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Abstract
Oxylipins derived from the cyclooxygenase (COX) and lipoxygenase (LOX) pathways of the arachidonic acid (ARA) cascade 
are essential for the regulation of the inflammatory response and many other physiological functions. Comprehensive analyti-
cal methods comprised of oxylipin and protein abundance analysis are required to fully understand mechanisms leading to 
changes within these pathways. Here, we describe the development of a quantitative multi-omics approach combining liquid 
chromatography tandem mass spectrometry–based targeted oxylipin metabolomics and proteomics. As the first targeted 
proteomics method to cover these pathways, it enables the quantitative analysis of all human COX (COX-1 and COX-2) 
and relevant LOX pathway enzymes (5-LOX, 12-LOX, 15-LOX, 15-LOX-2, and FLAP) in parallel to the analysis of 239 
oxylipins with our targeted oxylipin metabolomics method from a single sample. The detailed comparison between  MRM3 
and classical MRM-based detection in proteomics showed increased selectivity for  MRM3, while MRM performed better in 
terms of sensitivity (LLOQ, 16–122 pM vs. 75–840 pM for the same peptides), linear range (up to 1.5–7.4 μM vs. 4–368 nM), 
and multiplexing capacities. Thus, the MRM mode was more favorable for this pathway analysis. With this sensitive multi-
omics approach, we comprehensively characterized oxylipin and protein patterns in the human monocytic cell line THP-1 
and differently polarized primary macrophages. Finally, the quantification of changes in protein and oxylipin levels induced 
by lipopolysaccharide stimulation and pharmaceutical treatment demonstrates its usefulness to study molecular modes of 
action involved in the modulation of the ARA cascade.

Keywords Targeted proteomics · Targeted oxylipin metabolomics · Arachidonic acid cascade · Liquid chromatography 
tandem mass spectrometry · Multiple reaction monitoring cubed · Human macrophages

Abbreviations
aa  Amino acid
ALOX5  Gene of the 5-lipoxgenase enzyme (5-LOX)
ARA   Arachidonic acid
CAD  Collisionally activated dissociation
CE  Collision energy
COX  Cyclooxygenase
CSF  Colony-stimulating factors
CXP  Collision cell exit potential

DFT  Dynamic fill time
DP  Declustering potential
EP  Entrance potential
FFT  Fixed fill time
FLAP  Five-lipoxygenase-activating protein
FWHM  Full width at half maximum
GM-CSF  Granulocyte-macrophage colony-stimulating 

factor
HETE  Hydroxyeicosatetraenoic acid
HHT  Hydroxyheptadecatrienoic acid
IFNγ  Interferon γ
IL-4  Interleukin 4
IS  Internal standard
LC  Liquid chromatography
LIT  Linear ion trap
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LLOQ  Lower limit of quantification
LOD  Limit of detection
LOX  Lipoxygenase
LPS  Lipopolysaccharide
LT  Leukotriene
M-CSF  Macrophage colony-stimulating factor
MRM  Multiple reaction monitoring
MRM3  Multiple reaction monitoring cubed
MS  Mass spectrometry
PBMC   Peripheral blood monocytic cells
PBS  Phosphate buffered saline
PG  Prostaglandin
PTGS1/2  Genes of the prostaglandin G/H synthase 1/2 

enzymes (COX-1 and COX-2)
P/S  Penicillin/streptomycin
TGF-β1  Transforming growth factor-β1
TRIS  Tris(hydroxymethyl)aminomethane
VD3  1,25-Dihydroxyvitamin  D3

Introduction

The cyclooxygenase (COX) and lipoxygenase (LOX) path-
ways of the arachidonic acid (ARA) cascade play impor-
tant roles in inflammation (simplified overview in Fig. 1). 
The formed eicosanoids and other oxylipins are potent 
lipid mediators of the immune response [1]. Through 
the initial oxidation of polyunsaturated fatty acids, such 
as ARA, via one of the two COX enzymes, the unstable 
prostaglandin (PG)  H2 is formed and can be further con-
verted by downstream enzymatic or non-enzymatic reac-
tions, e.g., to  PGE2 or 12-hydroxy-heptadecatrienoic acid 
(12-HHT) [2, 3]. Formed in immune cells,  PGE2 acts as 
a pro-inflammatory signaling molecule by, e.g., stimulat-
ing the upregulation of pro-inflammatory cytokines or 
enhancing blood flow through augmented atrial vasodi-
lation [4, 5]. Increased  PGE2 levels are often associated 
with upregulated COX-2 (derived from the PTGS2 gene) 
abundance that is induced by pro-inflammatory stimuli 
such as gram-negative bacteria [5]. Though biological 
functions of 12-HHT are not yet fully understood, recent 
studies have found this oxylipin to be involved i.a. in 
the mediation of allergic inflammation [6]. As chemical 
breakdown product of  PGH2, it is an established marker of 
COX activity [7]. The several LOX isoforms catalyze the 
stereo- and regiospecific formation of hydroperoxy fatty 
acids as primary products that are — in the cell — rap-
idly reduced to hydroxy fatty acids, e.g., hydroxyeicosa-
tetraenoic acids (HETE) formed from ARA [8]. The LOX 
branch of the ARA cascade is also involved in inflamma-
tion regulation. 5-LOX catalyzes the formation of pro-
inflammatory and chemotactic leukotrienes (LT), such as 
ARA-derived  LTB4. The multiple hydroxylated fatty acids 

formed via consecutive LOX activity are believed to elicit 
anti-inflammatory properties involved in the active reso-
lution of inflammation [8, 9] but remain controversially 
discussed [10]. The multitude of products arising from 
the many ARA cascade enzymes, crosstalk between the 
different branches, and various structurally distinct fatty 
acid substrates make a comprehensive oxylipin metabo-
lomics platform necessary for thorough investigation of 
the oxylipin pattern. However, in order to fully compre-
hend the mechanisms leading to changes on metabolite 
levels, the additional investigation of gene expression, i.e., 
protein abundance, is indispensable.

In the recent years, interest in multi-omics techniques 
as tools to achieve systemic understanding of biological 
changes has drastically increased, i.e., metabolomics, prot-
eomics, and transcriptomics [11, 12]. While liquid chroma-
tography (LC) tandem mass spectrometry (MS/MS) is the 
standard method for quantitative targeted oxylipin analysis 
[13], the LC–MS/MS-based analysis of proteins has emerged 
in the recent years and is often conducted as high-throughput 
screenings allowing only relative quantification. Though 
the investigation of ARA cascade enzymes with proteomic 
tools has been reported [14–18], also in combination with 
metabolomics analyses [19, 20], a method for its quantitative 
analysis has not yet been described. Therefore, it was our 
goal to develop a targeted proteomics method comprising 
the important COX- and LOX-mediated signaling pathways 
and, together with our existing targeted oxylipin metabo-
lomics platform [21–23], establishing a comprehensive and 
quantitative multi-omics tool to thoroughly investigate the 
ARA cascade.

Our targeted proteomics approach allows the analysis of 
human COX and LOX enzymes for the first time in a quanti-
tative manner and, together with our oxylipin metabolomics 
method, is a valuable tool to characterize the ARA cascade 
from a single sample. This is demonstrated by characterizing 
the COX and LOX pathways in different human immune 
cells, showing correlations between oxylipin and protein 
abundances as well as quantitative changes upon pharma-
cological intervention.

Materials and methods

Chemicals and biological material

Fetal calf serum (superior standardized) was purchased 
from Biochrom (Berlin, Germany); 1,25-dihydroxyvitamin 
 D3  (VD3) and ML351 as well as oxylipin standards were 
purchased from Cayman Chemical (Ann Arbor, MI, USA; 
local supplier Biomol, Hamburg, Germany). HEK293 cell-
derived recombinant human transforming growth factor-β1 
(TGF-β1), recombinant human colony-stimulating factors 
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CSF-1 (M-CSF), CSF-2 (GM-CSF), interferon γ (IFNγ), 
and interleukin 4 (IL-4) produced in Escherichia coli were 
obtained from PeproTech Germany (Hamburg, Germany). 
Lymphocyte separation medium was purchased at Pro-
moCell (Heidelberg, Germany). Human AB serum was 
provided by the blood donation center University Hospi-
tal Düsseldorf (Düsseldorf, Germany). Protease inhibitor 
mix M (AEBSF, Aprotinin, Bestatin, E-64, Leupeptin and 
Pepstatin A) and resazurin as well as MS approved trypsin 
(> 6.000 U  g−1, from porcine pancreas) were from SERVA 
Electrophoresis GmbH (Heidelberg, Germany). Unlabeled 
AQUA peptide standards were obtained from Thermo Life 
Technologies GmbH (Darmstadt, Germany), unlabeled and 
heavy labeled (lys, uniformly labeled (U)-13C6; U-15N2; arg, 
U-13C6; U-15N4) peptide standards were purchased from JPT 
Peptides (Berlin, Germany).

Acetonitrile (HPLC–MS grade), acetone (HPLC grade), 
methanol, and acetic acid (both Optima LC–MS grade) 
were obtained from Fisher Scientific (Schwerte, Germany). 
Dithiothreitol was from AppliChem (Darmstadt, Germany). 
Tris(hydroxymethyl)aminomethane (TRIS), ammonium 
bicarbonate, sodium deoxycholate, and urea were obtained 
from Carl Roth (Karlsruhe, Germany). RPMI 1640, l-glu-
tamine, and penicillin/streptomycin (5000 units penicillin 

and 5 mg streptomycin  mL−1), lipopolysaccharide (LPS) 
from E. coli (0111:B4), dextran 500 from Leuconostoc spp., 
iodoacetamide, dimethylsulfoxide (DMSO), dexametha-
sone, indomethacin, celecoxib, and PF-4191834 as well as 
all other chemicals were purchased from Sigma (Schnel-
lendorf, Germany).

Cell cultivation

THP-1 cells were obtained from the German Collection of 
Microorganisms and Cell Cultures GmbH (DSMZ, Braun-
schweig, Germany) and were maintained in bicarbonate 
buffered RPMI medium supplemented with 10% fetal calf 
serum, 100 U mL−1 penicillin, 100 μg  mL−1 streptomycin 
(P/S, 2%) and 2 mM l-glutamine (1%) in 60.1  cm2 dishes 
in a humidified incubator at 37 °C and 5%  CO2. For experi-
ments, cells were seeded at densities of 0.125·106 cells 
 mL−1 and differentiated with 50 nM  VD3 (0.1% DMSO) 
and 1 ng  mL−1 TGF-β1 for 72 h.

