. 17-HDHA 

was predominantly found in PE, particularly PE-P species bearing 16:0, 18:0, and 

18:1 in the sn-1 position. Most of 13-HODE was found in PC with a marked 

abundance of PC 16:0/18:2;13OH at 50%, while the other half was distributed 

mainly between PC(-O) and PI species. For these two oxylipins the second most 

abundant PL class was PI, specifically PI bearing 18:0. Based on this accurate 

quantification using two orthogonal approaches, a distinct incorporation of 

15-LOX formed oxylipins both into PL classes/species was shown. The 

associated biological effects remain to be uncovered and may explain the anti-

inflammatory effects of n3-PUFA and 15-LOX by altering PI-based signaling 

pathways. 
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5 Chapter 5 

Concluding Remarks and Future Perspectives 

Oxylipins are potent lipid mediators derived from PUFA and are predominantly 

found esterified to complex lipids, such as PL, in biological samples. Within this 

thesis, the analytical and pre-analytical basis for a comprehensive analysis of 

unoxidized and oxidized PL in biological samples has been established. The 

presented untargeted LC-HRMS methods enable a comprehensive and unbiased 

analysis of isobaric and isomeric (ox)PL from different lipid classes. Full MS 

detection settings – the auxiliary gas and the S-lens RF level – were found to be 

crucial for reducing noise and enhancing the sensitivity of the analysis. Sufficient 

chromatographic separation of isobaric and positional isomeric (ox)PL species 

was achieved over an extended elution window using an RP C18 column, 

enabling the acquisition of meaningful MS2 spectra for each (ox)PL species. 

Characterization of (ox)PL species ‒ including the polar head group, (oxidized) 

fatty acyl chains, their sn-positions, and the position of the oxidation in the 

oxPUFA ‒ was performed using precursor ions, characteristic product ions, and 

retention times. Isobaric PL species with different fatty acyl chain compositions 

could be distinguished based on the characteristic product ions of their fatty acyl 

chains. Likewise, isomeric PL species containing positional isomeric oxylipins 

could be distinguished by characteristic α-cleavage occurring at the oxidation site 

on the oxylipin. The retention time dependence of unoxidized PL on carbon 

number or degree of unsaturation, along with the consistent shifts observed 

between corresponding oxPL analogues, provides strong support for highly 

confident characterization. Notably, retention time shifts are crucial to distinguish 

isomeric plasmalogen and ether PL species with identical fragmentation 

behavior. All in all, reliable characterization of thousands of (ox)PL species is 

achievable by untargeted LC-HRMS even in the absence of authentic standards.  
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In lipidomics, quantification typically relies on a single IS per lipid class due to 

the limited availability of standards and the presence of thousands of distinct lipid 

species. Evaluation of the extraction recovery as well as the ion matrix is 

essential, as one IS cannot compensate for potential loss during extraction and 

matrix effects affecting analytes. In the developed methods, the sample volume 

for the extraction of PL and oxPL in human plasma and cells was carefully 

selected to ensure the sensitive detection of analytes while minimizing ion 

suppression effects. The addition of standards prior to or post-extraction showed 

excellent extraction recovery for unoxidized and oxidized PL tested. Semi-

quantification of (ox)PL based on peak heights, using a single IS per lipid class, 

offered a straightforward and effective approach that produced meaningful 

results. PL species that changed significantly following n-3 PUFA 

supplementation in human plasma were successfully characterized and semi-

quantified. Lipids containing 20:5 were the most elevated, whereas those bearing 

22:4 showed the greatest decrease. For identification and accurate quantification 

of selected (ox)PL, targeted LC-MS/MS methods were developed based on the 

established untargeted methods. Targeted quantitative analysis of selected PL in 

human plasma from subjects supplemented with n3-PUFA confirmed their 

tentative identification and yielded comparable concentrations compared to those 

obtained by untargeted LC-HRMS. Similarly, resulting concentrations of the sum 

of individual oxPL species were remarkably consistent compared to those 

obtained via indirect quantification of esterified oxylipins following alkaline 

hydrolysis. Of note, the synthesis of authentic standards for additional analytes 

would be valuable to confirm their identification and achieve accurate 

quantification. 

Combined untargeted and targeted oxPL LC-MS analyses, along with indirect 

quantification in lipid fractions, showed distinct incorporation patterns of 

regioisomer oxylipins into both PL classes and species in human cells. Indirect 

quantification of esterified oxylipins in lipid fractions revealed that over 90% of 

hydroxy-PUFA are incorporated into PL while less than 10% are present in NL 

from cells overexpressing the 15-LOX-2 enzyme. In oxylipin-supplemented cells, 

the proportion detected in NL is higher (25%) due to saturation of the mechanism 
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for the esterification into both PI and PL. The incorporation of oxylipins into 

specific NL species, i.e. TG, Chol Ester, and DG, is not considered within the 

scope of this thesis. Extending the presented LC-MS methods to their analysis 

could be valuable for the comprehensive evaluation of oxylipin incorporation into 

both polar and non-polar lipid species. 

Oxylipins formed endogenously via 15-LOX-2 and supplemented oxylipins 

showed comparable incorporation into PL, with a few exceptions observed in PE 

species. The observed distinct incorporation of oxylipins into PL classes is 

influenced by the carbon chain length and degree of unsaturation but is primarily 

determined by the position of the oxidation of the oxylipin. Positional analogues 

exhibited nearly identical incorporation patterns ‒ for example, the pairs 

20:4;14Ep/20:4;15Ep, 20:4;11Ep/20:4;12Ep, and 20:4;8Ep/20:4;9Ep ‒ following 

supplementation with a mixture of epoxy-PUFA regioisomers. Similarly, the pair 

22:6;17OH and 22:5;17OH exhibited comparable incorporation into PL classes 

from cells overexpressing 15-LOX-2, with predominant incorporation into PE-P 

species. Oxylipins with a hydroxy or epoxy functionality at the C12-position, 

namely 20:4;12OH, 20:4;11Ep, and 20:5;11Ep, were mostly detected to PC, 

specifically at the sn-2 position of PC bearing 16:0. In contrast, oxylipins with a 

hydroxy or epoxy functionality at the C15-position, namely 20:4;15OH, 

20:5;15OH, 20:4;14Ep, and 20:5;14Ep, were preferentially incorporated into PI, 

particularly at the sn-2 position of PI bearing 18:0. Notably, 20:4;15OH and 

20:5;15OH were esterified almost exclusively into PI species, representing more 

than 70% of their total lipid incorporation. Therefore, the development of LC-MS 

methods for the analysis of the phosphorylated derivatives of PI is of great 

interest for evaluating the relation between the incorporation of 20:4;15OH (and 

20:5;15OH) and the two distinct PI-based signaling pathways. Specifically, the 

characterization of PIP, PIP2, and PIP3 species bearing oxylipins is particularly 

relevant to the Akt/PKB signaling pathway, while the analysis of PIP and PIP2 

bearing oxylipins is crucial in the context of the PI-cycle pathway. For the latter 

pathway, the analysis of the hydrophobic DG species would also be valuable, as 

they are second messengers generated through the cleavage of PIP2 by PLC. 

The distinct incorporation patterns of oxylipins are likely driven by the substrate 
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specificity of LPLAT enzymes. Indeed, different LPLAT isoforms have been 

shown to exhibit specificity toward both their acyl-CoA substrates and lysoPL 

acceptors. While several studies have investigated the preference of LPLAT 

enzymes for unoxidized FA substrates, no experiments to date have specifically 

examined their activity toward oxylipins. Exploring the substrate specificity of 

LPLAT enzymes for oxylipins thus represents a promising and valuable area of 

research.  

Overall, this thesis advances our understanding of oxylipin incorporation into 

PL classes and molecular species through a combined analytical approach. New 

untargeted LC-HRMS methods enabled a comprehensive detection of lipids, 

while targeted LC-MS/MS allowed the accurate quantification of selected lipids.   
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6 Summary 

Phospholipids (PL) are the main components of the cellular membranes and 

play a key role in cell signaling. They consist of a glycerol backbone with two fatty 

acid chains attached at the sn-1 and sn-2 position, while the sn-3 position 

contains a phosphate group linked to an organic moiety. Saturated fatty acids are 

usually bound at the sn-1 position, whereas the sn-2 position is typically occupied 

by polyunsaturated fatty acids (PUFA). Diet can modulate the proportion of 

n6-PUFA and n3-PUFA in the organism. In Western diets, n6-PUFA contained in 

soybean and sunflower oils are largely consumed, while the intake of n3-PUFA 

from flaxseed oils or fatty fish remains low. This results in a high n6- to n3-PUFA 

ratio. However, n6-PUFA are prone to pro-inflammation, whereas n3-PUFA are 

associated with anti-inflammatory and beneficial health effects.  

In Chapter 2, an untargeted LC-high resolution (HR)MS method operating in 

Full MS/data-dependent (dd) MS2 TOP N mode was developed for the semi-

quantification of polar lipids in plasma to investigate the effect of n3-PUFA 

supplementation on the PL pattern. The settings of the Full MS and MS2 detection 

were thoroughly characterized and optimized. The heated auxiliary gas 

facilitating the ionization of the lipids had the greatest impact on spray stability. In 

contrast, the S-lens RF level focusing the ion beam to the quadrupole had the 

strongest influence on signal intensity. Optimized MS settings improved peak 

shape and increased signal intensity of lipids by a factor 3 compared to default 

parameters. The TOP N setting, which determines the acquisition of MS2 spectra 

for a N number of precursor ions, was adjusted across chromatographic runs 

based on peak width: narrower peaks required a lower TOP N value, while 

broader peaks allowed for a higher TOP N. This ensured sufficient data points 

across chromatographic peaks and enabled ddMS2 acquisition to be triggered for 

as many lipids as possible. 
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Chromatographic separation of critical isobaric pairs was successfully achieved 

over a long elution window on a reversed-phase C18 column with charged hydrid 

particles. Fragmentation of PL in positive and negative electrospray mode yielded 

characteristic product ions of the fatty acyl chains and the polar head group. This 

combined analysis in both ionization modes ensured a comprehensive detection 

of lipids as well as a confident characterization of lipid species.  

Good extraction recovery as well as minimized ion suppression effects are key 

to ensure accurate quantification as lipidomics analysis typically relies on one 

internal standard per lipid class. Two liquid-liquid extraction (LLE) protocols were 

evaluated: one using MeOH/MTBE, and the other involving a two-step procedure 

with IPA/n-hexane followed by CHCl3/MeOH. The MeOH/MTBE-based LLE was 

selected as it resulted in good extraction > 85% for all lipid classes with a low 

inter- and intra-day variability < 15%. Ion suppression analysis using post-column 

infusion of a standard revealed a complete signal drop (at m/z 759.5875) 

attributed to an interfering PL with a nearly identical m/z and high concentration 

in the plasma. The addition of standard prior or post-extraction revealed excellent 

extraction recovery and acceptable ion suppression effects for all analytes tested, 

with a few exceptions.   

The developed method was successfully applied to evaluate the change in the 

plasma PL pattern following 12 months of n3-PUFA supplementation. Evaluation 

using MS-DIAL software resulted in 1399 features and 580 features, respectively, 

in ESI(+) and ESI(-) modes. Statistical evaluation of the significant changes 

yielded 348 features in ESI(+) mode and 151 features in ESI(-) mode, 

respectively. From these, a total of 101 polar lipids were semi-quantified using 

one internal standard per lipid class. Following n3-PUFA supplementation, the 

most pronounced increasing lipids bear 20:5, while lipids containing 22:4 were 

the most decreased. Quantitative targeted analysis of selected PL using 

corresponding standards resulted in comparable concentrations to those semi-

quantified by untargeted LC-HRMS. Specifically, LPC 20:5_0:0 and 

PC 16:0_20:5 were found to be the strongest elevated, while PE 18:0_22:4 and 

PC 18:2_18:2 were decreased after n3-PUFA supplementation. 
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PUFA bound in the sn-2 position of PL can undergo oxidation through two 

distinct pathways (i) the oxidation of non-esterified PUFA or (ii) the direct 

oxidation of PUFA esterified to PL. Oxidation of PUFA can occur through 

enzymatic or non-enzymatic processes and leads to the formation of structurally 

distinct products known as oxylipins. These are potent lipid mediators involved in 

the regulation of physiological functions, and alterations in the oxylipin profiles 

have been associated with the pathogenesis of several diseases. Oxylipins can 

be present in non-esterified form in biological samples, but the major part is 

bound to lipids such as PL. Research on the biological effects of esterified 

oxylipins remains scarce as the direct analysis of oxPL is challenging due to (i) 

the presence of many isobaric and isomeric oxPL, (ii) the lack of commercially 

available standards for identification and quantification, and (iii) their low 

concentrations in biological samples. 

In Chapter 3 of this thesis, an untargeted LC-ESI(-)-HRMS method was 

developed for the semi-quantitative analysis of PL bearing oxylipins, specifically 

hydroxy- and epoxy-PUFA. This method was developed based on the LC-HRMS 

method established in Chapter 2. Due to the extremely limited availability of 

commercial standards, oxidized standards were generated from non-oxidized 

ones using 15-LOX-1, and biological samples also served as sources of esterified 

oxylipins. A human serum with an exceptionally high concentration of esterified 

hydroxy-PUFA was used. Non-esterified epoxy-PUFA were supplemented to 

human cells, leading to their incorporation into lipid membranes as PL bearing 

epoxy-PUFA. Generated standards and biological samples were used for the 

method development. 

Chromatographic separation of isobaric and isomeric oxPL species was 

optimized on a reversed-phase C18 column over a long isocratic elution window. 

Baseline separation for several PL species bearing positional isomer oxylipins 

could be achieved, for example the critical pair PI 18:0/18:2;12Ep and 

PI 18:0/18:2;9Ep. For isomeric oxPL species that could not be baseline-

separated, the resolution was sufficient to acquire at least one meaningful MS2 

spectrum per isomer and to deduce their elution order. The elution order of the 

oxPL classes is identical to the RP separation of unoxidized PL, with oxPI eluting 
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earliest, followed by oxPS, oxPC, oxPE, oxPC-P, oxPC-O, and oxPE-P. Isomeric 

plasmalogen PL and ether PL exhibiting identical fragmentation behavior could 

be confidently differentiated based on their elution, with PL-P eluting earlier than 

its isomeric PL-O. The elution order of individual hydroxy- and epoxy-PUFA 

bound to PL is the same for the different lipid classes. Notably, PL of different 

classes bearing the same fatty acyl chains were baseline separated with a few 

exceptions. Separation of sn-1/sn-2 isomeric oxPL was assessed using the 

oxidized standard and was achieved for 5 out of 9 standards with R > 1.5, while 

the others were partially overlapping. Corresponding PL bearing position-

isomeric oxylipins, e.g., PC 16:0/20:4;15OH and PC 16:0/20:4;14Ep, presenting 

identical MS2 spectra, were differentiated based on their retention times with 

epoxy-PUFA eluting later than the corresponding hydroxy-PUFA. 

A total of 422 oxPL were detected in the human serum and the oxylipin-

supplemented cells. The detected oxPL typically bear 16:0, 18:0, or 18:1 at the 

sn-1 position, and an oxPUFA at the sn-2 position, such as 18:2;O, 20:4;O, 

20:5;O, or 22:6;O. OxPL species were thoroughly characterized based on 

retention time, precursor ion within a mass tolerance ≤ 3 ppm, and characteristic 

product ions acquired in ESI(-) mode. The fatty acyl chain composition of each 

oxPL species was deduced based on the product ions of the (ox)FA. The position 

of the oxidation of the oxPUFA was determined based on the characteristic 

α-cleavage occurring at the epoxy or hydroxy group. Moreover, the sn-position of 

the fatty acyl chain was assessed using the preferential neutral loss of the (ox)FA 

in the sn-2 position as a ketene. This distinct fragmentation behavior could be 

shown using (oxidized) PL standards, which contained a mixture of isomeric 

sn-1/sn-2 (ox)PL. Notably, the sn-position also influences the intensity of the fatty 

acyl chain product ions, with a higher abundance observed for the (ox)FA bound 

at the sn-2 position compared to that at sn-1. 