Primary human macrophages were prepared as described 
by [24]. In brief, peripheral blood monocytic cells (PBMC) 
were isolated from buffy coats obtained from blood dona-
tions at the University Hospital Düsseldorf. Blood sam-
ples were drawn with the informed consent of the human 

Fig. 1  Simplified overview of the cyclooxygenase (COX) and lipoxy-
genase (LOX) branches of the arachidonic acid (ARA) cascade. COX 
catalyzes the formation of prostaglandin (PG)  H2 which is further 
converted by downstream enzymes or non-enzymatically, e.g., to 
 PGE2 by PGE synthases (PGES) or to 12-hydroxy-heptadecatrienoic 
acid (12-HHT) by thromboxane A synthase (TxAS). The different 
LOX isoforms each oxidize ARA regiospecifically to hydroperoxy-

eicosatetraenoic acids (HpETE) or leukotriene  A4  (LTA4) in case 
of 5-LOX supported by the 5-LOX-activating protein (FLAP). The 
primary products are reduced to their respective hydroxy eicosa-
tetraenoic acids (HETE) by, e.g., glutathione peroxidases or rapidly 
hydrolyzed to  LTB4 in case of  LTA4 (gene names are noted under the 
enzyme/protein names in italic)
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subjects. The study was approved by the Ethical Commit-
tee of the University of Wuppertal. PBMC were isolated by 
dextran (5%) sedimentation for 45 min and subsequent cen-
trifugation (1000 × g without deceleration, 10 min, 20 °C) 
on lymphocyte separation medium. The leucocyte ring was 
isolated and washed twice with PBS. Cells were seeded in 
60.1  cm2 dishes and left to adhere for 1 h after resuspension 
in serum-free RPMI medium (2% P/S, 1% l-glutamine) in 
a humidified incubator at 37 °C and 5%  CO2 (8 dishes per 
donor). Cells were washed, and RPMI medium (2% P/S, 
1% l-glutamine) supplemented with 5% human AB serum 
was added. For polarization towards M1- or M2-like mac-
rophages, the medium was additionally supplemented with 
10 ng  mL−1 CSF-2 or CSF-1 for 8 days and treated with 
10 ng  mL−1 IFNγ or IL-4 for the final 48 h. No cytokines 
were added to generate M0-like macrophages.

Platelets were isolated from EDTA blood as described by 
the platelet-rich plasma method [25].

Cell culture experiments

For the experiments of the THP-1 cells or primary mac-
rophages with test compounds, cell culture medium was 
replaced 7 h before the end of the differentiation with serum-
free 50 mM TRIS-buffered RPMI medium (2% P/S, 1% 
l-glutamine) and the pharmacological inhibitors or DMSO 
(0.1%) as control were added. Cytotoxic effects of the test 
compounds at the used concentrations were excluded by 
resazurin (Alamar Blue) assay [26] and lactate dehydroge-
nase assay (ESM Figs. S4 and S5). After 1 h of preincuba-
tion, cells were additionally treated with 1 μg  mL−1 LPS 
for 6 h. In case of the THP-1 cells, all adherent and non-
adherent cells were harvested by scraping in the cell cul-
ture medium. Primary macrophages were harvested by cold 
shock method [24]. The harvested cell pellets were frozen 
at − 80 °C until use.

Quantification of oxylipin and protein levels by LC–
MS/MS

The presented methods allow the quantitative analysis of 
239 oxylipins (ESM Table S4) and 11 proteins (Tables 1 and 
2, ESM Table S7)  from one cell pellet. Cells were resus-
pended in PBS containing 1% protease inhibitor mix and 
antioxidant solution (0.2 mg  m-1L BHT, 100 μM indometha-
cin, 100 μM soluble epoxide hydrolase inhibitor trans-4-[4-
(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid 
(t-AUCB) in MeOH) [21, 22] and sonicated, and protein 
content was determined via bicinchoninic acid assay [27]. 
Internal standards (IS) for oxylipin analysis were added to 
the cell lysate before proteins were precipitated in methanol 
at − 80 °C for at least 30 min. The supernatant after cen-
trifugation (20000 × g, 10 min, 4 °C) served as sample for 

oxylipin analysis, while the protein levels were later sepa-
rately analyzed in the precipitated protein pellet after stor-
age at − 80 °C. For the oxylipin analysis, the supernatant 
after the protein precipitation was further purified accord-
ing to the previously published method [21, 22] by solid-
phase extraction on a non-polar (C8)/strong anion exchange 
mixed mode material (Bond Elut Certify II, 200 mg, Agilent, 
Waldbronn, Germany) and analyzed by LC–MS/MS. For 
the targeted LC–MS/MS-based proteomics analysis, the pro-
tein pellet obtained after the protein precipitation was resus-
pended in 5% (w/v) sodium deoxycholate containing 1% pro-
tease inhibitor mix and precipitated again in four volumes 
of ice-cold acetone after centrifugation (15000 × g, 20 min, 
4 °C). Further steps were carried out as described by [18]. 
In brief, the dried protein pellet was re-dissolved in 6 M 
urea, the disulfide bridges were reduced with dithiothrei-
tol, and the resulting free sulfhydryl groups were alkylated 
with iodoacetamide in order to inhibit the reformation of 
disulfide bridges. The samples were diluted with 50 mM 
 NH4HCO3 before the tryptic digestion was carried out at a 
trypsin-to-protein ratio of 1:50. The digestion was stopped 
after 15 h by adding concentrated acetic acid to reduce the 
pH from ≈ 7.8 to 3–4. A mixture of heavy labeled peptides 
(lys, U-13C6; U-15N2; arg, U-13C6; U-15N4) corresponding to 
each of the analytes was spiked as internal standards (final 
vial concentrations, 25 nM for COX and LOX peptides and 
50/100 nM for the housekeeper peptides), before the samples 
were subjected to solid-phase extraction (Strata-X 33 μm 
Polymeric Reversed Phase, Phenomenex LTD, Aschaffen-
burg, Germany) and analyzed by LC–MS/MS.

The samples for the oxylipin and peptide analysis were 
measured with separate methods on two 1290 Infinity II 
LC systems, each equipped with a Zorbax Eclipse Plus C18 
reversed phase column (2.1 × 150 mm, particle size 1.8 μm, 
pore size 95 Å, Agilent) at 40 °C, with an upstream inline 
filter (3 µm, 1290 infinity II inline filter, Agilent) and Secu-
rityGuard Ultra C18 cartridge as precolumn (2.1 × 2 mm). 
The oxylipins were separated as described by [21–23] with 
a gradient composed of 0.1% acetic acid mixed with 5% 
mobile phase B (mobile phase A) and acetonitrile/metha-
nol/acetic acid (800/150/1, v/v/v; mobile phase B) at a flow 
rate of 0.3 mL  min−1: 21% B at 0 min, 21% B at 1.0 min, 
26% B at 1.5 min, 51% B at 10 min, 66% B at 19 min, 98% 
B at 25.1 min, 98% B at 27.6 min, 21% B at 27.7 min, and 
21% B at 31.5 min. The LC used for oxylipin analysis was 
coupled with a 5500 QTRAP mass spectrometer operated 
in negative electrospray ionization (ESI(-)) mode (Sciex, 
Darmstadt, Germany). The MS was set as follows: ion spray 
voltage, − 4500 V; capillary temperature, 650 °C; curtain 
gas  N2, 50 psi; nebulizer gas (GS1)  N2, 30 psi; drying gas 
(GS2)  N2, 70 psi; generated with  N2 generator NGM 33 (cmc 
Instruments, Eschborn, Germany); and collisionally activated 
dissociation (CAD) gas, high. Declustering potentials (DP), 
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entrance potentials (EP), collision cell exit potentials (CXP), 
and collision energies (CE) were optimized for each of the 
oxylipins. MS parameters for oxylipin analysis can be found 
in ESM Table S14 together with a detailed description of the 
standard series preparation (ESM Sect. 1). The oxylipin con-
centrations were quantified using external calibrations with 
IS, and they were normalized to the absolute protein content 
determined with bicinchoninic acid assay [27].

The peptides were chromatographically separated with 
a gradient composed of 95/5% water/acetonitrile (mobile 
phase A) and 5/95% water/acetonitrile (mobile phase 
B), both containing 0.1% acetic acid at a flow rate of 
0.3 mL  min−1 as follows: 0% B at 0 min, 0% B at 1 min, 
35% B at 30.5 min, 100% B at 30.6 min, 100% B at 33.5 min, 
0% B at 33.7 min, and 0% B at 36 min. The LC system for 
peptide analysis was coupled to a 6500 + hybrid triple quad-
rupole linear ion trap mass spectrometer (QTRAP; Sciex) in 
ESI(+)-mode, with the following settings: ion spray voltage, 
5500 V; capillary temperature, 550 °C; curtain gas  N2, 50 
psi; nebulizer gas (GS1)  N2, 60 psi; and drying gas (GS2) 
 N2, 60 psi, generated with  N2 generator Eco Inert-ESP 
(DTW, Bottrop, Germany). DP, EP, and CXP were set to 
40 V, 10 V, and 10 V, respectively, and CE were optimized 
for each of the peptides (Tables 1 and 2; ESM Table S7). 
CAD gas was set to medium. Analyst (Sciex, version 1.7) 
was used for instrument control and data acquisition, and 
Multiquant (Sciex, version 3.0.2) software was used for data 
analysis. The peptide/protein concentrations were quantified 
using external calibrations with IS (ESM Sect. 2.1; ESM 
Table S5; Tables 1 and 2; and ESM Table S7), and they were 
normalized to the absolute protein content determined with 
bicinchoninic acid assay [27].

Results

The ARA cascade plays a key role in the regulation of many 
different physiological processes. In order to understand the 
crosstalk between the different enzymatic pathways of the 
ARA cascade (Fig. 1) and modulation thereof, quantitative 
information for both oxylipin levels as well as enzyme/pro-
tein abundance is needed.

For this reason, we developed an analytical approach 
allowing to quantify the enzymes of the ARA cascade and 
combined it with our targeted oxylipin metabolomics method 
[21–23]. Combining targeted LC–MS/MS-based proteom-
ics and oxylipin metabolomics as multi-omics methodology 
allows to quantify the abundance of all relevant enzymes 
of the COX and the LOX pathways (COX-1 and COX-2, 
5-LOX, 12-LOX, 15-LOX, 15-LOX-2, and FLAP) as well as 
four housekeeping proteins and oxylipin levels from a single 
sample down to pM ranges.

Oxylipins were extracted from the methanolic superna-
tant resulting after sonication and precipitation of the cell 
samples, and enzyme/protein levels were quantified in the 
precipitated protein residue. Thus, only a single sample 
is required for quantitatively assessing the ARA cascade 
on metabolite and protein abundance levels in biological 
samples.

Targeted proteomics LC–MS/MS/(MS) method

The enzyme abundance is measured in form of representa-
tive peptides with amino acid (aa) sequences specific to 
the target enzyme. Based on an in silico tryptic digestion 
of the COX and LOX enzymes, two proteotypic peptides 
with unique [28, 29] aa sequences were selected per enzyme 
from the multitude of theoretically possible peptides (ESM 
Table S6). The results from the in silico digestion were 
narrowed down by a defined set of criteria [18] including 
fixed peptide lengths (7–22 aa) as well as acceptable calcu-
lated cleavage probabilities [30] (e.g., ≥ 70% using cleav-
age prediction with decision trees [31]) and predicted reten-
tion times (3–30 min) [32]. Possible variations in relevant 
splice variants [33] were considered as well as the presence 
of maximum two unfavored aa (C, M, N, Q, W). Peptides 
containing single nucleotide polymorphisms [33] or post-
translational modifications were excluded [33, 34]. After 
the in silico peptide selection and evaluation of three to five 
candidates in digested cell matrix, the MS/MS parameters 
were optimized, and two peptides per protein were finally 
selected based on their MS sensitivity, selectivity, and chro-
matographic behavior (Tables 1 and 2; ESM Table S7).

In  MS3 mode, the triple quadrupole QTRAP instrument 
uses the linear ion trap (LIT) in Q3 for a second fragmenta-
tion of the CAD fragment ions. With the aim of achieving 
higher selectivity and, thus, sensitivity for quantification of 
the peptides in complex biological matrices by this addi-
tional fragmentation, we chose an  MS3 approach for the tar-
geted proteomics method. For each peptide, the CE of mul-
tiple CAD fragment ions was optimized, and two to three of 
the most intense fragment ions, ideally with m/z exceeding 
the precursor ion m/z (e.g., a transition from a double charge 
precursor to a single charged fragment), were chosen for 
further evaluation in  MS3 mode. Their excitation energies 
(AF2) were optimized in 0.01 V steps, and the final CAD 
fragment ions for the  MS3 method were selected based on 
the highest sensitivities and/or lack of matrix interference in 
digested cell lysates for each peptide (Table 2).

The fixed fill time (FFT) for the LIT had a major impact 
on the signal intensity which increased with longer FFTs 
(ESM Fig. S1A). The maximum FFT of 250 ms provided 
the highest sensitivities and was thus used for all peptides 
(except abundant TGTLAFER, 100 ms, and IS peptides, 
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25 ms). In order to allow the simultaneous analysis of all 
peptides with acceptable cycle times and, thus, data points 
per peak, the analytical run was split into 10 periods (i.e., 
time windows) with separate MS experiments. Despite 
excellent chromatographic separation (Table 2; Fig. 2A (i)), 
with average peak widths at half maximum height (FWHM) 
of 4.9 s, the number of initially selected peptides needed to 
be reduced to one peptide per protein for the  MRM3 method. 
The selection was made based on the peptides’ sensitivities 
and retention times to assure that all proteins are detected in 
the separate time windows of the chromatogram. At a LIT 
scan rate of 10000 Da  s−1, a total cycle time of 372–572 ms 
for each of the eight  MS3 experiments resulted and thus 9–12 
data points over the FWHM of the peak. The peptides of four 
housekeeping proteins were measured in two periods set in 
MRM mode with resulting cycle times of 150 and 450 ms 
at constant dwell times of 20 ms.

For data evaluation,  MRM3 transitions were constructed 
from the  MS3 spectra by the Multiquant 3.0.2 software. 
Assessing the  MRM3 transitions of one  MS3 fragment ion 
compared to the sum of multiple  MS3 fragment ions showed 
higher signal intensity for the use of multiple fragment ions 
(ESM Fig. S2). Thus, for the final method, the ten most 
abundant  MS3 fragment ions of the analyte peptides and 
five of the IS peptides were selected for data analysis.

The  MS3 approach was compared to scheduled MRM 
detection. Here, the windows were set to ± 45  s at the 
expected retention time and a cycle time of 0.4 s result-
ing in comparable average 14 data points over FWHM of 
the chromatographic peaks. Two peptides per protein were 
included in the method comprising again all COX and rel-
evant LOX pathway enzymes as well as four housekeeping 
proteins, resulting in a total of 23 peptides (Fig. 2A (ii), 
Table 1, ESM Table S7). The parallel measurement of three 
transitions per peptide ensures its identity by calculating 
the area ratios between one quantifier and two qualifier 
transitions and comparing the area ratios of the samples to 
the standards. As acceptance criteria, the ratios for a peak 
in a biological sample need to be within ± 20% of the area 
ratio measured in standards (ESM Table S8) [18].

The additional fragmentation in  MS3 increased selec-
tivity allowing separation of the analyte from interfering 
matrix signals. This is shown in Fig. 2B (i) and (ii) for 
the low abundant COX-2 peptide FDPELLFNK in dif-
ferentiated (50 nM  VD3 and 1 ng  mL−1 TGF-β1, 72 h) 
and LPS-stimulated (1 μg  mL−1, 6 h) THP-1 cells. The 
 MRM3 method enables sensitive detection and quantifi-
cation of COX and LOX peptides in the medium to high 
pM range (31–560 pM) (ESM Fig. S3; Table 2). However, 
the MRM method was more sensitive with up to tenfold 
lower limits of detection (LOD) ranging from 4.2 to 56 pM 
and lower limits of quantification (LLOQ) in the range of 
16–122 pM for the same peptides (ESM Fig. S3; Table 1). 

Overfilling of the trap at higher concentrations results in a 
breakdown of the MS signal (ESM Fig. S1B) and restricts 
the calibration range of the  MRM3 method to 4.0–368 nM 
depending on the peptide (Table 2). This limits the linear 
working range of the  MRM3 method to only two to three 
orders of magnitude. Here, the MRM method also shows 
a clear advantage allowing linear calibration over approxi-
mately five orders of magnitude from the pM LLOQ up 
to the low μM range (Table 1). Thus, MRM is generally 
advantageous. If the analyte signal is interfered in matrix, 
 MRM3 provides an additional level of selectivity and is 
useful for complicated biological matrices, while MRM 
is more sensitive and allows analysis within a large lin-
ear range. The developed method is not only sensitive but 
shows good precision and accuracy as demonstrated for 
the repeated independent analysis of THP-1 macrophages. 
The intraday precision was generally ≤ 15%, and interday 
precision was < 30% in the LPS-stimulated cells (ESM 
Table S9). The accuracy, determined after spiking the 
unstimulated cells with peptides during sample prepara-
tion, was between 95 and 140% (ESM Table S10). The 
dual approach of targeted oxylipin metabolomics and 
proteomics allows the analysis of oxylipin concentrations 
and protein levels in one sample. This powerful tool was 
applied to comprehensively analyze the ARA cascade in 
immune cells.

Analysis of the ARA cascade in immune cells

The lipid mediators formed in the ARA cascade are an 
essential part of the immune system and function i.a. as 
signaling molecules between different types of immune 
cells in the host defense. Using the developed LC–MS/
MS-based proteomics platform together with the targeted 
oxylipin metabolomics method, the ARA cascade was 
comprehensively analyzed in human macrophages for the 
first time with this novel approach. The monocytes from 
the THP-1 cell line were examined during differentiation 
to macrophage-like cells with 50 nM  VD3 and 1 ng  mL−1 
TGF-β1 for 72 h. This process induced the ALOX5 gene 
expression along with 5-LOX product formation (5-HETE 
and  LTB4) (Fig. 3A (i), (ii)). While other LOX were not pre-
sent, COX-1 and FLAP levels increased by 17- and 32-fold, 
respectively, after differentiation. Additional treatment of 
the macrophages with 1 μg  mL−1 LPS for 6 h stimulated 
PTGS2 gene expression and formation of  PGE2 and 12-HHT 
which was below the detection limit in THP-1 cells bearing 
COX-1 alone (THP-1 monocytes and macrophages) (Fig. 3A 
(i), (ii)). The COX-2 protein level increased strongly after 
LPS (1 μg  mL−1) treatment from below the detection limit 
 (t0) to approximately 80 fmol  mg−1 protein at the peak after 
6–8 h where it declined to 40 fmol  mg−1 protein after 24 h 
(Fig. 3A (iii)). Pretreatment of the THP-1 macrophages with 
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dexamethasone suppressed the induction of COX-2 and 
concomitant prostanoid synthesis with potencies  (IC50) of 
3.4 nM (COX-2; 95% CI, 2.3–4.9 nM) and 1.2 nM  (PGE2; 
95% CI, 0.9–1.6  nM), respectively (Fig.  3A  (iv)). The 
5-LOX inhibitor PF4191834 suppressed 5-HETE formation 
with a potency  (IC50) of 26 nM (95% CI, 12–53 nM) and did 
not affect the 5-LOX abundance (Fig. 3A (v)).