The developed LC-HRMS method was employed to investigate the 

incorporation of hydroxy-20:4, epoxy-18:2, -20:4, and -20:5 regioisomers into PL 

of human cells. Parallel analysis of non-esterified and total oxylipins by targeted 

LC-MS/MS following alkaline hydrolysis (total analysis) showed that almost all 

oxylipins in the cells are esterified (> 96 %). Using untargeted LC-HRMS, a total 
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of 153 oxPL species were semi-quantified in oxylipin-supplemented cells using 

one internal standard per lipid class. Oxylipins were found esterified in PI, PS, 

PC, PE, PC-P, PC-O, and PE-P lipid classes. A distinct incorporation of 

regiosiomers into PL classes was observed. While 20:4;15OH was exclusively 

detected in PI, 20:4;12OH and 20:4;5OH were mostly found in PC, and to a lesser 

extent in PE. Positional analogues of epoxy-20:4 and epoxy-20:5 showed an 

almost identical distribution in the lipid classes. For example, 43% of 20:4;14Ep 

and 41% of 20:5;14Ep were incorporated in PI, and 38% vs. 39%, respectively, 

were detected in PC. 

Addition of exogenous oxylipins resulted in distinct incorporation into specific 

PL classes and species. However, this may not accurately reflect the “in vivo” 

incorporation behavior within the cells. In Chapter 4 of this thesis, the 

incorporation of endogenously formed oxylipins was investigated using a 

genetically modified HEK293T cell line overexpressing the 15-LOX-2 enzyme, 

and the results were compared to those obtained from exogenous 

supplementation. As a first approach, esterified oxylipins formed via 15-LOX-2 

were indirectly quantified in lipid fractions separated using hydrophilic interaction 

liquid chromatography (HILIC)-based cartridges. Indirect quantification of 

esterified hydroxy-PUFA revealed that over 75% are bound to PL, while less than 

25% are found in neutral lipids. A comparable incorporation pattern into PL 

classes was observed between endogenously formed 15-LOX-derived oxylipins 

and those incorporated following supplementation. Of note, 15-HETE and 

15-HEPE endogenously formed were found to be more incorporated into PE 

compared to exogenous addition. 

To further characterize the molecular PL species, a targeted 

LC-ESI(-)-MS/MS method for the analysis of oxPL was developed based on the 

untargeted LC-HRMS established in Chapter 3. MS detection was performed 

using multiple reaction monitoring (MRM), recording three mass transitions for 

each oxPL species and two for oxPL-P and oxPC-O species. For quantification, 

the mass transition involving the specific product ion resulting from the 

α-cleavage of the oxPUFA moiety was used, while the product ions 

corresponding to the fatty acyl chains served as qualifiers. The new targeted 
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LC-MS/MS method covered the analysis of 67 PL bearing hydroxy-PUFA and 

was validated in terms of sensitivity, linearity, extraction recovery, accuracy, 

precision, and dilution integrity. Quantitative targeted analysis of oxPL in 

15-LOX-2 overexpressing led to nearly identical concentrations when compared 

to indirect quantification of esterified oxylipins following hydrolysis. 

Targeted analysis of oxPL showed a distinct incorporation of hydroxy-PUFA 

into both PL classes and species in 15-LOX-2 overexpressing and oxylipin-

supplemented cells. 20:4;15OH (15-HETE) and 20:5;15OH (15-HEPE) showed 

a restricted distributed into PI species bearing 18:0, 18:1, and 16:0. Specifically, 

70% of 20:4;15OH and 80% of 20:5;15OH were esterified in the sn-2 position of 

PI bearing 18:0. These oxylipins were also detected in minor amounts in PC and 

PE species. In contrast, 22:6;17OH (17-HDHA) and 18:2;13OH (13-HODE) were 

more evenly distributed across the PL classes and species. Half of 22:6;17OH 

was incorporated in the sn-2 position of PE-P species bearing 16:0, 18:0, and 

18:1. Most of 18:2;13OH was found in PC with a marked abundance of PC 

16:0/18:2;13OH at 50%, while the other half was distributed mainly between 

PC(-O) and PI species. For 22:6;17OH and 18:2;13OH the second most 

abundant PL class was PI, specifically PI bearing 18:0. The associated biological 

effects of esterified oxylipins remain to be uncovered, but this preferential 

incorporation of 20:4;15OH and 20:5;15OH into PI may be biologically relevant in 

the context of PI-based signaling pathways. 
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7 Appendix 

 

Chapter 2 

 

Fig. 8.1: Effect of selected source parameters on the intensity of the ESI-MS signal 

(orbitrap Q Exactive HF). Shown is the influence of (top) the sheath gas and (bottom) spray 

voltage on the signal intensity in ESI(-) and in ESI(+) mode for PC 16:0/20:4(5Z,8Z,11Z,14Z) and 

PE 18:1(9Z)/18:1(9Z), while other parameters were set to default (Fig. 2.1). Intensities are 

depicted relative to the signal intensity at the optimized values highlighted in blue. 
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ESI-spray voltage and sheath gas showed only little effect on the signal 

intensity around the optimal range (Fig. 8.1). Increasing the spray voltage from 

|2| to |4| kV increased the signal, but higher values led to a less stable spray. In 

the optimal range (|3.3| – |3.8| kV), the applied voltage showed only marginal 

effects on the signal intensity of PE 18:1(9Z)/18:1(9Z) in both ionization modes 

(≤ 12%), while for PC 16:0/20:4(5Z,9Z,11Z,14Z) the signal intensity was 

increased by 33% in ESI(+) and 17% in ESI(-). The selected optimized values, 

i.e., 3.4 and – 3.7 kV, are lower compared to the spray voltage used in the 

application note (i.e. |4.2| kV) and higher compared to the default settings in 

negative mode (i.e., 2.5 kV). However, our results are in line with previous 

methods using a Q Exactive HF for the analysis of lipids in rat plasma and liver 

[1] and in pituitary adenoma tissues [2] with a spray voltage between |3| and 

|4| kV. Variation of the sheath gas flow (range 10 – 50 psi) showed for both lipids 

the same change in signal intensity, having a greater effect in ESI(+). 32 and 

28 psi were chosen in ESI(-) and ESI(+), respectively. Using the same flow rate 

(i.e. 260 µL min-1), Hu et al. used a higher sheath gas flow of 45 psi in both 

ionization modes for lipidomics analysis, which is similar to the default settings. 

However, they did not show if and how this value was optimized [2]. 

The sweep gas flows towards the entrance of the heated ion transfer tube 

at the sweep cone thus acting as a barrier for non-charged molecules and non-

volatiles preventing contamination of the source. Increasing the sweep gas flow 

(i.e. from 2 to 8 psi) led to a slight increase in signal intensity. However, this 

resulted also in elevated noise of the signal. The selected sweep gas flow of 2 psi 

was consistent with previously described methods using a sweep gas flow of 1 psi 

for lipidomics analysis [1, 3, 4]. No noticeable effect on the signal could be 

observed when varying the capillary temperature (i.e. 200 °C – 350 °C). Thus 

250 °C was selected, which is consistent with the range (230 °C – 350 °C) used 

in other lipidomics methods [1, 3-7].  
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Table 8.1: Exclusion list for ESI(+) and ESI(-) mode used for the Full MS/ddMS2 TOP N 

acquisition. Shown are the m/z of common contaminants found in solvents and extraction blanks 

to exclude from MS2 data acquisition. 
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628.1946 1025.2535 

656.2259 1173.2897 

702.2131     

730.2444     

776.2322     

804.2635     

663.4532     

684.2029 

Alkane polymers  

    

708.5112     

363.2630     

419.3156 
Phtalates 

    

447.3469     

 



APPENDIX 

 

181 

 

Table 8.2: Inclusion list in ESI(+) and ESI(-) mode used for the Full MS/ddMS2 TOP N 

acquisition. Shown are the m/z of ions of PC and PE bearing biologically relevant PUFA included 

in the inclusion list. 
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Fig. 8.2: Method development of the targeted LC-ESI(-)-MS/MS method. Shown is a scheme 

illustrating the individual steps of optimization including selection of transitions, as well as 

optimization of electronic parameters, i.e., DP, EP, CE, and CXP. Optimization was carried out 

by FIA from repeated injections of 5 µL of a standard solution. Data is shown exemplary for 

PE 18:0/20:4(5Z,8Z,11Z,14Z). 
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Fig. 8.3: Study design and selection of the human n3-PUFA intervention study (adapted 

from [1]). Effects of n3-PUFA supplementation on the plasma PL pattern were investigated in a 

subset of subjects from a supplementation study (28). Only subjects fulfilling the following criteria 

were included: individuals received n3-PUFA capsules corresponding to 4 portions of fatty fish 

per week (1.5 g EPA and 1.8 g DHA as TG per portion), the relative level of EPA + DHA in human 

plasma was < 8% at baseline, and the change in the relative level in human plasma of EPA + 

DHA was > 4% after 12 months of intervention. Plasma samples were analyzed at baseline and 

after 12 months of supplementation (n = 20, ♀ 11, ♂ 9, age 27 – 72 years). 

1. Browning LM, Walker CG, Mander AP, West AL, Madden J, Gambell JM, et al. (2012) 

Incorporation of eicosapentaenoic and docosahexaenoic acids into lipid pools when given as 

supplements providing doses equivalent to typical intakes of oily fish. Am J Clin Nutr. 96, 

748–58. 
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Table 8.4: Parameters used for data processing by MS-DIAL. Shown are the parameters used 

for the data processing in ESI(+) and ESI(-) mode, sorted according to the tabs in the MS-DIAL 

software, i.e., data collection from the acquired data, peak detection, identification, and alignment. 

 

 

 

 

MS-DIAL parameters 

Data collection 

MS1 tolerance 0.01 Da 

MS2 tolerance 0.015 Da 

retention time begin 1 min 

retention time end 28 min 

MS1 mass range begin 200 Da 

MS1 mass range end 1200 Da 

MS/MS mass range begin 0 Da 

MS/MS mass range end 1200 Da 

Max changed number 2 

Peak detection 
Minimum Peak height 10000 

Mass slice width 0.02 Da 

Identification 

MSP file/solvent type HCOONH4 

Retention time tolerance 100 min 

Accurate mass tolerance (MS1) 0.006 Da 

Accurate mass tolerance (MS2) 0.01 Da 

Identification score cut off 75% 

Retention time tolerance 0.3 min 

Accurate mass tolerance 0.006 Da 

Identification score cut off 85% 

Alignement parameter 
setting 

Retention time tolerance 0.3 min 

MS1 tolerance 0.004 Da 

Retention time factor 0.5 

MS1 factor 0.5 

Peak count filter 0% 

N% detected in at leat one grou 50% 

Remove features based on blank information true 

Sample max/blank average 5 

Keep 'reference matched' true 

Keep 'suggested' (w/o MS2) false 

Keep removable features true 

Gap filling by compulsion true 
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Fig. 8.4: Polynomial dependences of the retention times on the length of the fatty acyl 

chains (X = carbon number sum). Shown are A lysoPC X:0 and lysoPC X:1, B PI X:2, C PC X:5 

and PC X:6, D PE X:5 and PE X:4, E PC O-X:4 and PC O-X:6, and F PE O-X:5 and PE O-X:7. 

Lipid extracts were analyzed by untargeted LC-HRMS operating in Full MS/ddMS2 TOP N mode 

(orbitrap Q Exactive HF). 
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Fig. 8.5: Polynomial dependences of the retention times on the number of double bonds 

(X = double bond number). Shown are A lysoPC 20:X and lysoPC 22:X, B PI 36:X and PI 38:X, 

C PC 36:X and PC 38:X, D PE 36:X and PE 38:X, E PC O-36:X and PC O-38:X, and F PE O-36:X 

and PE O-38:X. Lipid extracts were analyzed by untargeted LC-HRMS operating in Full 

MS/ddMS2 TOP N mode (orbitrap Q Exactive HF). 
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Fig. 8.6: Influence of the plasma volume on the extraction recovery. Shown is the extraction 

recovery of deuterium-labeled IS from the extraction of different volumes of human plasma A in 

ESI(-) and B in ESI(+) mode. Extraction recovery was calculated relative to an IS solution directly 

injected. Shown are mean values ± SD (n = 3). Lipid extracts were analyzed by untargeted LC-

HRMS operating in Full MS/ddMS2 TOP N mode (orbitrap Q Exactive HF). 
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Fig. 8.7: Chromatographic separation of PL by targeted LC-ESI(-)-MS/MS. Shown are the 

MRM signals of the quantifier transitions of selected PL, as well as the IS for the analysis of a 

multi-analyte standard solution (400 nmol L-1). 

 

 

 

 

 

 

 

Time [min]

R
e

l.
 i

n
te

n
s

it
y

 [
%

]

10 12 14 16 18 20 22 24
0

20

40

60

80

100

P
C

 1
5

:0
/1

8
:1

[D
7

]

P
E

 1
5

:0
/1

8
:1

[D
7

]

P
C

 1
8

:2
(9

Z
,1

2
Z

)/
1

8
:2

(9
Z

,1
2

Z
)

P
C

 1
8

:0
/2

0
:5

(5
Z

,8
Z

,1
1

Z
,1

4
Z

,1
7

Z
)

P
C

 1
8

:0
/2

2
:6

(4
Z

,7
Z

,1
0

Z
,1

3
Z

,1
6

Z
,1

9
Z

)

P
E

 1
8

:0
/2

0
:4

(5
Z

,8
Z

,1
1

Z
,1

4
Z

)

P
E

 1
8

:0
/2

2
:4

(7
Z

,1
0

Z
,1

3
Z

,1
6

Z
)



APPENDIX 

 

190 

 

Table 8.5: List of PL semi-quantified in ESI(-) and ESI(+) modes by MS-DIAL. Shown are the 

tR, the measured m/z, and the concentrations in µmol L-1. Concentrations at baseline and following 

12 months of n3-PUFA supplementation are shown as mean ± SD, n = 20. 
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Table 8.5: Continued 1/3. List of PL semi-quantified in ESI(-) and ESI(+) modes by MS-DIAL. 

Shown are the tR, the measured m/z, and the concentrations in µmol L-1. 