In the next step, we investigated the expression of ARA 
cascade genes and oxylipin formation in differently polar-
ized primary human macrophages. The different types of 
polarization led to distinct oxylipin and protein patterns 
(Fig. 3B (i), (ii)). In M0-like macrophages, which were 
derived from primary monocytic cells and incubated with-
out cytokines for 8 days, only COX-1 and 12-LOX as well 
as its product 12-HETE were detected. However, the pres-
ence of both enzymes is most likely attributed to platelet 
contamination which can be detected with our method since 
they are highly abundant in these cells (ESM Table S11). 
Relevant amounts of COX-1, 5-LOX, and FLAP (0.4 ± 0.1, 
0.4 ± 0.2, and 19 ± 6 pmol  mg−1 protein, respectively) were 
found in the macrophages polarized towards M1-like cells 
(10 ng  mL−1 CSF-2 and 10 ng  mL−1 IFNγ) with the tar-
geted proteomics method. Oxylipins formed via these 
pathways  (PGE2, 12-HHT, and 5-HETE) as well as 12- 
and 15-HETE were detected at low levels (≤ 5 pmol  mg−1 

protein) in the cells (Fig. 3B (i), (ii); ESM Table S12). 
Stimulation with 1 μg  mL−1 LPS led to strong elevation 
of oxylipin concentrations, e.g., fourfold increase of  PGE2 
and 12-HHT as well as an approximately tenfold increase 
of 5- and 15-HETE. PTGS2 gene expression was induced 
by LPS, while the protein levels of COX-1 and FLAP were 
not modulated, and 5-LOX was slightly reduced. LC–MS 
analysis of the M2-like macrophages showed an exten-
sive protein pattern: COX-1, 5-LOX, and FLAP as well 
as 15-LOX and 15-LOX-2 were present. High levels of 
15-HETE (243 ± 20 pmol  mg−1 protein) as well as mod-
erate levels of 12-HETE (21 ± 2 pmol  mg−1) and 12-HHT 
(19 ± 6 pmol   mg−1 protein) dominated the oxylipin pro-
file, while  PGE2 and 5-HETE were found at approximately 
2 pmol  mg−1 protein (Fig. 3B (i), (ii); ESM Table S12). 
Interestingly, the additional LPS treatment only led to an 
approximately twofold increase of  PGE2 and 12-HHT con-
centrations but did not affect any of the oxylipins from the 
LOX pathways. Apart from COX-2 induction, the levels of 
the ARA cascade enzymes were not changed by LPS (Fig. 3 
B (i), (ii)). While the COX-2 levels were similar in both 
(LPS-stimulated) M1- and M2-like cells, 5-LOX and FLAP 
levels were two- and fivefold higher in M1-like and COX-1 
levels were higher in M2-like macrophages. However, all of 
the analyzed oxylipins were higher concentrated in M2-like 

Fig. 2  Chromatographic separa-
tion of the peptides from the 
COX and LOX enzyme path-
ways as well as housekeeping 
peptides with detection in (i) 
 MRM3 and (ii) MRM mode on 
an LC–MS/MS QTRAP system. 
Shown are A (i) and (ii) a mix 
of peptide standards (25–
100 nM) as well as B (i) and 
(ii) the signal of COX-2 peptide 
FDPELLFNK in THP-1 cells 
(i)  MS3:  M2+  →  y7

++  → Ʃ10 
 MS3 fragments; (ii) MRM: 
 M2+  →  y7

++. The cells were 
differentiated for 72 h with 
vitamin  D3 (50 nM) and TGF-
β1 (1 ng  mL−1) and treated with 
LPS (1 μg  mL−1) for 6 h
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macrophages with the most pronounced differences between 
M1- and M2-like cells found for 15-HETE (> 200-fold) 
and 12-HETE (approximately 20-fold) followed by  PGE2, 
12-HHT, and 5-HETE (all approximately fourfold). Regard-
ing the housekeeping proteins, only GAPDH showed strong 
differences between the M1- and M2-like macrophages indi-
cating that it is not suited for normalization when investigat-
ing macrophage polarization (ESM Table S12).

The ARA cascade is an important target of pharmaceu-
ticals because of its pivotal role in the regulation of the 
immune response and inflammation. We applied the multi-
omics LC–MS/MS-based approach on the quantitative 
characterization of pharmaceutical modulation of the ARA 
cascade to demonstrate its usefulness in drug development 
(Fig. 4A, B; ESM Table S13).

For the experiments, the primary human macrophages 
polarized towards M1- or M2-like phenotype were pre-
incubated with the test compounds at sub-cytotoxic levels 
(ESM Figs. S4 and S5) for 1 h before LPS was added for 
the remaining 6 h. The COX-1/COX-2 inhibitor indometha-
cin strongly reduced the  PGE2 and 12-HHT concentrations 
in both M1- and M2-like macrophages without relevantly 
modulating the COX-1 or COX-2 levels. Dexamethasone 
treatment also led to lowered concentrations of  PGE2 and 
12-HHT with a more pronounced effect in M1 (approxi-
mately 50% inhibition) compared to M2-like cells (approxi-
mately 20% inhibition). The decrease of prostanoid con-
centrations occurred together with a decrease of the COX-2 
levels which was similar in both types (approximately 40% 
inhibition) and did not affect COX-1. Both indomethacin and 
dexamethasone also markedly reduced 15-HETE formation 
in M1-like macrophages but had no effect in the M2-like 
cells. The celecoxib treatment of M2-like macrophages led 
to a moderate inhibition of the  PGE2 and 12-HHT formation, 

while the concentrations of LOX products slightly increased. 
COX-2 and 15-LOX-2 levels were slightly reduced, and the 
selective COX-2 inhibitor did not affect COX-1 (Fig. 4A, 
B; ESM Table  S13). The 5-LOX inhibitor PF4191834 
hardly reduced the 5-HETE concentration in the M1-like 
macrophages. The  PGE2 and 12-HHT concentrations were 
unaffected by PF4191834, while the 12- and 15-HETE con-
centrations were slightly reduced. Regarding the 15-LOX 
pathway, ML351 led to a marked inhibition of both 12- 
and 15-HETE formation without affecting 15-LOX and 
15-LOX-2 levels. 5-LOX abundance was strongly reduced 
(23 ± 4% of control) with only a slight effect on the 5-HETE 
concentration. In these incubations, the  PGE2 and 12-HHT 
concentrations were moderately increased, and the COX-1 
and COX-2 levels were slightly elevated (Fig. 4A, B; ESM 
Table S13).

Conclusively, we combined our existing targeted 
oxylipin metabolomics method with an LC–MS/MS-based 
targeted proteomics method comprising all COX and rel-
evant LOX pathway enzymes as well as four housekeep-
ing proteins. While the more selective detection can be 
achieved with the  MRM3 detection method, the MRM 
approach is characterized by higher sensitivity (in low pM 
range) and greater linear range up to μM concentrations. 
With our sensitive multi-omics approach, we were able to 
determine the oxylipin and protein levels of immune cells 
in a single sample. We successfully used this approach 
to thoroughly characterize the ARA cascade in different 
immune cells and demonstrated that quantitative changes 
induced by pharmaceutical modulation can be determined 
on protein and metabolite levels.

Discussion

Oxylipins formed in the ARA cascade act as potent lipid 
mediators regulating many physiological functions. In order 
to profoundly evaluate and understand modulation of this 
important signaling pathway, it is crucial to investigate not 
only changes in metabolite concentrations, i.e., eicosanoids 
and oxylipins, but also on enzyme levels in parallel. There-
fore, we combined our targeted oxylipin metabolomics 
method covering 239 analytes (ESM Table S4) — allowing 
the quantitative characterization of the complex crosstalk 
between the different branches of the ARA cascade — with 
a novel LC–MS/MS-based targeted proteomics approach. 
The developed targeted proteomics method allows the quan-
titative analysis of all COX (COX-1 and COX-2) as well as 
relevant enzymes of the LOX pathway (5-LOX, 12-LOX, 
15-LOX, 15-LOX-2, and FLAP) and four housekeeping pro-
teins (β-/γ-actin, PPIB, GAPDH, CYC1). This is the first 
LC–MS/MS(/MS)-based method for the targeted analysis of 
the COX and LOX pathways of the ARA cascade.

Fig. 3  Comprehensive characterization of immune cells using com-
bined targeted oxylipin metabolomics and proteomics: A THP-1 cell 
line and B primary human macrophages. A (i) Oxylipin concentra-
tions and (ii) enzyme levels in monocytic and macrophage-like 
THP-1 cell line with and without lipopolysaccharide (LPS) stimula-
tion. Cells were differentiated to macrophages with 50 nM 1,25-dihy-
droxyvitamin  D3  (VD3) and 1  ng   mL−1 TGF-β1 for 72  h, with or 
without LPS stimulation (1 μg   mL−1) for 6 h (mean ± SD, n = 3). A 
(iii) COX-2 abundance following time-dependent LPS stimulation 
(1  μg   mL−1). Shown are mean ± SD, n = 3. The potencies  (IC50) of 
COX-2 and 5-LOX inhibition by A (iv) dexamethasone, calculated 
based on  PGE2 formation and COX-2 abundance, and A (v) 5-LOX 
inhibitor PF4191834, calculated based on 5-HETE formation, relative 
to control incubations (0.1% DMSO). Shown are mean ± SD, n = 3 – 
6. Correlation of B (i) oxylipin formation and (ii) enzyme levels in 
human macrophages derived from primary blood monocytic cells. 
Cells were differentiated with 10 ng   mL−1 CSF-2 (M1-like cells) or 
CSF-1 (M2-like cells) for 8 days. For the final 48 h, they were treated 
with 10  ng   mL−1 IFNγ (M1-like cells) or IL-4 (M2-like cells) and 
with or without 1 μg   mL−1 LPS for the final 6 h. For M0-like cells, 
the adhered monocytes were left untreated for 7  days. Shown are 
mean ± SEM, n = 5 – 6

◂
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In targeted proteomics, different MS modes can be used 
for detection on hybrid triple quadrupole-LIT mass spec-
trometers. In MRM mode, the analytes are quantified via 
the pair of a precursor and a specific fragment ion resulting 
from CAD-based fragmentation. In  MRM3, these CAD ions 
are again fragmented in the LIT, and an ion chromatogram 
is reconstructed from the secondary fragment ions [35]. 
We compared both approaches in detail. The LIT fill time 
had a strong effect on sensitivity of the  MRM3 mode. FFT 
was preferred over dynamic fill time (DFT) due to its better 
signal reproducibility and accuracy based on the resulting 
identical cycle times for every sample [36]. The signal inten-
sity increased with longer FFT (ESM Fig. S1A) in line with 
literature [36, 37]. Long FFTs, however, have the drawback 
of a more rapid exhaustion of LIT capacity and breakdown 
of the MS signal (ESM Fig. S1B). This generally limited the 
upper calibration range of our  MRM3 method to low (4 nM) 
or medium (368 nM) nM concentrations (corresponding to 
0.28–9.5 μg  mL−1 enzyme equivalent) (Table 2), compara-
ble to other proteomics applications of  MRM3 where linear-
ity was reported for concentrations up to 0.5–20 μg  mL−1 
[35, 36, 38]. Using MRM, however, robust quantification is 

possible over a concentration range of five orders of magni-
tude up to low μM concentrations (Table 1; ESM Table S7).