 

  
L

C
-E

S
I(-)-H

R
M

S
 

L
C

-E
S

I(+
)-H

R
M

S
 

A
n

a
ly

te
 

t
R
 [m

in
] 

m
/z

 
b

a
s
e
lin

e
 

1
2
 m

o
n

th
s

 
t
R
 [m

in
] 

m
/z

 
b

a
s
e
lin

e
 

1
2
 m

o
n

th
s

 

P
C

 1
6
:1

_
2
0
:5

 
7
.4

7
 

8
2
2
.5

2
7

0
 

0
.4

8
 

±
 

0
.2

6
 

1
.1

 
±
 

0
.5

 
7
.4

8
 

7
7
8
.5

3
7

8
 

0
.2

2
 

±
 

0
.1

2
 

0
.5

7
 

±
 

0
.4

1
 

P
C

 1
6
:1

_
2
0
:5

 
7
.8

2
 

8
2
2
.5

2
6

9
 

0
.1

4
 

±
 

0
.0

7
 

0
.3

7
 

±
 

0
.1

6
 

7
.8

4
 

7
7
8
.5

3
7

8
 

0
.0

7
 

±
 

0
.0

3
 

0
.2

0
 

±
 

0
.1

0
 

P
C

 1
7
:0

_
2
0
:3

 
1
6
.5

9
 

8
4
2
.5

9
3

8
 

1
.1

 
±
 

0
.4

 
0
.6

1
 

±
 

0
.2

6
 

1
6
.5

8
 

7
9
8
.6

 
0
3
0

 
0
.8

4
 

±
 

0
.2

9
 

0
.4

8
 

±
 

0
.1

9
 

P
C

 1
7
:0

_
2
0
:3

 
1
7
.3

0
 

8
4
2
.5

9
3

1
 

1
.3

 
±
 

0
.6

 
0
.7

7
 

±
 

0
.2

7
 

1
7
.3

2
 

7
9
8
.6

0
2

7
 

1
.2

 
±
 

0
.6

 
0
.7

5
 

±
 

0
.2

4
 

P
C

 3
7
:5

 
1
1
.4

6
 

8
3
8
.5

6
2

4
 

0
.3

3
 

±
 

0
.1

7
 

0
.9

2
 

±
 

0
.4

1
 

1
1
.5

1
 

7
9
4
.5

7
1

4
 

0
.6

1
 

±
 

0
.2

9
 

1
.6

 
±
 

0
.8

 

P
C

 1
7
:0

_
2
0
:5

 
1
2
.1

8
 

8
3
8
.5

6
2

9
 

0
.5

1
 

±
 

0
.2

1
 

1
.7

 
±
 

0
.5

 
1
2
.2

1
 

7
9
4
.5

7
1

2
 

0
.3

4
 

±
 

0
.1

 
1
.2

 
±
 

0
.4

 

P
C

 1
8
:0

_
2
0
:3

 
2
0
.2

0
 

8
5
6
.6

0
6

8
 

3
.9

 
±
 

1
.4

 
2
.3

 
±
 

0
.9

 
2
0
.2

2
 

8
1
2
.6

1
4

6
 

2
.8

 
±
 

1
.2

 
1
.6

 
±
 

0
.7

 

P
C

 1
8
:0

_
2
0
:3

 
2
1
.1

5
 

8
5
6
.6

0
6

6
 

3
.1

 
±
 

2
.3

 
1
.4

 
±
 

0
.7

 
2
1
.1

6
 

8
1
2
.6

1
4

6
 

2
.4

 
±
 

1
.9

 
0
.9

8
 

±
 

0
.5

1
 

P
C

 1
8
:1

_
2
0
:3

 
1
5
.2

9
 

8
5
4
.5

9
0

2
 

9
.1

 
±
 

4
.3

 
4
.3

 
±
 

1
.6

 
1
5
.2

9
 

8
1
0
.6

0
3

8
 

6
.8

 
±
 

3
.3

 
3
.1

 
±
 

1
.1

 

P
C

 1
6
:0

_
2
2
:4

 
1
6
.3

6
 

8
5
4
.5

9
0

6
 

7
.6

 
±
 

3
.8

 
4
.3

 
±
 

2
.7

 
1
6
.3

9
 

8
1
0
.5

9
7

3
 

6
.7

 
±
 

3
.7

 
4
.1

 
±
 

2
.3

 

P
C

 1
8
:0

_
2
0
:5

 
1
4
.5

6
 

8
5
2
.5

7
6

9
 

2
0

 
±
 

8
 

5
5

 
±
 

1
6

 
1
4
.5

8
 

8
0
8
.5

8
1

8
 

1
5

 
±
 

6
 

4
8

 
±
 

1
6

 

P
C

 1
8
:2

_
2
0
:4

 
9
.9

7
 

8
5
0
.5

6
2

0
 

1
0
.6

 
±
 

2
.6

 
6
.8

 
±
 

1
.4

 
9
.9

8
 

8
0
6
.5

6
7

4
 

7
.0

 
±
 

1
.9

 
4
.5

 
±
 

1
.2

 

P
C

 1
8
:1

_
2
0
:5

 
1
0
.4

1
 

8
5
0
.5

6
1

0
 

4
.4

 
±
 

1
.8

 
1
0
.5

 
±
 

4
.7

 
1
0
.4

2
 

8
0
6
.5

6
7

2
 

2
.9

 
±
 

1
.3

 
7
.6

 
±
 

4
.3

 

P
C

 1
8
:2

_
2
0
:5

 
7
.9

5
 

8
4
8
.5

4
6

4
 

1
.6

 
±
 

0
.6

 
4
.2

 
±
 

2
.3

 
7
.9

6
 

8
0
4
.5

5
3

2
 

0
.7

6
 

±
 

0
.2

9
 

2
.4

 
±
 

1
.6

 

P
C

 3
9
:5

 
1
6
.9

8
 

8
6
6
.5

9
2

7
 

0
.0

7
 

±
 

0
.0

2
 

0
.1

9
 

±
 

0
.0

6
 

1
7
.0

1
 

8
2
2
.5

9
7

4
 

0
.0

5
 

±
 

0
.0

2
 

0
.1

3
 

±
 

0
.0

6
 

P
C

 1
7
:0

_
2
2
:6

 
1
4
.0

0
 

8
6
4
.5

7
4

7
 

0
.9

7
 

±
 

0
.3

5
 

1
.7

 
±
 

0
.5

 
1
4
.0

0
 

8
2
0
.5

8
3

0
 

0
.8

8
 

±
 

0
.3

0
 

1
.5

 
±
 

0
.4

5
 

P
C

 2
0
:0

_
2
0
:3

 
2
2
.6

7
 

8
8
4
.6

3
9

5
 

0
.7

9
 

±
 

0
.2

5
 

0
.4

9
 

±
 

0
.1

5
 

2
2
.6

4
 

8
4
0
.6

4
6

7
 

0
.4

8
 

±
 

0
.1

6
 

0
.2

9
 

±
 

0
.1

0
 

P
C

 1
8
:0

_
2
2
:4

 
2
0
.9

6
 

8
8
2
.6

2
2

8
 

3
.2

 
±
 

1
.4

 
1
.6

 
±
 

0
.6

 
2
0
.9

8
 

8
3
8
.6

3
4

6
 

2
.4

 
±
 

1
.4

 
1
.1

 
±
 

0
.4

 

P
C

 1
8
:0

_
2
2
:6

 
1
6
.3

8
 

8
7
8
.5

9
0

4
 

3
4

 
±
 

1
1

 
5
3

 
±
 

1
4

 
1
6
.3

9
 

8
3
4
.6

0
1

6
 

3
2

 
±
 

1
2

 
5
4

 
±
 

1
4

 

P
C

 1
8
:1

_
2
2
:6

 
1
2
.5

5
 

8
7
6
.5

7
2

7
 

1
.3

 
±
 

0
.9

 
1
.9

 
±
 

1
.2

 
1
2
.5

5
 

8
3
2
.5

8
6

1
 

1
.1

 
±
 

0
.7

 
1
.6

 
±
 

0
.9

 

P
C

 2
0
:4

_
2
0
:5

 
7
.3

8
 

8
7
2
.5

4
5

4
 

0
.1

7
 

±
 

0
.0

9
 

0
.4

0
 

±
 

0
.2

4
 

7
.3

9
 

8
2
8
.5

5
0

5
 

0
.0

7
 

±
 

0
.0

4
 

0
.2

 
±
 

0
.1

6
 

P
C

 2
0
:5

_
2
2
:6

 
6
.7

5
 

8
9
6
.5

4
6

0
 

0
.0

5
 

±
 

0
.0

3
 

0
.3

1
 

±
 

0
.1

9
 

6
.7

6
 

8
5
2
.5

5
3

6
 

0
.0

3
 

±
 

0
.0

1
 

0
.1

6
 

±
 

0
.1

2
 

P
E

 1
8
:1

_
1

8
:2

 
1
5
.3

4
 

7
4
0
.5

2
5

8
 

1
.1

 
±
 

0
.7

 
0
.6

7
 

±
 

0
.4

2
 

1
5
.3

5
 

7
4
2
.5

3
8

3
 

1
.1

 
±
 

0
.7

 
0
.5

9
 

±
 

0
.3

3
 

P
E

 1
6
:0

_
2

0
:3

 
1
6
.1

4
 

7
4
0
.5

2
1

7
 

0
.3

7
 

±
 

0
.3

 
0
.1

9
 

±
 

0
.1

3
 

1
6
.2

4
 

7
4
2
.5

3
6

7
 

0
.3

7
 

±
 

0
.2

7
 

0
.1

8
 

±
 

0
.1

4
 

P
E

 1
8
:2

_
1

8
:2

 
1
1
.6

7
 

7
3
8
.5

0
7

1
 

0
.0

8
 

±
 

0
.0

7
 

0
.0

3
 

±
 

0
.0

3
 

1
1
.6

5
 

7
4
0
.5

2
7

7
 

0
.1

9
 

±
 

0
.1

4
 

0
.0

5
 

±
 

0
.0

5
 



APPENDIX 

 

192 

 

Table 8.5: Continued 2/3. List of PL semi-quantified in ESI(-) and ESI(+) modes by MS-DIAL. 

Shown are the tR, the measured m/z, and the concentrations in µmol L-1. 
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Table 8.5: Continued 3/3. List of PL semi-quantified in ESI(-) and ESI(+) modes by MS-DIAL. 

Shown are the tR, the measured m/z, and the concentrations in µmol L-1. 
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Chapter 3 

Table 8.6: Inclusion list used for the Full MS/ddMS2 TOP N acquisition. Shown are the m/z 

of ions of PI, PS, PC, PC-P, PC-O, PE, and PE-P bearing biologically relevant oxidized PUFA 

selected for the inclusion list, considering the common (adduct) ions of the individual lipid classes 

in ESI(-). NCE of 35 relative to m/z 500 was used for the fragmentation of ions corresponding to 

oxPI species. 

 

  m/z 

species level molecular species level ESI(-) NCE 

PI 34:2;O PI 16:0_18:2;O 849.5135 35 

PI 36:2;O PI 18:0_18:2;O 877.5448 35 

PI 36:3;O PI 18:1_18:2;O 875.5291 35 

PI 36:4;O PI 16:0_20:4;O 873.5135 35 

PI 36:5;O PI 16:0_20:5;O 871.4978 35 

PI 38:2;O PI 18:0_20:2;O 905.5761 35 

PI 38:3;O PI 18:0_20:3;O 903.5604 35 

PI 38:4;O PI 18:0_20:4;O 901.5448 35 

PI 38:5;O PI 18:1_20:4;O/PI 18:0_20:5;O 899.5291 35 

PI 38:6;O PI 18:1_20:5;O/PI 16:0_22:6;O 897.5134 35 

PI 40:6;O PI 18:0_22:6;O 925.5448 35 

PI 40:7;O PI 18:1_22:6;O 923.5291 35 

PS 34:2;O PS 16:0_18:2;O 774.4927 25,30 

PS 36:2;O PS 18:0_18:2;O 802.5240 25,30 

PS 36:4;O PS 16:0_20:4;O 798.4927 25,30 

PS 38:4;O PS 18:0_20:4;O 826.5240 25,30 

PS 38:5;O PS 18:1_20:4;O/PS 18:0_20:5;O 824.5083 25,30 

PS 38:6;O PS 18:1_20:5;O/PS 16:0_22:6;O 822.4927 25,30 

PS 40:6;O PS 18:0_22:6;O 850.5240 25,30 

PC 34:2;O PC 16:0_18:2;O 818.5553 25,30 

PC 34:3;O PC 16:1_18:2;O/PC 16:0_18:3;O 816.5396 25,30 

PC 34:4;O PC 14:0_20:4;O 814.5240 25,30 

PC 35:3;O PC 17:1_18:2;O 830.5553 25,30 

PC 36:2;O PC 18:0_18:2;O/PC 16:0_20:2;O 846.5866 25,30 

PC 36:3;O PC 18:1_18:2;O/PC 18:0_18:3;O 844.5709 25,30 

PC 36:4;O PC 16:0_20:4;O/PC 18:2_18:2;O 842.5553 25,30 

PC 36:5;O PC 16:0_20:5;O 840.5396 25,30 

PC 38:4;O PC 18:0_20:4;O/PC 16:0_22:4;O 870.5866 25,30 

PC 38:5;O PC 18:0_20:5;O/PC 16:0_22:5;O 868.5709 25,30 

PC 38:6;O PC 18:2_20:4;O/PC 16:0_22:6;O 866.5553 25,30 

PC 40:4;O PC 18:O_22:4;O 898.6179 25,30 

PC 40:6;O PC 18:0_22:6;O 894.5866 25,30 

PC 40:7;O PC 18:1_22:6;O 892.5709 25,30 
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Table 8.6: Continued. Inclusion list used for the Full MS/ddMS2 TOP N acquisition. 

  

 

 

 

  m/z 

species level molecular species level ESI(-) NCE 

PC P-34:2;O PC P-16:0_18:2;O 802.5604 25,30 

PC P-36:4;O PC P-16:0_20:4;O 826.5604 25,30 

PC P-36:5;O PC P-16:0_20:5;O 824.5447 25,30 

PC P-38:6;O PC P-16:0_22:6;O 850.5604 25,30 

PC O-34:2;O PC O-16:0_18:2;O 804.5761 25,30 

PC O-36:3;O PC O-18:1_18:2;O 830.5917 25,30 

PC O-36:4;O PC O-16:0_20:4;O 828.5761 25,30 

PC O-36:5;O PC O-16:0_20:5;O 826.5604 25,30 

PC O-38:4;O PC O-16:0_22:4;O 856.6074 25,30 

PC O-38:5;O PC O-18:1_20:4;O 854.5917 25,30 

PC O-38:6;O PC O-16:0_22:6;O/PC O-18:1_20:5;O 852.5761 25,30 

PC O-40:7;O PC O-18:1_22:6;O 878.5917 25,30 

PE 34:2;O PE 16:0_18:2;O 730.5028 25,30 

PE 34:3;O PE 16:1_18:2;O 728.4871 25,30 

PE 36:2;O PE 18:0_18:2;O 758.5341 25,30 

PE 36:3;O PE 18:1_18:2;O 756.5185 25,30 

PE 36:4;O PE 16:0_20:4;O 754.5028 25,30 

PE 36:5;O PE 16:0_20:5;O 752.4871 25,30 

PE 38:4;O PE 18:0_20:4;O 782.5341 25,30 

PE 38:5;O PE 18:1_20:4;O/PE 18:0_20:5;O 780.5185 25,30 

PE 38:6;O PE 18:1_20:5;O/PE 16:0_22:6;O 778.5028 25,30 

PE 40:4;O PE 18:0_22:4;O 810.5654 25,30 

PE 40:6;O PE 18:0_22:6;O 806.5341 25,30 

PE 40:7;O PE 18:1_22:6;O 804.5185 25,30 

PE P-34:2;O PE P-16:0_18:2;O 714.5079 25,30 

PE P-36:3;O PE P-18:1_18:2;O/PC P-16:0_20:3;O 740.5236 25,30 

PE P-36:2;O PE P-18:0_18:2;O 742.5392 25,30 

PE P-36:4;O PE P-16:0_20:4;O 738.5080 25,30 

PE P-36:5;O PE P-16:0_20:5;O 736.4922 25,30 

PE P-38:4;O PE P-16:0_22:4;O 766.5393 25,30 

PE P-38:5;O PE P-18:0_20:5;O/PE P-16:0_22:5;O 764.5235 25,30 

PE P-38:6;O PE P-16:0_22:6;O 762.5079 25,30 

PE P-40:5;O PE P-18:1_22:4;O 792.5549 25,30 

PE P-40:6;O PE P-18:0_22:6;O 790.5392 25,30 

PE P-40:7;O PE P-18:1_22:6;O 788.5236 25,30 
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Fig. 8.8: Optimization of NCE for untargeted LC-HRMS. Shown are the MS2 spectra in ESI(-) 

mode of A PC 16:0/15-HETE [M + HCOO-]- and B PE 16:0/15-HETE [M ‒ H]- using differently 

stepped NCE. Shown are data from an injection of a mixture of oxPL standards (each 

500 nmol L-1). Suggested sites of fragmentation are indicated in the structures. 
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Fig. 8.8: Continued. Optimization of NCE for untargeted LC-HRMS. Shown are the MS2 

spectra in ESI(-) mode of C PC 16:0/17-HDHA [M + HCOO-]- and D PE 16:0/17-HDHA 

[M ‒ H]- using differently stepped NCE. Shown are data from an injection of a mixture of oxPL 

standards (each 500 nmol L-1). Suggested sites of fragmentation are indicated in the structures. 
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Table 8.7: Total and non-esterified oxylipins in human serum. Total and non-esterified 

oxylipins were analyzed by targeted LC-MS/MS following SPE as described [1-4]. Shown is the 

mean ± SD (n = 3). This commercial human serum was used for chromatographic optimization 

and identification of PL bearing hydroxy-PUFA by untargeted LC-HRMS. Note that the 

commercial serum contains high concentrations of oxylipins presumably formed by autoxidation 

during sample collection and storage. 