Summing the ten most abundant fragment ions from 
the  MS3 spectra as “MRM3” during data evaluation 
enhanced sensitivity (ESM Fig. S2). In  MRM3, the LODs 
of the COX and LOX peptides were in the low to medium 
pM range (equivalent to 11–209 pg enzyme on column) 
and the LLOQs ranged from 75 to 840 pM, correspond-
ing to 5–63 ng  mL−1 enzyme equivalent (Table 2; ESM 
Fig. S3). Other groups reported LLOQs in a similar range 
for  MRM3-based quantification on comparable instru-
ments; e.g., several proteins were quantified down to con-
centrations between 10 and 80 ng  mL−1 in human serum 
[35], the LLOQs of two inflammation markers were 7.8 
and 156 ng  mL−1 in plasma [38], and aquaprorin-2 water 
channel protein could be measured at levels down to 
0.5 ng  mL−1 in human urine (corresponding to 5 ng  mL−1 
in the measuring solution) [36]. Here, the LLOQs were 
two up to tenfold lower in comparison to MRM-based 
quantification in matrix [35, 36, 38].  MS3 leads to lower 
signal intensities than MRM due to inevitable losses dur-
ing each fragmentation step. Thus, the sensitivity gain of 
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Fig. 4  Investigation of ARA cascade modulation in human mac-
rophages using LC–MS/MS-based targeted A oxylipin metabolomics 
and B proteomics. Primary blood monocytic cells were differentiated 
to macrophages with 10  ng   mL−1 CSF-2 (M1-like cells) or CSF-1 
(M2-like cells) for 8 days and with 10 ng  mL−1 IFNγ (M1-like cells) 
or IL-4 (M2-like cells) for the final 48  h. The cells were incubated 
with the different drugs at the following concentrations for the final 

7 h during additional LPS stimulation (1 μg  mL−1) for the final 6 h, 
1  μM COX-1/2 inhibitor indomethacin, 100  nM dexamethasone, 
5 μM COX-2 inhibitor celecoxib, 5 μM 5-LOX inhibitor PF4191834, 
10 μM 15-LOX inhibitor ML351, or 0.1% DMSO as vehicle control. 
Relative product formation was calculated based on the mean of 2 
controls per donor. Shown are mean ± SEM, n = 3–5 donors
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 MRM3 strongly depends on the reduction of interfering 
signals in biological matrices — the increased selectiv-
ity compensates the signal intensity loss [39]. The MRM 
detection of standards was up to tenfold more sensitive 
compared to  MRM3 (Table 1, 2; ESM Fig. S3) and pro-
vided sufficient sensitivity and selectivity in cell matrix. 
However, the additional  MS3 filtering stage proved helpful 
to separate the COX-2 peptide FDPELLFNK from closely 
eluting background matrix in THP-1 cells (Fig. 2B (i), 
(ii)).

A relevant parameter for quantitative analysis is the 
number of data points per peak which is defined by the 
instrument cycle time. In order to enable  MRM3, the MS 
method was subdivided into ten time periods (Fig. 2A 
(i); Table 2) in order to keep these within an accepted 
range of 10–15 data points per peak (FWHM). Summing 
the excitation time (25 ms for each  MS3 fragmentation), 
FFT (250/100 and 25 ms), and individual scan times per 
peptide (scan ranges 450–700 Da), the cycle times per 
period in the  MRM3 method were all below 600 ms, thus, 
allowing the detection of acceptable 9–12 data points 
per peak (FWHM). The long cycle times of the LIT have 
already been addressed as drawback of  MRM3 methodol-
ogy drastically limiting the number of concurrently meas-
urable analytes [39, 40] and thus multiplexing capacities. 
This might be one of the reasons why  MRM3 has not (yet) 
been employed for the analysis of (highly) multiplexed 
methods, e.g., the targeted analysis of pathway proteomes.

In our view, due to these drawbacks, (i) limited linear 
range, (ii) higher LLOQs, and (iii) limited multiplexing 
capacities based on the long cycle times and the use of time 
periods, the  MRM3 method is not favored for routine analy-
sis of pathway proteomes such as the ARA cascade. How-
ever, it serves as complimentary method, in case of heavy 
matrix background interference disturbing MRM analysis.

Combining this targeted proteomics approach with our 
oxylipin metabolomics method, we comprehensively charac-
terized the ARA cascade in immune cells for the first time 
solely by LC–MS/MS in a single sample. This is especially 
advantageous for experiments with limited biological material 
such as primary human cells or tissue also known as single-
platform multi-omics [41]. Moreover, if applicable, further 
merging the sample preparation techniques of proteomics and 
metabolomics also reduces sample preparation time [42].

The analysis of monocytic THP-1 cells showed that dif-
ferentiation with  VD3 and TGFβ1 to macrophage-like cells 
led to the induction of ALOX5 gene expression together 
with a drastic increase in levels of oxylipins (Fig. 3A (i), 
(ii)).  VD3/TGFβ1-based differentiation and concomitant 
increase of ALOX5 gene activity have been described for 
several myeloid cell lines (HL-60, Mono Mac 6, THP-1) 
[43–46]. Concomitant upregulation of the FLAP protein or 
mRNA levels (Fig. 3A (ii)) were also reported during similar 

treatments in peripheral blood monocytic cells [47] or the 
monocytic cell line U937 [48].

The LPS treatment induced upregulation of COX-2 abun-
dance together with increased product formation (Fig. 3A 
(i)–(iii)). With the quantitative multi-omics approach, we 
could show a dose-dependent inhibition of LPS-induced 
 PGE2 formation and PTGS2 gene expression by dexa-
methasone for the first time. Both determined  IC50 were 
similar  (IC50 = 1.2 nM and 3.4 nM) (Fig. 3A (iv)). This is 
consistent with the described mechanism of dexamethasone 
i.a. preventing the PTGS2 gene expression by its mRNA 
destabilization [49] and concomitantly reducing  PGE2 
formation. The remarkable potencies of dexamethasone 
in THP-1 macrophages were well within the range deter-
mined for inhibited  PGE2 formation  (IC50 = 1.6 nM; 95% 
CI, 1.4–1.9 nM) in LPS-stimulated human monocytes [50]. 
No  IC50 values have been determined for the inhibition 
of the PTGS2 gene expression with the commonly used 
semi-quantitative western blot method (relevant inhibition 
detected at 3 nM to 1 μM) [50, 51]; thus, the novel tar-
geted proteomics method offers new opportunities for such 
detailed characterization. The competitive 5-LOX inhibitor 
PF4191834 strongly inhibited 5-LOX product formation in 
differentiated and LPS-treated THP-1 cells without affecting 
the 5-LOX abundance  (IC50 (5-HETE) = 26 nM) (Fig. 3A 
(v)) fivefold more potently than in human whole blood assay 
 (IC50  (LTB4) = 130 ± 10 nM) [52]. The commonly used 
iron–ligand inhibitor zileuton as well as the FLAP inhibitor 
MK886 had only low inhibitory potential in this cell model 
which might be caused by interferences induced by the  VD3/
TGFβ1 and/or LPS treatment.

The multi-omics approach allows to obtain true quantita-
tive information on the oxylipin concentrations and enzyme 
abundance levels with sensitive LC–MS/MS methods. For 
the first time, differently polarized primary human mac-
rophages were characterized with this unique approach 
and displayed distinct oxylipin and protein patterns for 
each type (Fig. 3B (i), (ii)). In the non-CSF-treated mac-
rophages (M0-like cells), only COX-1, 12-LOX, and its 
product 12-HETE were found. This pattern strongly resem-
bles that of platelets (ESM Table S11) [53] which often 
contaminate monocyte preparations [54]. The presence of 
other enzymes (5-LOX, FLAP, and 15-LOX-2) and oxylipins 
at very low abundances as previously reported in M0-like 
macrophages [24] could not be supported. 5-LOX and FLAP 
were detected in M1- (CSF-2 and IFNγ-treated) and M2-like 
(CSF-1 and IL-4 treated) macrophages together with the 
corresponding oxylipins formed via this pathway (Fig. 3B 
(i), (ii); ESM Table S12). Varying 5-LOX levels between 
M1- and M2-like macrophages have been described [24, 
55, 56] and thus might be donor-dependent. However, the 
relatively low 5-HETE concentrations in both macrophage 
types suggest only low 5-LOX activity and the detected 
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5-HETE levels could also result from autoxidation. Simi-
larly, the data from the multi-omics investigation showing 
low levels of 12- and 15-HETE in M1-like macrophages 
could not be associated to LOX enzyme activity, since 12- 
and 15-LOX as well as 15-LOX-2 were below the detection 
limits and thus might be also formed autoxidatively (Fig. 3B 
(i), (ii), ESM Table S12). The correlation between the ten-
fold increased 15-HETE concentration and LPS-stimulated 
COX-2 upregulation in our work is consistent with previous 
studies demonstrating that 15-HETE is a side product of 
COX(-2) [57, 58]. In the M2-like macrophages, the multi-
omics approach showed that high 15-HETE concentrations 
dominated their lipid mediator profile which coincided with 
the presence of 15-LOX and 15-LOX-2 in these cells. This 
is expected because IL-4 is used during differentiation to 
M2-like macrophages, causing a strong elevation of 15-LOX 
and 15-LOX-2 abundances [24, 59, 60]. The dual reaction 
specificity of 15-LOX [61, 62] giving rise to both 15-HETE 
as well as 12-HETE also explains the formation of the 
second most abundant oxylipin 12-HETE in M2-like mac-
rophages which was detected in parallel with the targeted 
oxylipin metabolomics method. Constitutive PTGS1 gene 
expression and LPS-induced PTGS2 expression were meas-
ured in both macrophage types. COX-2 abundances in both 
macrophage types were comparable, but LPS stimulation led 
to a more pronounced increase in product synthesis  (PGE2 
and 12-HHT) in M1- vs. M2-like macrophages (Fig. 3B (i), 
(ii); ESM Table S12). Higher  PGE2 formation in M1-like 
cells is also in line with previous reports [24, 55].

The dual targeted oxylipin metabolomics and proteomics 
approach also allows the detailed investigation of quantita-
tive changes induced by pharmaceuticals on both metabo-
lite and enzyme levels of the ARA cascade (Fig. 4; ESM 
Table S13).

The COX inhibitors hampered the synthesis of  PGE2 and 
12-HHT in M1- and M2-like macrophages. Indomethacin 
almost completely blocked product formation — inhibiting 
COX-1 and COX-2 [63] without affecting the enzyme abun-
dance. Dexamethasone and celecoxib showed less inhibitory 
effects on product formation due to their specificity to only 
target COX-2 by direct specific inhibition in case of celecoxib 
[63] or reduction of its expression by the glucocorticoid 
dexamethasone [49]. The effect of the latter is also reflected 
in the results of the targeted proteomics analysis: markedly 
decreased COX-2 protein levels in M1- and M2-like mac-
rophages (Fig. 4B). Interestingly, 15-HETE formation was 
reduced to a similar extent as the COX pathway products 
in indomethacin-like or dexamethasone-treated M1-like but 
not in the M2-like macrophages. This again demonstrated 
that 15-HETE must be predominately formed as COX prod-
uct in M1-like macrophages as byproduct to prostaglandin 
synthesis [57, 58], while 15-HETE is mainly produced in 
M2-like macrophages by 15-LOX and 15-LOX-2. The 

finding underlines that the complexity of the ARA cascade 
can only be addressed with the use of comprehensive meth-
ods such as our multi-omics approach. It also showed that 
the other prominent LOX pathway products were hardly 
affected by the COX inhibitors, and only celecoxib caused 
a notable shunt (increased formation) towards the formation 
of the hydroxy fatty acids (ESM Table S13). The 5-LOX 
inhibitor PF4191834 hardly inhibited the 5-HETE formation 
in M1-like macrophages without a substrate shunt towards 
the other enzymes (Fig. 4A; ESM Table S13) at a concentra-
tion 40-fold above the reported  IC50 in human whole blood 
[52]. These results from the multi-omics analysis thus indi-
cate that 5-LOX is hardly active in M1-like macrophages and 
that 5-HETE seems to be predominantly formed by autoxi-
dation. The determined oxylipin pattern in M2-like mac-
rophages again highlighted the dual reaction specificity of the 
15-LOX [61, 62] as its inhibitor ML351 reduced both 12- and 
15-HETE concentrations to the same extent. It showed only 
minimal inhibitory activity towards the other ARA cascade 
enzymes as described by [64] and rather promoted a substrate 
shunt towards the COX products. The parallel analysis of the 
cells with the targeted proteomics method supported that the 
inhibitor acted only on enzyme activity as the 15-LOX level 
remained unchanged (Fig. 4; ESM Table S13).

With our comprehensive multi-omics approach, we 
showed clear correlations between the product and 
enzyme patterns in different human immune cells. Quanti-
tative changes induced by different pharmaceuticals were 
assessed on both oxylipin and protein levels providing 
insights into their modes of action on the modulation of 
the ARA cascade.

Conclusion

The combination of the developed proteomics method with 
our targeted oxylipin metabolomics platform as multi-
omics approach allows the quantitative investigation of 
239 oxylipins and all COX (COX-1 and COX-2), relevant 
LOX pathway enzymes (5-, 12-, and 15-LOX, 15-LOX-2, 
and FLAP) from a single sample. MRM-based detection 
in proteomics is more favorable compared to  MRM3 for 
investigation of the ARA cascade in immune cells due 
to its higher sensitivity, greater linear range, and higher 
multiplexing capacities. However, in case of matrix inter-
ference,  MRM3 can be helpful. The application of the 
combined sensitive oxylipin metabolomics and proteom-
ics approach to different human immune cells proved its 
usefulness in the thorough characterization of the ARA 
cascade. Here, it allowed the examination of quantita-
tive changes induced by pharmaceuticals on oxylipin and 
enzyme abundance levels. Thus, this multi-omics strat-
egy is an indispensable tool to study molecular modes of 

930



Quantitative Proteomics and Metabolomics of the Arachidonic Acid Cascade

1 3

action involved in the modulation of the ARA cascade 
and can be used in the future for the investigation, e.g., of 
novel pharmaceuticals or phytochemicals.
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1 Oxylipin analysis 

Preparation of calibration series 

An oxylipin calibration series was prepared containing 54 analytes which was used in addition 

to the established calibration series (1). Here, we provide a detailed description of all steps.  

Before the preparation started, all reusable glass ware (e.g. volumetric flasks, volumetric 

pipettes, gastight syringes) was checked for residual interfering compounds by rinsing them 

with methanol and analyzing the rinsing solution with the targeted oxylipin metabolomics LC-

MS/MS method (1-3). Next, the retention times of the new analytes were determined using the 

established LC gradient. Their MS parameters were optimized using single stocks of 100 nM 

which were infused into the MS per flow injection mode without analytical column 

(0.3 mL min-1, 35/65% A/B). The Q1 m/z were determined in Q1 scans. The Q3 m/z for the 

MRM method were selected from the recorded fragment ion spectra with CE ramps over a 

range of 20 V, under consideration of sensitivity and selectivity. DP and CE were then 

optimized for the selected transitions. 

The single stocks of the internal standards were diluted to the anticipated working 

concentrations in the calibrators (20 nM, approx. equivalent to 20-times LLOQ) and analyzed 

with the MRM method. At this concentration 7(S),8(R),17(S)-TriHDHA-d5 (RvD1-d5) was 

contaminated with the unlabeled analyte at concentrations >LLOQ. Therefore, we reduced the 

concentration of this IS by four-fold in the IS master mix and thus, no interference was found 

at the final calibrator concentration (5 nM). 

Then, nine stock mixes (“master mixes”, ESM Table S1) were prepared avoiding direct light 

radiation. The analytes assigned to each of these either differed in retention time or m/z, 

enabling an interference-free measurement in single ion monitoring (SIM) mode for every 

analyte in each master mix according to Hartung et al. (4). In total, two internal standard master 
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mixes, seven analyte master mixes and at the same time, working solutions (3-5 µM) for each 

analyte (for later optimization, etc.), were prepared (ESM Table S1): 

1.1 Standard operating procedure for the preparation of master mixes 

 

Pre-arrangements  

 Get enough ice boxes/cold packs 

 Prepare cleaning solvents 

 Prepare working stocks 

o Add fresh MeOH to fresh vial (volume in ESM Table S1) 

 Get the needed volumetric flasks (VF) and gas tight syringes (e.g. from Hamilton) 

ready, after they were checked for residues 

 Put a bit of fresh MeOH in the clean VF 

 Pipette the masters on ice 

 Only take 5 single stock STD out of the -80°C freezer at once 

 

Master mix preparation  

 Work in groups of two, all main steps are done by partner A, unless stated otherwise 

 Warm the vial containing the single stock STD in the hand  

o Vortex 

o Draw the STD and set to correct volume with a gas tight syringe 

 Show partner B the set volume 

 Partner B checks it off the list or notes the actual volume 

 Wipe the syringe tip with lint-free wipe (moistened with MeOH) 

 Transfer volume to VF 

 Give partner B the single stock STD  

 Partner B: Prepare working stock 

o Add 1 µL of single stock STD with pipette to prepared vial with MeOH 

o Vortex 

o Store on ice 

o Close the single stock STD vial tightly 

 Take next original vial of single stock STD and restart procedure 

 Partner B: clean syringes with cleaning solvents 
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o 10 x ACN I 

o 10 x ACN II 

o 10 x MeOH I 

o 10 x MeOH II 

o Dry syringe (move piston up and down) 

o Change cleaning solvents after 5 STDs 

o Wipe the syringe tip with lint-free wipe (moistened with MeOH) 

 When all STDs are added to masters, warm VF with hand to RT 

o Fill to mark with MeOH 

o Mix master by turning flask upside down 

o Transfer to flasks with screwcaps 

o Store at -80°C
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ESM Table S1 Preparation of master mixes and working stocks from single stock standards. 

        

 Cayman 
Chemical 
item no. 

Pre-
cursor 

FA 

Q1 
m/z 

RT 
[min] 

single stock STD master mix 
working stock 

volumes (STD + MeOH) [µL] 
 conc 

[µM] 
vol 
[µL] 

conc 
[µM] 

total vol 
[mL]  

IS master I          

15(S)-HETE-d8 334720 ARA 327.2 19.88 304 32.9 5 

2 1 + 100 

20-HETE-d6 390030 ARA 325.2 17.97 306 32.7 5 

(±)9(10)-DiHOME-d4 10009993 LA 317.2 14.84 314 31.9 5 

Leukotriene B4-d4 320110 ARA 339.2 13.76 734 13.6 5 

5(S),6(R),15(S)-TriHETE-d5 (LxA4-d5) 10007737 ARA 356.3 10.09 280 35.8 5 

7(S),8(R),17(S)-TriHDHA-d5 (RvD1-d5) 11182 DHA 380.3 10.19 262 9.5 1.25 

7(S),16(R),17(S)-TriHDHA-d5 (RvD2-d5) 11184 DHA 380.2 9.40 262 38.2 5 
       

   
IS master II               

15-deoxy-Δ12,14-PGJ2-d4 318570 ARA 319.4 17.68 312 250 

5 10 

1 + 100 

PGE2-d4 314010 ARA 355.2 8.88 2805 50 1 + 600 

PGD2-d4 312010 ARA 355.2 9.29 281 250 1 + 100 

13,14-dihydro-15-keto-PGE2-d4 10010606 ARA 355.4 10.26 281 250 1 + 100 

TxB2-d4 319030 ARA 373.3 7.66 267 250 1 + 100 

          

Master I              

13,14-dihydro-15-keto-PGD2 MaxSpec 10007208 ARA 351.2 11.18 284 176 

10 5 

1 + 100 

11-dehydro-2,3-dinor-TxB2 19510 ARA 339.3 6.89 294 170 1 + 100 

2,3-dinor-TxB2 19050 ARA 341.2 5.68 292 171 1 + 100 

PGD3 12990 EPA 349.3 8.11 285 175 1 + 100 

13,14-dihydro-15-keto-tetranor-PGD2 13100 ARA 297.2 6.56 335 149 1 + 100 

15-keto-PGE1 13680 DGLA 351.3 9.96 500 100 1 + 100 

PGD1 12000 DGLA 353.2 9.36 500 100 1 + 100 

13,14-dihydro-15-keto-PGD1 10010425 DGLA 353.3 11.68 500 100 1 + 100 

11-dehydro-TxB2 19500 ARA 367 9.02 1357 37 1 + 300 

11-dehydro-TxB3 19995 EPA 365.3 7.73 273 183 1 + 100 

TxB3 19990 EPA 367.2 6.54 271 184 1 + 100 

TxB2 MaxSpec 10007237 ARA 369.2 7.68 270 185 1 + 100 

TxB1 10006610 DGLA 371.3 7.37 500 100 1 + 100 
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ESM Table S1 continued. 