 

 

 

 

 

 

 

    concentration in human serum [nmol L-1] 

  analyte    total   non-esterified 

hydroxy-LA 
13-HODE   61000 ± 5900   1800 ± 53 

9-HODE   36000 ± 3500   1200 ± 44 

epoxy-LA 
12(13)-EpOME   330 ± 11   65 ± 3 

9(10)-EpOME   420 ± 8   85 ± 4 

dihydroxy-LA 
12,13-DiHOME   33 ± 5   9.4 ± 0.3 

9,10-DiHOME   43 ± 4   12.4 ± 0.8 

hydroxy-ALA 
13-HOTrE   1900 ± 160   46 ± 3 

9-HOTrE   970 ± 82   32.3 ± 0.4 

hydroxy-ARA 

15-HETE   12000 ± 1100   490 ± 26 

11-HETE   13000 ± 1100   530 ± 46 

12-HETE   14000 ± 1500   470 ± 36 

8-HETE   11000 ± 770   350 ± 38 

9-HETE   21000 ± 1300   470 ± 27 

5-HETE   10000 ± 540   2100 ± 170 

epoxy-ARA 

14(15)-EpETrE   81 ± 6   3.9 ± 0.4 

11(12)-EpETrE   48 ± 8   1.9 ± 0.2 

8(9)-EpETrE   < 5.0   < 0.50 

dihydroxy-ARA 

14,15-DiHETrE   < 0.25   0.86 ± 0.04 

11,12-DiHETrE   2.08 ± 0.06   0.78 ± 0.06 

8,9-DiHETrE   < 0.68   < 0.068 

5,6-DiHETrE   24 ± 2   7.1 ± 0.3 
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Table 8.7: Continued. Total and non-esterified oxylipins in human serum.  

 

 

 

    concentration in human serum [nmol L-1] 

  analyte    total   non-esterified 

hydroxy-EPA 

18-HEPE   870 ± 71   33 ± 1 

15-HEPE   720 ± 64   31 ± 3 

11-HEPE   460 ± 34   20 ± 1 

12-HEPE   850 ± 75   37 ± 2 

8-HEPE   420 ± 37   18.2 ± 0.8 

9-HEPE   1200 ± 110   38 ± 3 

5-HEPE   460 ± 45   200 ± 10 

epoxy-EPA 

17(18)-EpETE   < 7.5   < 0.75 

14(15)-EpETE   < 2.5   < 0.25 

11(12)-EpETE   59 ± 6   < 0.25 

8(9)-EpETE   < 7.5   < 0.75 

dihydroxy-EPA 

17,18-DiHETE   < 1.1   < 0.11 

14,15-DiHETE   < 0.50   < 0.050 

11,12-DiHETE   150 ± 16   42 ± 2 

8,9-DiHETE   < 1.0   < 0.10 

hydroxy-DHA 

20-HDHA   2200 ± 190   110 ± 6 

16-HDHA   1700 ± 120   70 ± 5 

17-HDHA   1600 ± 160   67 ± 5 

13-HDHA   1600 ± 170   78 ± 6 

14-HDHA   1400 ± 150   70 ± 6 

10-HDHA   1300 ± 120   66 ± 6 

11-HDHA   1900 ± 82   92 ± 4 

7-HDHA   1000 ± 60   36.8 ± 1.7 

8-HDHA   1500 ± 70   60 ± 3 

epoxy-DHA 

19(20)-EpDPE   < 5.0   < 0.50 

16(17)-EpDPE   < 2.5   < 0.25 

13(14)-EpDPE   < 1.0   < 0.10 

10(11)-EpDPE   < 0.25   < 0.025 

7(8)-EpDPE   < 6.5   < 0.65 

dihydroxy-DHA 

19,20-DiHDPE   < 5.0   1.3 ± 0.1 

16,17-DiHDPE   21.1 ± 1.4   1.20 ± 0.06 

13,14-DiHDPE   < 1.0   < 0.10 

10,11-DiHDPE   < 1.0   < 0.10 

7,8-DiHDPE   < 5.0   < 0.50 
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Table 8.8: Non-esterified oxylipins in HEK293T cells. 0.5 × 106 cells were used per 

experiment. HEK293T cells were supplemented with either a mixture of 18:2;Ep, 20:4;OH, 

20:4;Ep, 20:5;Ep, or 22:6;Ep positional isomers (Table 3.1). Controls received DMSO. 

Non-esterified oxylipins were analyzed by targeted LC-MS/MS following SPE as described [1-4]. 

Shown is the mean ± SD (n = 3) of the concentration per mg of cell protein. 
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Table 8.8: Continued. Non-esterified oxylipins in HEK293T cells.  
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Table 8.9: Total oxylipins in HEK293T cells. 0.5 × 106 cells were used per experiment. 

HEK293T cells were supplemented with either a mixture of 18:2;Ep, 20:4;OH, 20:4;Ep, 20:5;Ep, 

or 22:6;Ep positional isomers (Table 3.1). Controls received DMSO. Total oxylipins were analyzed 

by targeted LC-MS/MS following alkaline hydrolysis and SPE as described [1-4]. Shown is the 

mean ± SD (n = 3) of the concentration per mg of cell protein. 
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Table 8.9: Continued. Total oxylipins in HEK293T cells. 
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Fig. 8.9: Chromatographic separation efficiency of oxPL using two different solvent 

gradients (A and B) by untargeted RP-LC-HRMS. Shown is the separation of (top) a lipid 

extract from human serum (full scan m/z 200 – 1200) in ESI(+) mode; (middle) oxPL standards 

(XIC, in ESI(-)) (two bottom rows) XIC of PC species bearing hydroxy-PUFA positional isomers 

in a lipid extract from human serum (ESI(-)). Separation was carried out on an ACQUITY Premier 

CSH C18 column (2.1 × 100 mm, 1.7 µm, 130 Å) using as solvents A eluent A (H2O/ACN, 40/60, 

v/v) and B (IPA/ACN, 90/10, v/v + 1% H2O) and B A (H2O/ACN, 60/40, v/v) and B (IPA/ACN, 

80/20, v/v, + 1% H2O), all eluents contain 10 mmol  L-1 ammonium formate and 0.1% formic acid. 
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Table 8.10: List of detected oxPL in human serum and in oxylipin-supplemented HEK293T 

cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 TOP N mode. Shown is the tR, m/z of 

precursor ion and product ions measured in ESI(-). *Tentative identification of oxPL. OxPL 

highlighted in light grey were confirmed using authentic standards. n.d. = not detected.  
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Table 8.10: Continued 1/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 2/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 3/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 4/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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 Table 8.10: Continued 5/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 6/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 7/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 8/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 9/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 10/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 11/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 12/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 13/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.10: Continued 14/14. List of detected oxPL in human serum and in 

oxylipin-supplemented HEK293T cells by untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 

TOP N mode. n.d. = not detected. 
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Table 8.11: Comparison of ionization efficiency of oxPL and PL of the same lipid class. 

Three solutions containing the IS (i.e., PC 12:0/13:0, PE 12:0/13:0) and oxPL standards at the 

same concentration level (i.e., 50 nmol L-1, 125 nmol L-1, or 500 nmol L-1) were measured by 

untargeted LC-ESI(-)-HRMS in Full MS/ddMS2 mode. Differences in ionization efficiency were 

calculated as the ratio of the peak height of oxPL to the peak height of PL. This indicates only a 

minor effect of the oxylipin on ionization efficiency, with signal differences of less than 26%. 
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Table 8.12: Comparison of retention time differences of analogue oxPL classes/species. 

oxPL were detected by untargeted RP-LC-ESI(-)-HRMS in human serum and oxylipin-

supplemented cells. Precursor ion and product ions of each oxPL can be found in Table 8.10. 

 

 

 

 

 

oxPC vs. oxPC-O 

ΔtR = 2.44 ± 0.10 (4.1%) 

lipid species tR [min] ΔtR   lipid species tR [min] ΔtR 

PC 16:0/18:2;13OH 10.19 
2.41 

  PC 16:0/20:5;14Ep 11.13 
2.46 

PC O-16:0/18:2;13OH 12.60   PC O-16:0/20:5;14Ep 13.59 

PC 16:0/18:2;12Ep 12.89 
2.55 

  PC 16:0/20:5;11Ep 11.55 
2.48 

PC O-16:0/18:2;12Ep 15.44   PC O-16:0/20:5;11Ep 14.03 

PC 16:0/18:2;9Ep 13.67 
2.57 

  PC 16:0/20:5;8Ep 12.26 
2.50 

PC O-16:0/18:2;9Ep 16.24   PC O-16:0/20:5;8Ep 14.76 

PC 18:1/18:2;12Ep 13.42 
2.33 

  PC 18:1/20:5;17Ep 10.80 
2.28 

PC O-18:1/18:2;12Ep 15.75   PC O-18:1/20:5;17Ep 13.08 

PC 18:1/18:2;9Ep 14.21 
2.39 

  PC 18:1/20:5;14Ep 11.64 
2.33 

PC O-18:1/18:2;9Ep 16.60   PC O-18:1/20:5;14Ep* 13.97 

PC 16:0/20:4;13OH 9.95 
2.42 

  PC 18:1/20:5;8Ep 12.79 
2.32 

PC O-16:0/20:4;13OH 12.37   PC O-18:1/20:5;8Ep 15.11 

PC 16:0/20:4;15OH 10.77 
2.45 

  PC 16:0/22:6;19Ep 12.05 
2.44 

PC O-16:0/20:4;15OH 13.22   PC O-16:0/22:6;19Ep 14.49 

PC 16:0/20:4;11OH 11.79 
2.48 

  PC 16:0/22:6;16Ep 12.78 
2.53 

PC O-16:0/20:4;11OH 14.27   PC O-16:0/22:6;16Ep 15.31 

PC 16:0/20:4;12OH 12.12 
2.51 

  PC 16:0/22:6;13Ep 13.15 
2.49 

PC O-16:0/20:4;12OH 14.63   PC O-16:0/22:6;13Ep 15.64 

PC 16:0/20:4;8OH 13.13 
2.57 

  PC 16:0/22:6;10Ep 13.68 
2.48 

PC O-16:0/20:4;8OH 15.70   PC O-16:0/22:6;10Ep 16.16 

PC 16:0/20:4;9OH 13.49 
2.48 

  PC 16:0/22:6;7Ep 14.55 
2.51 

PC O-16:0/20:4;9OH 15.97   PC O-16:0/22:6;7Ep 17.06 

PC 16:0/20:4;5OH 14.99 
2.60 

  PC 18:1/22:6;19Ep 12.54 
2.31 

PC O-16:0/20:4;5OH 17.59   PC O-18:1/22:6;19Ep 14.85 

PC 16:0/20:4;14Ep 13.10 
2.48 

  PC 18:1/22:6;16Ep 13.35 
2.32 

PC O-16:0/20:4;14Ep 15.58   PC O-18:1/22:6;16Ep 15.67 

PC 16:0/20:4;11Ep 14.25 
2.51 

  PC 18:1/22:6;13Ep 13.74 
2.23 

PC O-16:0/20:4;11Ep 16.76   PC O-18:1/22:6;13Ep 15.97 

PC 16:0/20:4;8Ep 15.00 
2.59 

  PC 18:1/22:6;10Ep 14.24 
2.30 

PC O-16:0/20:4;8Ep 17.59   PC O-18:1/22:6;10Ep 16.54 

PC 16:0/20:5;17Ep 10.36 
2.36 

      
  

PC O-16:0/20:5;17Ep 12.72       
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Table 8.12: Continued 1/5. Comparison of retention time differences of analogue oxPL 

classes/species. 

 

oxPC vs. oxPC-P   oxPE vs. oxPE-P 

ΔtR = 1.76 ± 0.07 (4.0%)   ΔtR = 1.90 ± 0.09 (4.8%) 

lipid species tR [min] ΔtR   lipid species tR [min] ΔtR 

PC 16:0/18:2;13OH 10.19 
1.69 

  PE 16:0/18:2;13OH 11.11 
1.90 

PC P-16:0/18:2;13OH 11.88   PE P-16:0/18:2;13OH 13.01 

PC 16:0/18:2;9OH 10.91 
1.69 

  PE 16:0/18:2;12Ep 13.90 
2.08 

PC P-16:0/18:2;9OH 12.60   PE P-16:0/18:2;12Ep 15.98 

PC 16:0/18:2;12Ep 12.89 
1.82 

  PE 16:0/20:4;15OH 11.73 
1.86 

PC P-16:0/18:2;12Ep 14.71   PE P-16:0/20:4;15OH 13.59 

PC 16:0/18:2;9Ep 13.67 
1.85 

  PE 16:0/20:4;14Ep 14.12 
1.92 

PC P-16:0/18:2;9Ep 15.52   PE P-16:0/20:4;14Ep 16.04 

PC 16:0/20:4;13OH 9.95 
1.60 

  PE 16:0/20:5;17Ep* 11.31 
1.90 

PC P-16:0/20:4;13OH 11.55   PE P-16:0/20:5;17Ep 13.21 

PC 16:0/20:4;15OH 10.77 
1.70 

  PE 16:0/20:5;8Ep 13.21 
1.93 

PC P-16:0/20:4;15OH 12.47   PE P-16:0/20:5;8Ep 15.14 

PC 16:0/20:4;11OH 11.79 
1.73 

  PE 16:0/22:6;19Ep 13.06 
1.89 

PC P-16:0/20:4;11OH 13.52   PE P-16:0/22:6;19Ep 14.95 

PC 16:0/20:4;12OH 12.12 
1.74 

  PE 16:0/22:6;10Ep 14.71 
1.85 

PC P-16:0/20:4;12OH 13.86   PE P-16:0/22:6;10Ep 16.56 

PC 16:0/20:4;7OH 12.81 
1.88 

  PE 18:1/18:2;12Ep 14.38 
2.00 

PC P-16:0/20:4;7OH 14.69   PE P-18:1/18:2;12Ep 16.38 

PC 16:0/20:4;8OH 13.13 
1.86 

  PE 18:0/20:5;17Ep 15.90 
2.01 

PC P-16:0/20:4;8OH 14.99   PE P-18:0/20:5;17Ep 17.91 

PC 16:0/20:4;9OH 13.49 
1.70 

  PE 18:1/20:5;17Ep 11.84 
1.78 

PC P-16:0/20:4;9OH 15.19   PE P-18:1/20:5;17Ep 13.62 

PC 16:0/20:4;5OH 14.99 
1.82 

  PE 18:0/22:6;19Ep 17.66 
1.94 

PC P-16:0/20:4;5OH 16.81   PE P-18:0/22:6;19Ep 19.60 

PC 16:0/20:4;14Ep 13.10 
1.76 

  PE 18:0/22:6;10Ep 19.30 
1.90 

PC P-16:0/20:4;14Ep 14.86   PE P-18:0/22:6;10Ep 21.20 

PC 16:0/20:4;11Ep 14.25 
1.79 

  PE 18:1/22:6;19Ep 13.58 
1.76 

PC P-16:0/20:4;11Ep 16.04   PE P-18:1/22:6;19Ep 15.34 

PC 16:0/20:4;8Ep 15.00 
1.83 

  PE 18:1/22:6;10Ep 15.21 
1.75 

PC P-16:0/20:4;8Ep 16.83   PE P-18:1/22:6;10Ep 16.96 

PC 16:0/20:5;17Ep 10.36 
1.69 

        

PC P-16:0/20:5;17Ep 12.05         

PC 16:0/20:5;14Ep 11.13 
1.76 

        