 Cayman 
Chemical 
item no. 

Pre-
cursor 

FA 

Q1 
m/z 

RT 
[min] 

single stock STD master mix 
working stock 

volumes (STD + MeOH) [µL] 
 conc 

[µM] 
vol 
[µL] 

conc 
[µM] 

total vol 
[mL]  

Master II              

LTB5 21110 EPA 333.3 11.95 299 167 

10 5 1 + 100 

2,3-dinor-TxB1 10006330 DGLA 343 5.17 290 172 

5(S),12(R),18(R)-TriHEPE (RvE1) 10007848 EPA 349.3 6.25 143 351 

5(S),6(R),15(S)-TriHEPE (LxA5) 10011453 EPA 349.1 8.77 285 175 

15-keto-PGF2α MaxSpec 10007227 ARA 351.2 9.17 284 176 

5(S),6(S),15(S)-TriHETE (6(S)-LxA4) 10049 ARA 351.2 10.51 284 176 

7(R),14(S)-DiHDHA (Mar 1) 10878 DHA 359.1 13.60 277 180 

4(S),11(R),17(S)-TriHDHA (RvD3) 13834 DHA 375.3 9.18 266 188 
       

   
Master III              

13,14-dihydro-15-keto-tetranor-PGE2 13101 ARA 297 7.32 335 149 

10 5 

1 + 100 

15-keto-PGE2 MaxSpec 10007215 ARA 349.2 9.50 285 175 1 + 100 

PGD2 MaxSpec 10007202 ARA 351.2 9.37 284 176 1 + 100 

8-iso-PGE2 14350 ARA 351.4 8.69 1500 33 1 + 300 

5(S),14(R),15(S)-TriHEPE (LxB4) 90420 ARA 351.2 9.15 284 176 1 + 100 

8-iso-PGE1 13360 DGLA 353.4 8.84 1500 33 1 + 300 

13,14-dihydro-PGE1 13610 DGLA 355.4 9.81 500 100 1 + 100 

20-OH-PGE2 14950 ARA 367.2 3.74 1357 37 1 + 300 

7(S),16(R),17(S)-TriHDHA (RvD2) 10007279 DHA 375.3 9.45 266 188 1 + 100 

1a,1b-dihomo-PGE2 18665 ARA 379.4 11.40 1510 33 1 + 300 
       

   
Master IV              

15-deoxy-Δ12,14-PGJ2 MaxSpec 10007235 ARA 315.2 17.73 316 158 

10 5 

1 + 100 

20-HEPE 19322 EPA 317.2 16.76 314 159 1 + 100 

2,3-dinor-11β-PGF2α 16530 ARA 325.3 5.93 306 163 1 + 100 

Δ12-PGJ2 18550 ARA 333.3 11.89 2990 17 1 + 600 

22-HDHA 19321 DHA 343.2 19.15 290 172 1 + 100 

PGE3 14990 EPA 349.3 7.74 1427 35 1 + 300 

11β-PGF2α MaxSpec 10007224 ARA 353.3 7.82 282 177 1 + 100 

11β-13,14-dihydro-15-keto PGF2α 16540 ARA 353.4 9.83 1410 35 1 + 300 

13,14-dihydro-15-keto-PGF2α 10007226 ARA 353.3 10.28 282 177 1 + 100 

13,14-dihydro-PGF2a 16660 ARA 355.4 9.53 500 100 1 + 100 

          

          



8/39 

 

ESM Table S1 continued. 

 Cayman 
Chemical 
item no. 

Pre-
cursor 

FA 

Q1 
m/z 

RT 
[min] 

single stock STD master mix 
working stock 

volumes (STD + MeOH) [µL] 
 conc 

[µM] 
vol 
[µL] 

conc 
[µM] 

total vol 
[mL]  

Master V             

13,14-dihydro-15-keto-PGE2 MaxSpec 10007214 ARA 351.2 10.29 284 176 

10 5 

1 + 100 

2,3-dinor-6-keto-PGF1α 15120 DGLA 341.1 7.34 500 100 1 + 100 

20-OH PGF2α 16950 ARA 369.3 3.59 1350 37 1 + 300 

PGE1 13010 DGLA 353.3 9.20 1500 33 1 + 300 

13,14-dihydro-15-keto-PGE1 13650 DGLA 353.3 10.81 500 100 1 + 100 

9,10-DiH stearic acid 28612 OL 315.2 17.29 1504 33 1 + 300 

PGB1 11110 DGLA 335.4 12.27 1500 33 1 + 300 

7(S),14(S)-DiHDHA (7-epi-Mar1) 13161 DHA 359.1 13.06 277 180 1 + 100 

6,15-diketo-13,14-dihydro-PGF1α 15270 DGLA 369.3 7.72 2699 19 1 + 600 

PGE2 MaxSpec 10007211 ARA 351.2 8.91 284 176 1 + 100 
       

  
 

Master VI            

7(S),8(R),17(S)-tri-HDHA (RvD1) MaxSpec 25905 DHA 375.3 10.24 27 941 
10 2.5 1 + 100 

5(S),18(R)-DiHEPE (RvE2) 13827 EPA 333.2 11.27 299 84 
       

  
 

Master VII            

5(S),15(S)-DiHEPE (RvE4) 29590 EPA 333.2 11.85 299 84 10 2.5 1 + 100 

ARA: arachidonic acid (20:4 n6) 
DGLA: dihomo-gamma-linolenic acid (20:3 n6) 
DHA: docosahexaenoic acid (22:6 n3) 
EPA: eicosapentaenoic acid (20:5 n3) 
LA: linoleic acid (18:2 n6) 
OL: oleic acid (18:1 n9) 
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1.2 Verification of standard concentrations 

 

Only 12 analytes were available as STD with verified concentrations, i.e. MaxSpec standards 

(Cayman Chemical, Ann Arbor, MI, USA). In order to check the concentrations of the 

remaining analytes in regular quality, their SIM areas were compared to those of the MaxSpec 

STD, assuming comparable ionization efficiency for similar chemical structures as described 

(4). For this, the master mixes were separately diluted to 100 nM and measured as triplicates in 

SIM mode using their Q1 m/z (ESM Table S1). The mean SIM areas of structurally similar 

analytes were compared (under consideration of the actual volumes used for master preparation) 

and a correction factor was calculated if the difference between the analyte and the MaxSpec 

areas exceeded ± 30%. This was the case for 21 analytes. 
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1.3 Preparation of dilution series for calibration 

 

The calibration series was prepared by serial dilution as follows 

 Work in groups of two, all main steps are done by partner A, unless stated otherwise 

 Get enough ice boxes/cold packs 

 Get the needed volumetric flasks (VF) ready after they were checked for residues (see 

ESM Table S2) 

 Add small volume of fresh MeOH in the clean VF 

 Add analyte master mixes/higher or concentrated calibrator (ESM Table S2) 

o Warm the flasks containing the analyte master mixes/calibrator in the hand 

o Vortex 

o Draw the volume of the analyte master mixes/calibrator with a volumetric 

pipette  

o Wipe the tip with lint-free wipe (moistened with MeOH) 

o Transfer volume to VF which is stored on ice and gently shake 

o Put analyte master mixes/calibrator back on ice immediately 

 Partner B: Add IS 

o Warm the flasks containing the IS master mixes in the hand  

o Vortex 

o Draw volumes of IS masters with gastight syringes (ESM Table S2)  

o Wipe the tip with lint-free wipe (moistened with MeOH) 

o Transfer volume to VF which is stored on ice and gently shake 

 When all STDs are added to the VF, warm VF with hand to RT 

o Fill to mark with MeOH 

 CAVE: Calibrator 17: add exact volume of MeOH 

o Mix calibrator by turning flask upside down 

 Repeat procedure until 18 calibrators are prepared (ESM Table S2) 

 Transfer each calibrator from VF to multiple vials 

 Store at -80°C  
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ESM Table S2 Preparation of new calibration series using master mixes. 

calibrator 
no. 

Analyte 
conc [nM] 

final vol 
[mL] 

type of STD 
vol STD 

[mL] 

vol IS master [µL] 

vol MeOH 
[mL] 

IS 
conc 
[nM] 

IS 
Master I 

IS 
Master 

II 

18 1000 10 all masters 7 x 1 
each 

40 40 fill to mark 20 

17 750 6.667 calibrator 18 5 7 7 1.65 20 

16 500 25 all masters 7 x 1.25 100 100 

fill to mark 

20 

15 250 20 calibrator 16 10 40 40 20 

14 100 25 calibrator 16 5 80 80 20 

13 50 25 calibrator 16 2.5 90 90 20 

12 25 25 calibrator 15 2.5 90 90 20 

11 10 25 calibrator 14 2.5 90 90 20 

10 5 25 calibrator 13 2.5 90 90 20 

9 2.5 25 calibrator 12 2.5 90 90 20 

8 1 25 calibrator 11 2.5 90 90 20 

7 0.75 20 calibrator 11 1.5 74 74 20 

6 0.5 25 calibrator 10 2.5 90 90 20 

5 0.25 25 calibrator 9 2.5 90 90 20 

4 0.1 25 calibrator 8 2.5 90 90 20 

3 0.05 20 calibrator 6 2 72 72 20 

2 0.025 20 calibrator 5 2 72 72 20 

1 0.01 20 calibrator 4 2 72 72 20 
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1.4 Preparation of RT mixture 

 

Few analytes with interfering MS transitions could not be fully chromatographically separated 

and were therefore not added to the master mixes. However, their transitions were added to the 

targeted oxylipin metabolomics method and a mixture of these analytes was prepared (50 nM, 

ESM Table S3) in order to be able to monitor them in samples. This retention time mixture is 

regularly measured together with the calibration series. 