PC P-16:0/20:5;14Ep* 12.89         

PC 16:0/20:5;8Ep 12.26 
1.74 

        

PC P-16:0/20:5;8Ep 14.00         

PC 16:0/22:6;19Ep 12.05 
1.72 

        

PC P-16:0/22:6;19Ep 13.77         

PC 16:0/22:6;16Ep 12.78 
1.78 

        

PC P-16:0/22:6;16Ep* 14.56         

PC 16:0/22:6;10Ep 13.68 
1.73 

        

PC P-16:0/22:6;10Ep* 15.41         
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Table 8.12: Continued 2/5. Comparison of retention time differences of analogue oxPL 

classes/species. 

oxPC bearing 16:0 vs. 18:0 at the sn-1 position 

ΔtR = 4.57 ± 0.09 (2.0%) 

lipid species tR [min] ΔtR   lipid species tR [min] ΔtR 

PC 16:0/18:2;13OH 10.19 
4.41 

  PC 16:0/22:6;20OH 9.86 
4.38 

PC 18:0/18:2;13OH 14.60   PC 18:0/22:6;20OH 14.24 

PC 16:0/18:2;9OH 10.91 
4.54 

  PC 16:0/22:6;16OH 10.28 
4.41 

PC 18:0/18:2;9OH 15.45   PC 18:0/22:6;16OH 14.69 

PC 16:0/18:2;12Ep 12.89 
4.61 

  PC 16:0/22:6;17OH 10.41 
4.45 

PC 18:0/18:2;12Ep 17.50   PC 18:0/22:6;17OH 14.86 

PC 16:0/18:2;9Ep 13.67 
4.64 

  PC 16:0/22:6;13OH 10.83 
4.49 

PC 18:0/18:2;9Ep 18.31   PC 18:0/22:6;13OH 15.32 

PC 16:0/20:4;13OH 9.95 
4.42 

  PC 16:0/22:6;14OH 11.08 
4.52 

PC 18:0/20:4;13OH 14.37   PC 18:0/22:6;14OH 15.60 

PC 16:0/20:4;15OH 10.77 
4.52 

  PC 16:0/22:6;10OH 11.64 
4.54 

PC 18:0/20:4;15OH 15.29   PC 18:0/22:6;10OH 16.18 

PC 16:0/20:4;11OH 11.79 
4.61 

  PC 16:0/22:6;11OH 11.91 
4.58 

PC 18:0/20:4;11OH 16.40   PC 18:0/22:6;11OH 16.49 

PC 16:0/20:4;12OH 12.12 
4.59 

  PC 16:0/22:6;7OH 12.94 
4.65 

PC 18:0/20:4;12OH 16.71   PC 18:0/22:6;7OH 17.59 

PC 16:0/20:4;7OH 12.81 
4.71 

  PC 16:0/22:6;8OH 13.13 
4.61 

PC 18:0/20:4;7OH 17.52   PC 18:0/22:6;8OH 17.74 

PC 16:0/20:4;8OH 13.13 
4.67 

  PC 16:0/22:6;19Ep 12.05 
4.54 

PC 18:0/20:4;8OH 17.80   PC 18:0/22:6;19Ep 16.59 

PC 16:0/20:4;9OH 13.49 
4.62 

  PC 16:0/22:6;16Ep 12.78 
4.68 

PC 18:0/20:4;9OH 18.11   PC 18:0/22:6;16Ep 17.46 

PC 16:0/20:4;5OH 14.99 
4.67 

  PC 16:0/22:6;10Ep 13.68 
4.62 

PC 18:0/20:4;5OH 19.66   PC 18:0/22:6;10Ep 18.30 

PC 16:0/20:4;14Ep 13.10 
4.56 

  PC 16:0/22:6;7Ep 14.55 
4.62 

PC 18:0/20:4;14Ep 17.66   PC 18:0/22:6;7Ep 19.17 

PC 16:0/20:4;11Ep 14.25 
4.61 

  PC 16:0/22:4;17OH 13.19 
4.54 

PC 18:0/20:4;11Ep 18.86   PC 18:0/22:4;17OH 17.73 

PC 16:0/20:4;8Ep 15.00 
4.72 

      
  

PC 18:0/20:4;8Ep 19.72       
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Table 8.12: Continued 3/5. Comparison of retention time differences of analogue oxPL 

classes/species. 

oxPL bearing 16:0 vs. 18:0 at the sn-1 position 

oxPE   oxPI 

ΔtR = 4.61 ± 0.06 (1.3%)   ΔtR = 4.05 ± 0.35 (8.7%) 

lipid species tR [min] ΔtR   lipid species tR [min] ΔtR 

PE 16:0/18:2;13OH 11.11 
4.49 

  PI 16:0/18:2;13OH 7.65 
3.42 

PE 18:0/18:2;13OH 15.60   PI 18:0/18:2;13OH 11.07 

PE 16:0/18:2;9OH 11.88 
4.54 

  PI 16:0/18:2;9OH 8.16 
3.74 

PE 18:0/18:2;9OH 16.42   PI 18:0/18:2;9OH 11.90 

PE 16:0/18:2;12Ep 13.90 
4.66 

  PI 16:0/18:2;12Ep 9.49 
4.09 

PE 18:0/18:2;12Ep 18.56   PI 18:0/18:2;12Ep 13.58 

PE 16:0/18:2;9Ep 14.68 
4.66 

  PI 16:0/18:2;9Ep 10.15 
4.23 

PE 18:0/18:2;9Ep 19.34   PI 18:0/18:2;9Ep 14.38 

PE 16:0/20:4;15OH 11.73 
4.57 

  PI 16:0/20:4;15OH 7.99 
3.59 

PE 18:0/20:4;15OH 16.30   PI 18:0/20:4;15OH 11.58 

PE 16:0/20:4;11OH 12.79 
4.58 

  PI 16:0/20:4;11OH 8.73 
3.93 

PE 18:0/20:4;11OH 17.37   PI 18:0/20:4;11OH 12.66 

PE 16:0/20:4;12OH 13.10 
4.64 

  PI 16:0/20:4;12OH 8.89 
4.05 

PE 18:0/20:4;12OH 17.74   PI 18:0/20:4;12OH 12.94 

PE 16:0/20:4;8OH 14.06 
4.71 

  PI 16:0/20:4;8OH 9.77 
4.33 

PE 18:0/20:4;8OH 18.77   PI 18:0/20:4;8OH 14.10 

PE 16:0/20:4;9OH 14.44 
4.64 

  PI 16:0/20:4;9OH 10.04 
4.33 

PE 18:0/20:4;9OH 19.08   PI 18:0/20:4;9OH 14.37 

PE 16:0/20:4;5OH* 16.01 
4.69 

  PI 16:0/20:4;5OH 11.49 
4.48 

PE 18:0/20:4;5OH 20.70   PI 18:0/20:4;5OH 15.97 

PE 16:0/20:4;14Ep 14.12 
4.61 

  PI 16:0/20:4;14Ep 9.52 
4.23 

PE 18:0/20:4;14Ep 18.73   PI 18:0/20:4;14Ep 13.75 

PE 16:0/20:4;11Ep 15.30 
4.55 

  PI 16:0/20:4;11Ep 10.53 
4.37 

PE 18:0/20:4;11Ep 19.85   PI 18:0/20:4;11Ep 14.90 

PE 16:0/20:4;8Ep 16.14 
4.56 

  PI 16:0/20:4;8Ep 11.31 
4.46 

PE 18:0/20:4;8Ep 20.70   PI 18:0/20:4;8Ep 15.77 

PE 16:0/20:5;17Ep* 11.31 
4.59 

  PI 16:0/20:5;17Ep 7.67 
3.48 

PE 18:0/20:5;17Ep 15.90   PI 18:0/20:5;17Ep 11.15 

PE 16:0/20:5;14Ep* 12.18 
4.58 

  PI 16:0/20:5;14Ep 8.19 
3.77 

PE 18:0/20:5;14Ep 16.76   PI 18:0/20:5;14Ep 11.96 

PE 16:0_20:5;11Ep* 12.57 
4.62 

  PI 16:0/22:6;10Ep* 10.24 
4.25 

PE 18:0_20:5;11Ep 17.19   PI 18:0/22:6;10Ep* 14.49 

PE 16:0/20:5;8Ep 13.21 
4.70 

        

PE 18:0/20:5;8Ep 17.91       
  

PE 16:0/22:6;19Ep 13.06 
4.60 

      

PE 18:0/22:6;19Ep 17.66       
  

PE 16:0/22:6;16Ep 13.83 
4.67 

      

PE 18:0/22:6;16Ep 18.50       
  

PE 16:0/22:6;10Ep 14.71 
4.59 

      

PE 18:0/22:6;10Ep 19.30       
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Table 8.12: Continued 4/5. Comparison of retention time differences of analogue oxPL 

classes/species. 

oxPL bearing 16:0 vs. 18:1 at the sn-1 position  

oxPI   oxPC 

ΔtR = 0.42 ± 0.09 (21%)   ΔtR = 0.50 ± 0.06 (13%) 

lipid species tR [min] ΔtR   lipid species tR [min] ΔtR 

PI 16:0/18:2;12Ep 9.49 
0.40 

  PC 16:0/18:2;12Ep 12.89 
0.53 

PI 18:1/18:2;12Ep* 9.89   PC 18:1/18:2;12Ep 13.42 

PI 16:0/18:2;9Ep 10.15 
0.58 

  PC 16:0/18:2;9Ep 13.67 
0.54 

PI 18:1/18:2;9Ep* 10.73   PC 18:1/18:2;9Ep 14.21 

PI 16:0/20:4;15OH 7.99 
0.45 

  PC 16:0/20:4;12OH 12.12 
0.34 

PI 18:1/20:4;15OH 8.44   PC 18:1/20:4;12OH 12.46 

PI 16:0/20:4;14Ep 9.52 
0.39 

  PC 16:0/20:4;5OH 14.99 
0.45 

PI 18:1/20:4;14Ep 9.91   PC 18:1/20:4;5OH 15.44 

PI 16:0/20:4;11Ep 10.53 
0.41 

  PC 16:0/20:4;14Ep 13.10 
0.45 

PI 18:1/20:4;11Ep 10.94   PC 18:1/20:4;14Ep 13.55 

PI 16:0/20:4;8Ep 11.31 
0.52 

  PC 16:0/20:4;11Ep 14.25 
0.45 

PI 18:1/20:4;8Ep 11.83   PC 18:1/20:4;11Ep 14.70 

PI 16:0/20:5;17Ep 7.75 
0.28 

  PC 16:0/20:4;8Ep 15.00 
0.54 

PI 18:1/20:5;17Ep 8.03   PC 18:1/20:4;8Ep 15.54 

PI 16:0/20:5;14Ep 8.27 
0.35 

  PC 16:0/20:5;17Ep 10.36 
0.44 

PI 18:1/20:5;14Ep 8.62   PC 18:1/20:5;17Ep 10.80 

PI 16:0/22:6;10Ep* 10.24 
0.44 

  PC 16:0/20:5;14Ep 11.13 
0.51 

PI 18:1/22:6;10Ep* 10.68   PC 18:1/20:5;14Ep 11.64 

        PC 16:0/20:5;8Ep 12.26 
0.53 

        PC 18:1/20:5;8Ep 12.79 

        PC 16:0/22:6;19Ep 12.05 
0.49 

        PC 18:1/22:6;19Ep 12.54 

        PC 16:0/22:6;16Ep 12.78 
0.57 

        PC 18:1/22:6;16Ep 13.35 

        PC 16:0/22:6;13Ep 13.15 
0.59 

        PC 18:1/22:6;13Ep 13.74 

        PC 16:0/22:6;10Ep 13.68 
0.56 

        PC 18:1/22:6;10Ep 14.24 

        PC 16:0/22:6;7Ep 14.55 
0.51 

        PC 18:1/22:6;7Ep 15.06 

 

oxPC-O 

ΔtR = 0.35 ± 0.02 (6.6%) 

lipid species tR [min] ΔtR 

PC O-16:0/18:2;12Ep 15.44 
0.31 

PC O-18:1/18:2;12Ep 15.75 

PC O-16:0/20:4;14Ep 15.58 
0.36 

PC O-18:1/20:4;14Ep 15.94 

PC O-16:0/20:5;17Ep 12.72 
0.36 

PC O-18:1/20:5;17Ep 13.08 

PC O-16:0/20:5;8Ep 14.76 
0.35 

PC O-18:1/20:5;8Ep 15.11 

PC O-16:0/22:6;19Ep 14.49 
0.36 

PC O-18:1/22:6;19Ep 14.85 

PC O-16:0/22:6;10Ep 16.16 
0.38 

PC O-18:1/22:6;10Ep 16.54 
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Table 8.12: Continued 5/5. Comparison of retention time differences of analogue oxPL 

classes/species. 

oxPL bearing 16:0 vs. 18:1 at the sn-1 position 

oxPE     oxPE-P 

ΔtR = 0.51 ± 0.05 (11%)     ΔtR = 0.40 ± 0.06 (16%) 

lipid species tR [min] ΔtR     lipid species tR [min] ΔtR 

PE 16:0/18:2;12Ep 13.90 
0.48 

    PE P-16:0/18:2;12Ep 15.98 
0.40 

PE 18:1/18:2;12Ep 14.38     PE P-18:1/18:2;12Ep 16.38 

PE 16:0/18:2;9Ep 14.68 
0.53 

    PE P-16:0/18:2;9Ep 16.70 
0.43 

PE 18:1/18:2;9Ep 15.21     PE P-18:1/18:2;9Ep 17.13 

PE 16:0/20:4;12OH 13.10 
0.61 

    PE P-16:0/20:5;17Ep 13.21 
0.41 

PE 18:1/20:4;12OH* 13.71     PE P-18:1/20:5;17Ep 13.62 

PE 16:0/20:4;5OH* 16.01 
0.60 

    PE P-16:0/20:5;8Ep 15.14 
0.36 

PE 18:1/20:4;5OH* 16.61     PE P-18:1/20:5;8Ep 15.50 

PE 16:0/20:4;14Ep 14.12 
0.45 

    PE P-16:0/22:4;16Ep 19.03 
0.32 

PE 18:1/20:4;14Ep 14.57     PE P-18:1/22:4;16Ep 19.35 

PE 16:0/20:4;11Ep 15.30 
0.44 

    PE P-18:1/22:4;16Ep 19.35 
0.55 

PE 18:1/20:4;11Ep 15.74     PE P-16:0/22:4;13Ep 19.90 

PE 16:0/20:4;8Ep 16.14 
0.42 

    PE P-16:0/22:6;19Ep 14.95 
0.39 

PE 18:1/20:4;8Ep 16.56     PE P-18:1/22:6;19Ep 15.34 

PE 16:0/20:5;17Ep* 11.31 
0.53 

    PE P-16:0/22:6;16Ep 15.77 
0.39 

PE 18:1/20:5;17Ep 11.84     PE P-18:1/22:6;16Ep 16.16 

PE 16:0/20:5;14Ep* 12.18 
0.48 

    PE P-16:0/22:6;13Ep 16.09 
0.32 

PE 18:1/20:5;14Ep* 12.66     PE P-18:1/22:6;13Ep 16.41 

PE 16:0/20:5;11Ep* 12.57 
0.51 

    PE P-16:0/22:6;10Ep 16.56 
0.40 

PE 18:1/20:5;11Ep* 13.08     PE P-18:1/22:6;10Ep 16.96 

PE 16:0/20:5;8Ep 13.21 
0.54 

          

PE 18:1/20:5;8Ep 13.75           

PE 16:0/22:6;19Ep 13.06 
0.52 

          

PE 18:1/22:6;19Ep 13.58           

PE 16:0/22:6;16Ep 13.83 
0.53 

          

PE 18:1/22:6;16Ep 14.36           

PE 16:0/22:6;10Ep 14.71 
0.50 

          

PE 18:1/22:6;10Ep 15.21           

 

oxPC bearing 16:0 vs. 18:1 

ΔtR = 4.22 ± 0.14 (3.3%) 

lipid species tR [min] ΔtR 

PC 16:1/18:2;12Ep 9.32 
4.10 

PC 18:1/18:2;12Ep 13.42 

PC 16:1/18:2;9Ep 9.95 
4.26 

PC 18:1/18:2;9Ep 14.21 

PC 16:1/20:4;14Ep 9.43 
4.12 

PC 18:1/20:4;14Ep 13.55 

PC 16:1/20:4;8Ep 11.14 
4.40 

PC 18:1/20:4;8Ep 15.54 

 

 

oxPE bearing 16:0 vs. 18:1 

ΔtR = 4.37 ± 0.04 (0.8%) 

lipid species tR [min] ΔtR 

PE 16:1/18:2;12Ep 10.04 
4.34 

PE 18:1/18:2;12Ep 14.38 

PE 16:1/18:2;9Ep 10.82 
4.39 

PE 18:1/18:2;9Ep 15.21 
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Fig. 8.10: Fragmentation spectra of PC bearing hydroxy-18:2 positional isomers. Shown are 

the MS2 spectra in ESI(-) mode of PC species from human serum bearing 16:0 and 18:2;OH 

positional isomers recorded at a 8.70 min, b 10.2 min, and c 10.9 min. In the structures, suggested 

sites of fragmentation are indicated. R1 = C15H31 and R2 = C5H13NPO4. Lipid extracts were 

analyzed by untargeted LC-HRMS operating in Full MS/ddMS2 TOP N mode (orbitrap Q Exactive 

HF). 
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Fig. 8.11: Fragmentation spectra of PC bearing hydroxy-20:5 positional isomers. Shown are 

the MS2 spectra in ESI(-) mode of PC species from human serum bearing 16:0 and 20:5;OH 

positional isomers recorded at a 8.19 min, b 8.61 min, c 8.95 min, d 9.19 min, e 9.63 min, 

f 9.89 min, g 10.6 min, h 10.8 min, and i 12.2 min. In the structures, suggested sites of 

fragmentation are indicated. R1 = C15H31 and R2 = C5H13NPO4. Lipid extracts were analyzed by 

untargeted LC-HRMS operating in Full MS/ddMS2 TOP N mode (orbitrap Q Exactive HF). 
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Fig. 8.12: Fragmentation spectra of PC bearing hydroxy-22:6 positional isomers. Shown are 

the MS2 spectra in ESI(-) mode of PC species from human serum bearing 16:0 and 22:6;OH 

positional isomers recorded at a 9.85 min, b 10.3 min, c 10.4 min, d 10.8 min, e 11.1 min, 

f 11.7 min, g 12.0 min, h 12.9 min, and i 13.1 min. In the structures, suggested sites of 

fragmentation are indicated. R1 = C15H31 and R2 = C5H13NPO4. Lipid extracts were analyzed by 

untargeted LC-HRMS operating in Full MS/ddMS2 TOP N mode (orbitrap Q Exactive HF). 
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Table 8.13: Comparison of the elution order of oxPL. The retention times of those oxPL 

described in a previous study [5] are compared with the retention times determined with the 

presented method. Separation was carried out on an ACQUITY Premier CSH C18 column using 

as eluents A (H2O/ACN, 60/40, v/v) and B (IPA/ACN, 80/20, v/v + 1% H2O), both containing 

10 mmol L-1 ammonium formate and 0.1% formic acid. In the previous study, lipids were 

separated on an ACQUITY BEH peptide C18 column using as eluents A (MeOH/ACN/H2O, 1/1/3, 

v/v/v) with 5 mmol L-1 ammonium acetate and B 100% IPA with 5 mmol L-1 ammonium acetate 

and 10 nmol L-1 EDTA. 

 

this article  [5] 

Untargeted RP-LC-HRMS Targeted RP-LC-MS/MS 

structure defined level tR [min] structure defined level tR [min] 

PI 16:0/18:2;13OH 7.7 PI 16:0/13-HODE 7.2 
PI 16:0/18:2;9OH 8.2 PI 16:0/9-HODE 7.4 
PI 18:0/18:2;9OH 11.9 PI 18:0/9-HODE 8.4 
PC 14:0/20:4;14Ep 9.0 PC 14:0/14(15)-EpETrE 7.7 
PC 14:0/20:4;11Ep 9.9 PC 14:0/11(12)-EpETrE 7.9 
PC 14:0/20:4;8Ep 10.6 PC 14:0/8(9)-EpETrE 8.1 
PI 16:0/20:4;15OH 8.0 PI 16:0/15-HETE 7.5 
PI 16:0/20:4;12OH 8.9 PI 16:0/12-HETE 7.8 

PI 16:0/20:4;11Ep 10.5 PI 16:0/11(12)-EpETrE 8.3 
PI 16:0/20:4;8Ep 11.3 PI 16:0/8(9)-EpETrE 8.5 
PI 18:0/20:4;15OH 11.6 PI 18:0/15-HETE 8.5 
PI 18:0/20:4;12OH 12.9 PI 18:0/12-HETE 8.8 
PI 18:0/20:4;14Ep 13.8 PI 18:0/14(15)-EpETrE 9.2 
PI 18:0/20:4;8Ep 15.8 PI 18:0/8(9)-EpETrE 9.7 
PI 18:0/20:5;17Ep 11.2 PI 18:0/17(18)-EpETE 8.5 
PI 18:0/20:5;14Ep 12.0 PI 18:0/14(15)-EpETE 8.7 
PI 18:0/20:5;11Ep 12.4 PI 18:0/11(12)-EpETE 8.8 
PI 18:1/20:5;17Ep 8.0 PI 18:1/17(18)-EpETE 7.6 
PI 18:1/20:5;14Ep 8.5 PI 18:1/14(15)-EpETE 7.8 
PI 18:1/20:5;11Ep 8.9 PI 18:1/11(12)-EpETE 7.9 

PI 18:1/20:5;8Ep 9.4 PI 18:1/8(9)-EpETE 8.1 
PI 18:0/22:6;16Ep 13.6 PI 18:0/16(17)-EpETE 9.2 

PC 16:0/18:2;13OH 10.2 PC 16:0/13-HODE 7.9 
PC 14:0_20:4;14Ep 9.0 PC 14:0_14(15)-EpETrE 7.7 
PC 14:0_20:4;11Ep 9.9 PC 14:0_11(12)-EpETrE 7.9 
PC 18:0/18:2;9OH 15.5 PC 18:0/9-HODE 9.2 
PC 16:0/20:4;15OH 10.8 PC 16:0/15-HETE 8.2 
PC 16:0/20:4;12OH 12.1 PC 16:0/12-HETE 8.5 
PC 16:0/20:4;8OH 13.1 PC 16:0/8-HETE 8.7 
PC 16:0/20:4;5OH 15.0 PC 16:0/5-HETE 9.2 

PC 16:0/20:4;14Ep 13.1 PC 16:0/14(15)-EpETrE 8.8 
PC 16:1/20:4;14Ep 9.4 PC 16:1/14(15)-EpETrE 7.9 
PC 16:1/20:4;8Ep 11.1 PC 16:1/8(9)-EpETrE 8.4 
PC 16:0/20:5;15OH 9.1 PC 16:0/15-HEPE 7.5 
PC 16:0/20:5;8OH 10.5 PC 16:0/8-HEPE 8.1 
PC 16:0/20:5;5OH 12.2 PC 16:0/5-HEPE 8.6 
PC 16:0/20:5;17Ep 10.4 PC 16:0/17(18)-EpETE 8.1 
PC 16:0/20:5;14Ep 11.1 PC 16:0/14(15)-EpETE 8.3 
PC 16:0/20:5;11Ep 11.6 PC 16:0/11(12)-EpETE 8.4 
PC 16:0/20:5;8Ep 12.3 PC 16:0/8(9)-EpETE 8.6 
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Table 8.13: Continued. Comparison of the elution order of oxPL. 

this article  [5] 

Untargeted RP-LC-HRMS Targeted RP-LC-MS/MS 

structure defined level tR [min] structure defined level tR [min] 

PC 18:1/20:4;12OH 12.7 PC 18:1/12-HETE 8.7 

PC 18:0/20:5;15OH 13.4 PC 18:0/15-HETE 8.9 

PC 18:2/20:4;12OH 9.4 PC 18:2/12-HETE 8.0 

PC 16:0/22:6;20OH 9.9 PC 16:0/20-HDHA 8.0 

PC 16:0/22:6;17OH 10.4 PC 16:0/17-HDHA 8.2 

PC 16:0/22:6;10OH 11.6 PC 16:0/10-HDHA 8.4 

PC 16:0/22:6;7OH 12.9 PC 16:0/7-HDHA 8.8 

PC 16:0/22:6;19Ep 12.1 PC 16:0/19(20)-EpDPE 8.6 

PC 18:0/22:6;17OH 14.9 PC 18:0/17-HDHA 9.3 

PC 18:0/22:6;10OH 16.2 PC 18:0/10-HDHA 9.7 

PC O-16:0/18:2;13OH 12.6 PC O-16:0/13-HODE 8.5 

PC O-16:0/20:4;15OH 13.2 PC O-16:0/15-HETE 8.8 

PC O-16:0/20:4;12OH 14.6 PC O-16:0/12-HETE 9.1 

PC O-16:0/20:4;5OH 17.6 PC O-16:0/5-HETE 10.0 

PC O-16:0/20:4;14Ep 15.6 PC O-16:0/14(15)-EpETrE 9.5 

PC O-16:0/20:4;11Ep 16.8 PC O-16:0/11(12)-EpETrE 10.0 

PC O-16:0/20:5;17Ep 12.7 PC O-16:0/17(18)-EpETE 8.8 

PC O-16:0/20:5;14Ep 13.6 PC O-16:0/14(15)-EpETE 9.0 

PC O-16:0/20:5;11Ep 14.0 PC O-16:0/11(12)-EpETE 9.1 

PC O-16:0/20:5;8Ep 14.8 PC O-16:0/8(9)-EpETE 9.3 

PC O-16:0/22:6;19Ep 14.5 PC O-16:0/19(20)-EpDPE 9.3 

PE 16:0/18:2;9OH 11.9 PE 16:0/9-HODE 8.2 

PE 18:0/18:2;9OH 16.4 PE 18:0/9-HODE 9.4 

PE 16:0/20:4;15OH 11.7 PE 16:0/15-HETE 8.4 

PE 16:0/20:4;8OH 14.1 PE 16:0/8-HETE 8.9 

PE 16:0/20:4;14Ep 14.1 PE 16:0/14(15)-EpETrE 9.0 

PE 16:0/20:4;11Ep 15.3 PE 16:0/11(12)-EpETrE 9.5 

PE 16:0/20:4;8Ep 16.1 PE 16:0/8(9)-EpETrE 9.8 

PE 18:0/20:4;12OH 17.7 PE 18:0/12-HETE 9.9 

PE 18:0/20:4;8OH 18.8 PE 18:0/8-HETE 10.2 

PE 18:0/20:4;14Ep 18.7 PE 18:0/14(15)-EpETrE 10.3 

PE 18:0/20:4;8Ep 20.7 PE 18:0/8(9)-EpETrE 10.8 

PE 16:0/20:5;17Ep 11.3 PE 16:0/17(18)-EpETE 8.3 

PE 16:0/20:5;14Ep 12.2 PE 16:0/14(15)-EpETE 8.6 

PE 16:0/20:5;11Ep 12.6 PE 16:0/11(12)-EpETE 8.7 

PE 16:0/20:5;8Ep 13.2 PE 16:0/8(9)-EpETE 8.8 

PE 16:0/22:6;17OH 11.3 PE 16:0/17-HDHA 8.4 

PE 16:0/22:6;14OH 12.0 PE 16:0/14-HDHA 8.5 

PE 16:0/22:6;10OH 12.6 PE 16:0/10-HDHA 8.6 

PE 16:0/22:6;7OH 13.9 PE 16:0/7-HDHA 9.0 

PE 16:0/22:6;19Ep 13.1 PE 16:0/19(20)-EpDPE 8.8 

PE 18:1/20:4;14Ep 14.6 PE 18:1/14(15)-EpETrE 9.3 

PE 18:1/20:4;11Ep 15.7 PE 18:1/11(12)-EpETrE 9.6 

PE 18:1/20:4;8Ep 16.6 PE 18:1/8(9)-EpETrE 9.8 

PE 18:0/20:5;17Ep 15.9 PE 18:0/17(18)-EpETE 9.5 

PE 18:0/20:5;11Ep 17.2 PE 18:0/11(12)-EpETE 9.9 

PE 18:0/20:5;8Ep 17.9 PE 18:0/8(9)-EpETE 10.1 

PE 18:0/22:6;19Ep 17.7 PE 18:0/19(20)-EpDPE 10.1 
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Chapter 4 

Table 8.14: Instrument parameters of the transitions monitored in the targeted 

LC-ESI(-)-MS/MS. 

 

Analyte 
Mass transition   CE    tR 

Q1 Q3       [min] 

PI 16:0/18:2;OH 849.5 295.2   -60   8.19 

PI 16:0/18:2;OH (2) 849.5 255.2   -65   8.19 

PI 16:0/18:2;13OH 849.5 195.2   -65   8.19 

PI 18:0/18:2;OH 877.6 295.2   -60   11.95 

PI 18:0/18:2;OH (2) 877.6 283.3   -65   11.95 

PI 18:0/18:2;13OH 877.6 195.2   -65   11.95 

PI 16:0/20:4;OH 873.5 319.2   -55   8.63 

PI 16:0/20:4;OH (2) 873.5 255.2   -65   8.63 

PI 16:0/20:4;15OH 873.5 219.2   -55   8.63 

PI 16:0/20:5;OH 871.5 317.2   -50   7.41 

PI 16:0/20:5;OH (2) 871.5 255.2   -60   7.41 

PI 16:0/20:5;15OH 871.5 219.2   -55   7.41 

PI 18:0/20:4;OH 901.5 319.2   -55   12.62 

PI 18:0/20:4;OH (2) 901.5 283.2   -65   12.62 

PI 18:0/20:4;15OH 901.5 219.2   -55   12.62 

PI 18:1/20:4;OH 899.5 319.2   -50   8.95 

PI 18:1/20:4;OH (2) 899.5 281.2   -65   8.95 

PI 18:1/20:4;15OH 899.5 219.2   -55   8.95 

PI 18:0/20:5;OH 899.5 317.2   -50   10.77 

PI 18:0/20:5;OH (2) 899.5 283.2   -65   10.77 

PI 18:0/20:5;15OH 899.5 219.2   -55   10.77 

PI 16:0/22:5;OH 899.5 345.2   -55   9.01 

PI 16:0/22:5;OH (2) 899.5 255.2   -65   9.01 

PI 16:0/22:5;17OH 899.5 247.2   -55   9.01 

PI 18:1/20:5;OH 897.5 317.2   -50   7.67 

PI 18:1/20:5;OH (2) 897.5 281.2   -65   7.67 

PI 18:1/20:5;15OH 897.5 219.2   -55   7.67 

PI 16:0/22:6;OH 897.5 343.3   -50   8.34 

PI 16:0/22:6;OH (2) 897.5 255.2   -60   8.34 

PI 16:0/22:6;17OH 897.5 201.3   -55   8.34 

PI 16:0/22:6;17OH (2) 897.5 245.2   -55   8.34 

PI 18:0/22:5;OH 927.6 345.2   -55   13.07 

PI 18:0/22:5;OH (2) 927.6 283.2   -65   13.07 

PI 18:0/22:5;17OH 927.6 247.2   -60   13.07 

PI 18:0/22:6;OH 925.5 343.3   -50   12.19 

PI 18:0/22:6;OH (2) 925.5 283.2   -65   12.19 

PI 18:0/22:6;17OH 925.5 201.3   -60   12.19 

PI 18:0/22:6;17OH (2) 925.5 245.2   -55   12.19 

PI 18:1/22:6;OH 923.5 343.3   -55   8.64 

PI 18:1/22:6;OH (2) 923.5 281.2   -65   8.64 

PI 18:1/22:6;17OH 923.5 201.3   -55   8.64 

PI 18:1/22:6;17OH (2) 923.5 245.2   -55   8.64 
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Table 8.14: Continued 1/4. Instrument parameters of the transitions monitored in the 

targeted LC-ESI(-)-MS/MS. 

 

Analyte 
Mass transition   CE    tR 

Q1 Q3       [min] 

PC 16:0/18:2;OH 818.5 295.2   -50   10.80 

PC 16:0/18:2;OH (2) 818.5 255.2   -55   10.80 

PC 16:0/18:2;13OH 818.5 195.1   -60   10.80 

PC 16:1/18:2;OH 816.5 295.2   -50   7.75 

PC 16:1/18:2;OH (2) 816.5 253.2   -55   7.75 

PC 16:1/18:2;13OH 816.5 195.2   -60   7.75 

PC 18:0/18:2;OH 846.6 295.2   -50   15.30 

PC 18:0/18:2;OH (2) 846.6 283.3   -55   15.30 

PC 18:0/18:2;13OH 846.6 195.1   -60   15.30 

PC 18:1/18:2;OH 844.6 295.2   -50   11.16 

PC 18:1/18:2;OH (2) 844.6 281.2   -55   11.16 

PC 18:1/18:2;13OH 844.6 195.1   -60   11.16 

PC 16:0/15-HETE 842.4 319.2   -50   11.42 

PC 16:0/15-HETE (2) 842.4 255.2   -55   11.42 

PC 16:0/15-HETE (3) 842.4 219.2   -50   11.42 

PC 16:0/20:5;OH 840.5 317.2   -45   9.64 

PC 16:0/20:5;OH (2) 840.5 255.2   -55   9.64 

PC 16:0/20:5;15OH 840.5 219.2   -50   9.64 

PC 18:0/15-HETE 870.6 319.2   -50   15.99 

PC 18:0/15-HETE (2) 870.6 283.3   -55   15.99 

PC 18:0/15-HETE (3) 870.6 219.2   -55   15.99 

PC 16:0/22:5;OH 868.5 345.2   -50   11.93 

PC 16:0/22:5;OH (2) 868.5 255.2   -55   11.93 

PC 16:0/22:5;17OH 868.5 247.2   -50   11.93 

PC 18:0/15-HEPE 868.5 317.2   -50   14.04 

PC 18:0/15-HEPE (2) 868.5 283.3   -55   14.04 

PC 18:0/15-HEPE (3) 868.5 219.2   -50   14.04 

PC 18:1/20:5;OH 866.4 317.2   -45   10.00 

PC 18:1/20:5;OH (2) 866.4 281.2   -55   10.00 

PC 18:1/20:5;15OH 866.4 219.2   -50   10.00 

PC 16:0/17-HDHA 866.4 343.3   -45   11.02 

PC 16:0/17-HDHA (2) 866.4 255.2   -55   11.02 

PC 16:0/17-HDHA (3) 866.4 201.3   -50   11.02 

PC 16:0/17-HDHA (4) 866.4 245.2   -50   11.02 

PC 18:0/DH-17-HETE 898.5 347.3   -50   18.43 

PC 18:0/DH-17-HETE (2) 898.5 283.3   -55   18.43 

PC 18:0/DH-17-HETE (3) 898.5 247.3   -55   18.43 

PC 18:1/22:5;OH 894.5 345.2   -50   12.33 

PC 18:1/22:5;OH (2) 894.5 283.3   -55   12.33 

PC 18:1/22:5;17OH 894.5 247.2   -55   12.33 

PC 18:0/17-HDHA 894.5 343.3   -50   15.54 

PC 18:0/17-HDHA (2) 894.5 283.3   -60   15.54 

PC 18:0/17-HDHA (3) 894.5 201.3   -55   15.54 

PC 18:0/17-HDHA (4) 894.5 245.2   -50   15.54 

PC 18:1/22:6;OH 892.6 343.3   -45   11.39 

PC 18:1/22:6;OH (2) 892.6 281.2   -55   11.39 

PC 18:1/22:6;17OH 892.6 201.3   -50   11.39 

PC 18:1/22:6;17OH (2) 892.6 245.2   -50   11.39 
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Table 8.14: Continued 2/4. Instrument parameters of the transitions monitored in the 

targeted LC-ESI(-)-MS/MS. 

 

Analyte 
Mass transition   CE    tR 

Q1 Q3       [min] 

PC P-16:0/18:2;OH 802.6 295.2   -50   12.55 

PC P-16:0/18:2;13OH 802.6 195.1   -60   12.55 

PC P-16:0/20:4;OH 826.6 319.2   -45   13.16 

PC P-16:0/20:4;15OH 826.6 219.2   -50   13.16 

PC P-16:0/22:5;OH 852.6 345.2   -45   13.68 

PC P-16:0/22:5;17OH 852.6 247.2   -55   13.68 

PC O-16:0/18:2;OH 804.6 295.2   -50   13.27 

PC O-16:0/18:2;13OH 804.6 195.1   -60   13.27 

PC O-16:0/20:4;OH 828.6 319.2   -50   13.90 

PC O-16:0/20:4;15OH 828.6 219.2   -50   13.90 

PC O-18:1/20:4;OH 854.6 319.2   -50   14.22 

PC O-18:1/20:4;15OH 854.6 219.2   -55   14.22 

PC O-16:0/22:5;OH 854.6 345.2   -50   14.43 

PC O-16:0/22:5;17OH 854.6 247.2   -55   14.43 

PC O-16:0/22:6;OH 852.6 343.3   -45   13.44 

PC O-16:0/22:6;17OH 852.6 201.3   -50   13.44 

PC O-16:0/22:6;17OH (2) 852.6 245.2   -50   13.44 

PC O-18:1/22:5;OH 880.6 345.2   -50   14.72 

PC O-18:1/22:5;17OH 880.6 247.2   -55   14.72 

PC O-18:1/22:6;OH 878.6 343.3   -45   13.72 

PC O-18:1/22:6;17OH 878.6 201.3   -60   13.72 

PC O-18:1/22:6;17OH (2) 878.6 245.2   -50   13.70 

PE 16:0/18:2;OH 730.5 295.2   -40   11.76 

PE 16:0/18:2;OH (2) 730.5 255.2   -45   11.76 

PE 16:0/18:2;13OH 730.5 195.2   -50   11.76 

PE 18:0/18:2;OH 758.5 295.2   -45   16.33 

PE 18:0/18:2;OH (2) 758.5 283.3   -45   16.33 

PE 18:0/18:2;13OH 758.5 195.2   -55   16.33 

PE 16:0/20:4;OH 754.4 319.4   -40   12.39 

PE 16:0/20:4;OH (2) 754.4 255.2   -45   12.39 

PE 16:0/20:4;15OH 754.4 219.2   -45   12.39 

PE 16:0/20:5;OH 752.4 317.2   -40   10.48 

PE 16:0/20:5;OH (2) 752.4 255.2   -50   10.48 

PE 16:0/20:5;15OH 752.4 219.2   -40   10.48 

PE 18:0/15-HETE 782.5 319.2   -40   17.01 

PE 18:0/15-HETE (2) 782.5 283.2   -50   17.01 

PE 18:0/15-HETE (3) 782.5 219.2   -45   17.01 

PE 18:1/20:4;OH 780.5 319.2   -40   12.84 

PE 18:1/20:4;OH (2) 780.5 281.2   -50   12.84 

PE 18:1/20:4;15OH 780.5 219.2   -45   12.84 

PE 18:0/20:5;OH 780.5 317.2   -40   15.03 

PE 18:0/20:5;OH (2) 780.5 283.2   -50   15.03 

PE 18:0/20:5;15OH 780.5 219.2   -45   15.03 

PE 18:1/20:5;OH 778.4 317.2   -40   10.91 

PE 18:1/20:5;OH (2) 778.4 281.2   -50   10.91 

PE 18:1/20:5;15OH 778.4 219.2   -45   10.91 

PE 16:0/17-HDHA 778.4 343.3   -40   11.97 

PE 16:0/17-HDHA (2) 778.4 255.2   -45   11.97 
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Table 8.14: Continued 3/4. Instrument parameters of the transitions monitored in the 

targeted LC-ESI(-)-MS/MS. 

 

Analyte 
Mass transition   CE    tR 

Q1 Q3       [min] 

PE 16:0/17-HDHA (3) 778.4 201.3   -45   11.97 

PE 16:0/17-HDHA (4) 778.4 245.2   -45   11.97 

PE 18:0/DH-17-HETE 810.7 347.2   -45   19.49 

PE 18:0/DH-17-HETE (2) 810.7 283.2   -50   19.49 

PE 18:0/DH-17-HETE (3) 810.7 247.1   -48   19.49 

PE 18:0/22:5;OH 808.5 345.2   -40   17.50 

PE 18:0/22:5;OH (2) 808.5 283.2   -50   17.50 

PE 18:0/22:5;17OH 808.5 247.2   -45   17.50 

PE 18:0/22:6;OH 806.5 343.2   -40   16.56 

PE 18:0/22:6;OH (2) 806.5 283.2   -50   16.56 

PE 18:0/22:6;17OH 806.5 201.3   -45   16.56 

PE 18:0/22:6;17OH (2) 806.5 245.2   -40   16.56 

PE 18:1/22:5;OH 806.5 345.2   -40   13.35 

PE 18:1/22:5;OH (2) 806.5 281.2   -55   13.35 

PE 18:1/22:5;17OH 806.5 247.2   -50   13.35 

PE 18:1/22:6;OH 804.5 343.3   -40   12.40 

PE 18:1/22:6;OH (2) 804.5 281.2   -50   12.40 

PE 18:1/22:6;17OH 804.5 201.3   -45   12.40 

PE 18:1/22:6;17OH (2) 804.5 245.2   -45   12.40 

PE P-16:0/18:2;OH 714.5 295.2   -40   13.68 

PE P-16:0/18:2;13OH 714.5 195.2   -50   13.68 

PE P-16:0/20:4;OH 738.5 319.2   -40   14.28 

PE P-16:0/20:4;15OH 738.5 219.2   -45   14.28 

PE P-16:0/20:5;OH 736.5 317.2   -35   12.31 

PE P-16:0/20:5;15OH 736.5 219.2   -40   12.31 

PE P-18:0/20:4;OH 766.5 319.2   -40   18.96 

PE P-18:0/20:4;15OH 766.5 219.2   -45   18.96 

PE P-16:0/22:4;OH 766.5 347.2   -40   16.83 

PE P-16:0/22:4;17OH 766.5 247.2   -45   16.83 

PE P-18:1/20:4;OH 764.5 319.2   -40   14.63 

PE P-18:1/20:4;15OH 764.5 219.2   -45   14.63 

PE P-18:0/20:5;OH 764.5 317.2   -40   16.98 

PE P-18:0/20:5;15OH 764.5 219.2   -40   16.98 

PE P-16:0/22:5;OH 764.5 345.2   -40   14.85 

PE P-16:0/22:5;17OH 764.5 247.2   -45   14.85 

PE P-18:1/20:5;OH 762.5 317.2   -40   12.65 

PE P-18:1/20:5;15OH 762.5 219.2   -45   12.65 

PE P-16:0/22:6;OH 762.5 343.3   -40   13.80 

PE P-16:0/22:6;17OH 762.5 201.5   -45   13.80 

PE P-16:0/22:6;17OH (2) 762.5 245.0   -40   13.80 

PE P-18:0/22:4;OH 794.6 347.2   -40   19.49 

PE P-18:0/22:4;17OH 794.6 247.2   -45   19.49 

PE P-18:0/22:5;OH 792.5 345.2   -40   19.49 

PE P-18:0/22:5;17OH 792.5 247.2   -45   19.49 

PE P-18:1/22:5;OH 790.5 345.2   -40   15.17 

PE P-18:1/22:5;17OH 790.5 247.2   -45   15.17 

PE P-18:0/22:6;OH 790.5 343.3   -40   18.43 

PE P-18:0/22:6;17OH 790.5 201.3   -45   18.43 
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Table 8.14: Continued 4/4. Instrument parameters of the transitions monitored in the 

targeted LC-ESI(-)-MS/MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analyte 
Mass transition   CE    tR 

Q1 Q3       [min] 

PE P-18:0/22:6;17OH (2) 790.5 245.2   -45   18.43 

PE P-18:1/22:6;OH 788.5 343.3   -40   14.13 

PE P-18:1/22:6;17OH 788.5 201.3   -45   14.13 

PE P-18:1/22:6;17OH (2) 788.5 245.2   -45   14.13 

PI 12:0/13:0 (IS) 711.4 241.0   -48   7.36 

PI 12:0/13:0 (2) (IS) 711.4 213.0   -55   7.36 

PC 12:0/13:0 (IS) 680.4 213.0   -42   9.75 

PC 12:0/13:0 (2) (IS) 680.4 199.1   -42   9.75 

PE 12:0/13:0 (IS) 592.0 213.0   -38   10.73 

PE 12:0/13:0 (2) (IS) 592.0 199.1   -33   10.73 

PG 12:0/13:0 (IS) 623.2 213.0   -42   7.73 

PG 12:0/13:0 (2) (IS) 623.2 199.1   -42   7.73 
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Table 8.15: Standards used for the quantification of oxPL by targeted LC-ESI(-)-MS/MS. 

The standards were assigned to the analytes based on the head group and the fatty acyl chains. 

For oxPI analytes, standards from the PC class were selected. Correcting factors for the MRM 

signal of the analyte and the compounds used for quantification. n.d. = not determined. 

 

 

analyte quantified 
standard used for 

quantification 
correcting 

factor 

PI 16:0/18:2;13OH PC 16:0/15-HETE 1.01 

PI 18:0/18:2;13OH PC 18:0/15-HETE n.d. 

PI 16:0/20:4;15OH PC 16:0/15-HETE 1.41 

PI 16:0/20:5;15OH PC 18:0/15-HEPE 0.92 

PI 18:0/20:4;15OH PC 18:0/15-HETE 1.44 

PI 18:1/20:4;15OH PC 18:0/15-HETE 1.18 

PI 18:0/20:5;15OH PC 18:0/15-HEPE 1.38 

PI 16:0/22:5;17OH PC 16:0/17-HDHA n.d. 

PI 18:1/20:5;15OH PC 18:0/15-HEPE n.d. 

PI 16:0/22:6;17OH PC 16:0/17-HDHA n.d. 

PI 18:0/22:5;17OH PC 18:0/17-HDHA n.d. 

PI 18:0/22:6;17OH PC 18:0/17-HDHA 1.24 

PI 18:1/22:6;17OH PC 18:0/17-HDHA 0.88 

PC 16:0/18:2;13OH PC 16:0/15-HETE 1.10 

PC 16:1/18:2;13OH PC 16:0/15-HETE n.d. 

PC 18:0/18:2;13OH PC 18:0/15-HETE 0.80 

PC 18:1/18:2;13OH PC 18:0/15-HETE 1.00 

PC 16:0/20:5;15OH PC 18:0/15-HEPE 0.92 

PC 16:0/22:5;17OH PC 16:0/17-HDHA 0.59 

PC 18:1/20:5;15OH PC 18:0/15-HEPE n.d. 

PC 18:1/22:5;17OH PC 18:0/17-HDHA n.d. 

PC 18:1/22:6;17OH PC 18:0/17-HDHA n.d. 

PC P-16:0/18:2;13OH PC 16:0/15-HETE 0.60 

PC P-16:0/20:4;15OH PC 16:0/15-HETE 0.91 

PC P-16:0/22:5;17OH PC 16:0/17-HDHA n.d. 

PC O-16:0/18:2;13OH PC 16:0/15-HETE 0.75 

PC O-16:0/20:4;15OH PC 16:0/15-HETE 0.95 

PC O-18:1/20:4;15OH PC 18:0/15-HETE 0.85 

PC O-16:0/22:5;17OH PC 16:0/17-HDHA 0.44 

PC O-16:0/22:6;17OH PC 16:0/17-HDHA 1.39 

PC O-18:1/22:5;17OH PC 18:0/17-HDHA n.d. 

PC O-18:1/22:6;17OH PC 18:0/17-HDHA n.d. 
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Table 8.15: Continued. Standards used for the quantification of oxPL by targeted LC-ESI(-)-

MS/MS.   

 

 

 

 

 

analyte quantified 
standard used for 

quantification 
correcting 

factor 

PE 16:0/18:2;13OH PE 18:0/15-HETE 0.65 

PE 18:0/18:2;13OH PE 18:0/15-HETE 0.75 

PE 16:0/20:4;15OH PE 18:0/15-HETE 0.94 

PE 16:0/20:5;15OH PE 18:0/15-HETE n.d. 

PE 18:1/20:4;15OH PE 18:0/15-HETE n.d. 

PE 18:0/20:5;15OH PE 18:0/15-HETE n.d. 

PE 18:1/20:5;15OH PE 18:0/15-HETE n.d. 

PE 18:0/22:5;17OH PE 16:0/17-HDHA n.d. 

PE 18:0/22:6;17OH PE 16:0/17-HDHA 1.39 

PE 18:1/22:5;17OH PE 16:0/17-HDHA n.d. 

PE 18:1/22:6;17OH PE 16:0/17-HDHA 0.98 

PE P-16:0/18:2;13OH PE 18:0/15-HETE 0.51 

PE P-16:0/20:4;15OH PE 18:0/15-HETE 0.91 

PE P-16:0/20:5;15OH PE 18:0/15-HETE 0.78 

PE P-18:0/20:4;15OH PE 18:0/15-HETE n.d. 

PE P-16:0/22:4;17OH PE 18:0/DH-17-HETE 0.44 

PE P-18:1/20:4;15OH PE 18:0/15-HETE n.d. 

PE P-18:0/20:5;15OH PE 18:0/15-HETE n.d. 

PE P-16:0/22:5;17OH PE 16:0/17-HDHA 0.67 

PE P-18:1/20:5;OH PE 18:0/15-HETE n.d. 

PE P-16:0/22:6;17OH PE 16:0/17-HDHA 1.23 

PE P-18:0/22:4;OH PE 18:0/DH-17-HETE n.d. 

PE P-18:0/22:5;17OH PE 16:0/17-HDHA n.d. 

PE P-18:1/22:5;17OH PE 16:0/17-HDHA 0.68 

PE P-18:0/22:6;17OH PE 16:0/17-HDHA 1.49 

PE P-18:1/22:6;17OH PE 16:0/17-HDHA 0.95 
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Table 8.16: Concentration of oxPL formed following supplementation, endogenously via 

15-LOX-2 or exogenously via added 15-LOX-2. 5 × 106 cells were used per experiment. 

HEK293T cells supplemented with either 15(S)-HETE, 15(S)-HEPE, 17(S)-HDHA, or 

13(S)-HODE (300 nmol L-1, 2 h). Endogenous formation of oxPL elicited by overexpression of 

15-LOX-2 in HEK293T_15-LOX-2 cells (200 ng mL-1 doxycycline, 24 h). Direct 15-LOX-2 

conversion by addition of exogenous 15-LOX-2 human enzyme to HEK293T cell homogenate 

(6.9 × 10-3 U mL-1 in assay, 2 h at 37 °C). Shown is the mean ± SD (n = 3) of the concentration 

per mg of cell protein determined by targeted LC-ESI(-)-MS/MS using external calibration.  
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Table 8.16: Continued 1/2. Concentration of oxPL formed following supplementation, 

endogenously via 15-LOX-2 or exogenously via added 15-LOX-2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
c
o

n
c
e
n

tra
tio

n
 o

f in
d

iv
id

u
a
l o

x
P

L
 s

p
e

c
ie

s
 [p

m
o

l m
g

-1] 

  
a
n

a
ly

te
 

  

o
x

y
lip

in
-

s
u

p
p

le
m

e
n

te
d

 

H
E

K
2

9
3
T

 c
e
lls

 

  

H
E

K
2

9
3
T

_
1
5
-L

O
X

-2
 

c
e
lls

 o
v
e

re
x
p

re
s

s
in

g
 

1
5
-L

O
X

-2
 

  

e
x
o

g
e
n

o
u

s
 1

5
-L

O
X

-2
 

a
d

d
e
d

 in
 H

E
K

2
9

3
T

  

c
e
ll h

o
m

o
g

e
n

a
te

 

22:6;17OH 

P
I 1

8
:1

/2
2
:6

;1
7
O

H
 

  
3
.0

 
±
 

0
.3

 
  

1
.7

 
±
 

0
.2

 
  

7
.9

 
±
 

1
.3

 

P
E

 1
6
:0

/1
7

-H
D

H
A

 
  

2
.9

 
±
 

0
.5

 
  

2
.4

 
±
 

0
.2

 
  

3
6

 
±
 

4
 

P
C

 1
8
:0

/1
7

-H
D

H
A

 
  

4
.9

 
±
 

0
.3

 
  

2
.6

 
±
 

0
.2

 
  

6
.5

 
±
 

1
.1

 

P
C

 O
-1

8
:1

/2
2
:6

;1
7
O

H
 

  
8
.5

 
±
 

0
.8

 
  

<
 L

O
D

 
  

<
 L

O
D

 

P
C

 O
-1

6
:0

/2
2
:6

;1
7
O

H
 

  
2
0

 
±
 

1
 

  
9
.2

 
±
 

0
.4

 
  

7
.6

 
±
 

1
.3

 

P
C

 1
6
:0

/1
7

-H
D

H
A

 
  

2
1
.7

 
±
 

0
.4

 
  

1
0
.6

 
±
 

0
.6

 
  

2
7

 
±
 

4
 

P
E

 1
8
:1

/2
2

:6
;1

7
O

H
 

  
6
.6

 
±
 

1
.0

 
  

1
2
.5

 
±
 

0
.8

 
  

5
2

 
±
 

7
 

P
E

 1
8
:0

/2
2

:6
;1

7
O

H
 

  
3
.2

 
±
 

0
.0

9
 

  
1
3
.7

 
±
 

0
.3

 
  

7
8

 
±
 

1
1

 

P
I 1

8
:0

/2
2
:6

;1
7
O

H
 

  
1
0
.1

 
±
 

1
.1

 
  

1
7
.0

 
±
 

1
.4

 
  

3
3

 
±
 

6
 

P
E

 P
-1

8
:1

/2
2
:6

;1
7
O

H
 

  
3
4

 
±
 

2
 

  
2
3
.3

 
±
 

0
.7

 
  

3
5

 
±
 

4
 

P
E

 P
-1

8
:0

/2
2
:6

;1
7
O

H
 

  
4
6

 
±
 

1
 

  
2
4
.9

 
±
 

0
.6

 
  

2
3

 
±
 

3
 

P
E

 P
-1

6
:0

/2
2
:6

;1
7
O

H
 

  
6
1

 
±
 

1
 

  
3
3
.9

 
±
 

0
.4

 
  

3
9

 
±
 

4
 

 



APPENDIX 

 

242 

 

Table 8.16: Continued 2/2. Concentration of oxPL formed following supplementation, 

endogenously via 15-LOX-2 or exogenously via added 15-LOX-2.  
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Table 8.17: Concentration of oxPL in cells depending on amount of the cells used for LLE. 

Endogenous formation of oxPL elicited by overexpression of 15-LOX-2 in 5 × 106 

HEK293T_15-LOX-2 cells (200 ng mL-1 doxycycline, 24 h). LLE was performed using different 

volumes of sonicated cells — 10 µL (0.076 mg protein), 25 µL (0.19 mg protein), 50 µL (0.38 mg 

protein), 75 µL (0.57 mg protein), and 100 µL (0.76 mg protein) — while maintaining identical 

extraction solvent volumes. Analytes are sorted by tR. Shown is the mean ± SD (n = 3) of the 

concentration per mg of cell protein of the analytes depicted in Fig. 4.6A. OxPL were quantified 

by targeted LC-ESI(-)MS/MS using external calibration (Tables 4.2, 8.15). 
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Table 8.18: Intra- and inter-day extraction efficiency of IS and spiked oxPL in human cells. 

HEK293T cell samples were extracted by liquid-liquid extraction on three different days. IS and a 

mixture of oxPL (2.5 pmol of each) were added to the cell sample at the beginning of sample 

preparation. Shown are the mean values and RSD (n = 3 for intra- and n = 3 for inter-day). 

Extraction recovery was calculated relative to an IS/oxPL solution directly injected. Lipid extracts 

were analyzed by targeted LC-ESI(-)-MS/MS operating in scheduled MRM mode (QTRAP6500+). 
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Table 8.19: Oxylipin-supplementation in cells with lower concentrations of hydroxy-PUFA 

(~ 50 nmol L-1, 2 h) results in a similar distribution into NL and PL as 15-LOX-2 oxylipins 

endogenously formed in HEK293T_15-LOX-2 cells. HEK293T cells were supplemented with 

either 15(S)-HETE, 15(S)-HEPE, 17(S)-HDHA, or 13(S)-HODE (~ 50 nmol L-1, 2 h at 37 °C). 

Endogenous formation of oxPL was elicited by overexpression of 15-LOX-2 in 

HEK293T_15-LOX-2 (200 ng mL-1 doxycycline, 24 h at 37 °C). Esterified oxylipins were 

quantified in the HILIC-separated lipid fractions ‒ PI/PS, PE, PC, PG, and NL ‒ by targeted LC-

MS/MS following alkaline hydrolysis and SPE as described [1-4]. Shown is the mean ± SD (n = 3) 

of the relative distribution of oxylipins in NL and PL. 
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oxylipin-supplemented 

HEK293T cells 
  

15-LOX-2 overexpressing  
HEK293T_15-LOX-2 cells 

Analyte NL [%] PL [%]   NL [%] PL [%] 

15-HETE 25 ± 3 75 ± 3   18 ± 1 82 ± 1 

15-HEPE 15 ± 1 85 ± 1   12.3 ± 1.6 88 ± 2 

17-HDHA 14 ± 2 86 ± 2   5.2 ± 0.9 95 ± 1 

13-HODE 19 ± 2 81 ± 2   13 ± 2 87 ± 2 
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8 Abbreviations 

 

12-LOX 12-lipoxygenase 

15-LOX 15-lipoxygenase 

15-LOX-1 15-lipoxygenase-1 

15-LOX-2 15-lipoxygenase-2 

5-LOX 5-lipoxygenase 

acc. accuracy 

ACN acetonitrile 

ACS acyl-CoA synthetase 

ACSL long-chain acyl-CoA synthetase 

AdA adrenic acid (22:4(7Z,10Z,13Z,16Z)) 

AGC automatic gain control 

Akt/PKB protein kinase B  

ALA α-linolenic acid (18:3(9Z,12Z,15Z)) 

AMP acyl-adenosine monophosphate  

ARA arachidonic acid (20:4(5Z,8Z,11Z,14Z)) 

CDP-DG diphosphate-diacylglycerol 

CE collision energy 

CHCl3 chloroform 

Chol Ester cholesteryl ester 

CoA coenzyme A 

COX cyclooxygenase 

CXP collision exit potential 

CYP cytochrome monooxygenases 

D deuterium 

dd data-dependent 

DG diacylglycerol 

DGLA dihomo-γ-linolenic acid (20:3(8Z,11Z,14Z)) 

DHA docosahexaenoic acid (22:6(4Z,7Z,10Z,13Z,16Z,19Z)) 

DH-HETE dihomo-hydroxyeicosatetraenoic acid 

DiH dihydroxy 

DiHDPE dihydroxydocosapentaenoic acid 

DiHETE dihydroxyeicosatetraenoic acid 

DiHETrE dihydroxyeicosatrienoic acid 

DiHOME dihydroxyoctadecamonoenoic acid 
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DMEM Dulbecco's Modified Eagle Medium 

DMSO dimethylsulfoxide 

DP declustering potential 

EDTA ethylenediaminetetraacetic acid 

EP entrance potential 

EPA eicosapentaenoic acid (20:5(5Z,8Z,11Z,14Z,17Z)) 

EpDPE epoxydocosapentaenoic acid 

EpETE epoxyeicosatetraenoic acid 

EpETrE epoxyeicosatrienoic acid 

EpOME epoxyoctadecamonoenoic acid 

ER endoplasmic reticulum  

ESI electrospray ionization 

ESI(-) negative electrospray ionization 

ESI(+) positive electrospray ionization 

FA fatty acid 

FC free cholesterol 

FCS fetal calf serum 

FWHM full width at half maximum  

GPX glutathione peroxidase 

HDHA hydroxydocosahexaenoic acid 

HEK293T human embryonic kidney 293 cell line 

HEPE hydroxyeicosapentaenoic acid 

HESI heated electrospray ionization 

HETE hydroxyeicosatetraenoic acid 

HILIC hydrophilic interaction liquid chromatography 

HODE hydroxyoctadecadienoic acid 

HOTrE hydroxyoctadecatrienoic acid 

HpETE hydroperoxyeicosatetraenoic acid  

HRMS high resolution mass spectrometry 

IPA isopropanol 

IS internal standard 

IT injection time 

LA linoleic acid (18:2(9Z,12Z)) 

LC liquid chromatography 

LLE liquid-liquid extraction 

LLOQ lower limit of quantification 

LOD limit of detection 

LPCAT lysoPC acyl transferase 

LPLAT lysoPL acyl transferase 

lysoPC lysophosphatidylcholine 

lysoPE lysophosphatidylethanolamine 
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lysoPL lysophospholipid 

m/z mass-to-charge ratio 

mCPBA meta-chloroperoxybenzoic acid 

MeOH methanol 

MG monoacylglycerol 

MRM multiple reaction monitoring 

MS mass spectrometry 

MS/MS tandem mass spectrometry 

MS2 tandem mass spectrometry 

MTBE tert-butyl methyl ether 

n3-PUFA omega 3 polyunsaturated fatty acid 

n6-PUFA omega 6 polyunsaturated fatty acid 

NCE normalized collision energy 

NL neutral lipids 

NP-LC normal phase liquid chromatography  

oxPL oxidized phospholipids 

oxPUFA oxidized polyunsaturated fatty acids 

PA phosphatidic acid 

PBS phosphate-buffered saline 

PC phosphatidylcholine 

PC-O ether phosphatidylcholine 

PC-P plasmalogen phosphatidylcholine 

PDK1 phosphoinositide-dependent kinase-1  

PE phosphatidylethanolamine 

PE-P plasmalogen phosphatidylethanolamine 

PG phosphatidylglycerol 

PI phosphatidylinositol 

PI3K phosphoinositide 3-kinase 

PIP phosphatidylinositol 4-biphosphate  

PIP2 phosphatidylinositol 4,5-biphosphate  

PIP3 phosphatidylinositol 3,4,5-trisphosphate  

PL phospholipid 

PLA1 phospholipase 1 

PLA2 phospholipase 2 

PLC phospholipase C 

PL-O ether phospholipid 

PL-P plasmalogen phospholipid 

prec. precision 

PS phosphatidylserine 

PUFA polyunsaturated fatty acids 

R resolution 
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RF radio frequency 

RP reversed phase  

RP-LC reversed-phase liquid chromatography 

RSD relative standard deviation 

RvE4 5(S),15(S)-DiHEPE  

S/N signal-to-noise ratio 

SD standard deviation 

SIM selected ion monitoring 

SL sphingolipid 

SM sphingomyelin 

sn stereospecific numbering 

SPE solid-phase extraction 

SPM specialized pro-resolving mediators  

SRM selected reaction monitoring 

TG triacylglycerol 

TIC total ion chromatogram 

TLC thin-layer chromatography 

TPPU 1-(1-propanoylpiperidin-4-yl)-3-[4-(trifluoromethoxy)phenyl]urea 

tR retention time 

XIC extracted ion chromatogram 
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