 

ESM Table S3 Analytes in the retention time mix for identification.  
 

Analyte 
Cayman 
Item No. 

precursor 
FA 

Q1  
m/z 

RT 
[min] 

interfering oxylipin (RT [min]) 

11β-PGE2 14510 ARA 351.2 9.11 LxB4 (9.15) 

15-keto-PGF1α MaxSpec 25902 DGLA 353.2 9.46 PGD1 (9.36) 

8-iso-15-keto-PGE2 14390 ARA 349.2 9.47 15-keto-PGE2 (9.50) 

Δ12-PGD2 12650 ARA 351.2 8.67 8-iso-PGE2 (8.69) + PGE2 (8.91) 

5(S),6(R),15(R)-
TriHETE (15(R)-LxA4) 

90415 ARA 351.2 
10.22 LxA4 (10.23) 

15(R)-PGD2 10118 ARA 351.2 9.45 PGD2 (9.37) 

15(R)-PGE2 14710 ARA 351.2 8.67 PGE2 (9.01) 

15(R)-PGF2α 16740 ARA 353.2 8.48 PGF2α (8.65) 

7(S),8(R),17(R)-
TriHDHA (17(R)-RvD1) 

13060 DHA 375.3 
10.35 7(S),8(R),17(S)-TriHDHA (RvD1; 10.24) 

4(S),11(R),17(R)-
TriHDHA (17(R)-RvD3) 

9002880 DHA 375.3 
9.12 4(S),11(R),17(S)-TriHDHA (RvD3; 9.18) 

8-iso-15(R)-PGF2α 16395 ARA 353.2 8.48 PGF2α (8.65) 

ARA: arachidonic acid (20:4 n6) 
DGLA: dihomo-gamma-linolenic acid (20:3 n6) 
DHA: docosahexaenoic acid (22:6 n3) 

 

The final targeted LC-MS/MS based oxylipin metabolomics method thus allows to 

quantitatively measure 239 oxylipins (using 29 IS) derived from twelve different 

polyunsaturated fatty acid precursors formed via the three enzymatic branches of the ARA 

cascade as well as autoxidation: 
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ESM Table S4 Oxylipins covered by the targeted oxylipin metabolomics method. 

precursor PUFA PUFA class oxylipin 
sensitivity 

LLOQ 
[nM]1) 

Oleic acid (18:1 n-9) epoxy-PUFA 9(10)-Ep-stearic acid 0.5 

trans-9(10)-Ep-stearic 
acid 

0.5 

  
  

vic dihydroxy-PUFA 

erythro-9,10-DiH-stearic 
acid 

0.50 

threo-9,10-DiH-stearic 
acid 

0.50 

      
 

Linoleic Acid (LA; 18:2 n-6) hydroxy-PUFA 9-HODE 0.35 

10-HODE 0.076 

12-HODE 0.05 

13-HODE 0.25 

15-HODE 0.18 

  
  

oxo-PUFA 9-oxo-ODE 0.5 

13-oxo-ODE 0.5 

  
  

epoxy-PUFA 9(10)-EpOME 0.2 

trans-9(10)-EpOME 0.2 

12(13)-EpOME 0.037 

trans-12(13)-EpOME 0.037 

  
  

vic dihydroxy-PUFA 9,10-DiHOME 0.01 

12,13-DiHOME 0.029 

  
  

misc 9,10,11-TriHOME 0.1 

9,10,13-TriHOME 0.1 

9,12,13-TriHOME 0.05 

EKODE 2) 

      
 

alpha-Linolenic Acid (ALA; 
18:3 n-3) 

hydroxy-PUFA 9-HOTrE 0.25 

13-HOTrE 0.5 

  
  

oxo-PUFA 9-oxo-OTrE 0.25 

13-oxo-OTrE 0.1 

  
  

epoxy-PUFA 9(10)-EpODE 0.116 

12(13)-EpODE 0.33 

15(16)-EpODE 0.185 

trans-9(10)-EpODE 0.116 

trans-12(13)-EpODE 0.33 

trans-15(16)-EpODE 0.185 

  
  

vic dihydroxy-PUFA 9,10-DiHODE 0.025 

12,13-DiHODE 0.25 

15,16-DiHODE 0.45 

  
  

misc  9,10,11-TriHODE 0.05 

9,10,13-TriHODE 1 

9,12,13-TriHODE 0.1 

      
 

gamma-Linolenic Acid 
(GLA; 18:3 n-6) 

hydroxy-PUFA 13-γ-HOTrE 2.5 

      
 

dihomo-gamma-Linolenic 
Acid (DGLA; 20:3 n-6) 

hydroxy-PUFA 8-HETrE 0.5 

12-HETrE 0.25 

15-HETrE 0.1 
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multihydroxy-PUFA LTB3 0.25 

  
  

epoxy-PUFA 14(15)-EpEDE 0.05 

  
  

prostanoids PGB1 0.10 

PGD1 0.10 

13,14-dihydro-15-keto-
PGD1 

0.50 

PGE1 0.10 

13,14-dihydro PGE1 0.35 

13,14-dihydro-15-keto-
PGE1 

0.50 

15-keto PGE1 5.00 

PGF1α 0.05 

15-keto-PGF1α 
 

TxB1 0.80 

  
  

isoprostanes 8-iso-PGE1 0.50 

15-F1t-IsoP (8-iso-
PGF1α) 

1 

      
 

Mead acid (20:3 n-9) hydroxy-PUFA 5-HETrE 0.025 

      
 

Arachidonic Acid (ARA; 
20:4 n-6) 

hydroperoxy-PUFA 5-HpETE 2) 

12-HpETE 2) 

15-HpETE 2) 

  
  

hydroxy-PUFA 5-HETE 0.035 

8-HETE 0.23 

9-HETE 0.4 

11-HETE 0.044 

12-HETE 0.25 

15-HETE 0.22 

16-HETE 0.25 

17-HETE 0.25 

18-HETE 0.25 

19-HETE 2.5 

20-HETE 0.5 

tetranor-12-HETE 0.05 

12-HHTrE 0.5 

  
  

multihydroxy-PUFA 5(S),12(S)-DiHETE 0.05 

5(S),15(S)-DiHETE 0.1 

8(S),15(S)-DiHETE 1.26 

LTB4 0.1 

6-trans-LTB4 0.25 

6-trans-12-epi-LTB4 0.25 

5(S),6(R)-DiHETE (ARA) 0.039 

5(S),6(S)-DiHETE (ARA) 0.045 

20-OH-LTB4 0.05 

20-COOH-LTB4 0.17 

18-COOH-dinor-LTB4 1.0 

12-oxo-LTB4 0.25 

5(S),6(R),15(S)-TriHETE 
(LxA4) 

0.25 

5(S),6(S),15(S)-TriHETE 
(6(S)-LxA4) 

1.00 

5(S),6(R),15(R)-TriHETE 
(15(R)-LxA4) 

2) 

5(S),14(R),15(S)-
TriHEPE (LxB4) 

0.75 

  
  

oxo-PUFA 5-oxo-ETE 0.75 

12-oxo-ETE 1.0 
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15-oxo-ETE 0.1 

  
  

epoxy-PUFA 5(6)-EpETrE 2) 

8(9)-EpETrE 0.5 

11(12)-EpETrE 0.1 

14(15)-EpETrE 0.25 

trans-5(6)-EpETrE 0.5 

trans-8(9)-EpETrE 0.5 

trans-11(12)-EpETrE 0.1 

trans-14(15)-EpETrE 0.25 

  
  

vic hydroxy-PUFA 5,6-DiHETrE 0.1 

8,9-DiHETrE 0.068 

11,12-DiHETrE 0.064 

14,15-DiHETrE 0.025 

  
  

prostanoids PGB2 0.05 

PGD2 1.00 

15(R)-PGD2 2) 

Δ12-PGD2 2) 

13,14-dihydro-15-keto 
PGD2 

0.50 

13,14-dihydro-15-keto-
tetranor-PGD2 

1.55 

PGE2 0.50 

15(R)-PGE2 2) 

11β-PGE2 2) 

20-OH-PGE2 1.14 

15-keto PGE2 0.50 

13,14-dihydro-15-keto-
PGE2 

25.00 

13,14-dihydro-15-keto-
tetranor-PGE2 

0.79 

1a,1b-dihomo PGE2 0.06 

PGF2α 0.5 

15(R)-PGF2α 2) 

11β-PGF2α 0.75 

20-OH PGF2α 1.59 

13,14-dihydro-PGF2α 10.00 

15-keto PGF2α 0.75 

13,14-dihydro-15-keto-
PGF2α 

1.00 

11β-13,14-dihydro-15-
keto PGF2α 

45.62 

2,3-dinor-11β-PGF2α 1.31 

6-keto-PGF1α 0.96 

2,3-dinor-6-keto PGF1α  0.25 

6,15-diketo-13,14-
dihydro PGF1α 

75.82 

PGJ2 0.027 

Δ12-PGJ2 1.28 

15-deoxy-Δ12,14-PGJ2 1.00 

TxB2 0.50 

2,3-dinor-TxB2 2.50 

2,3-dinor-TxB1 2.50 

11-dehydro-2,3-dinor-
TxB2 

0.76 

11-dehydro-TxB2 0.31 

  
  

isoprostanes 8-iso-PGE2 0.25 

8-iso-15-keto PGE2 2) 

15-F2t-IsoP (8-iso-
PGF2α) 

0.25 

8-iso-15(R)-PGF2α 2) 
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5(R,S)-5-F2c-IsoP (8,12-
iso-iPF2α-VI) 

0.5 

13,14-dihydro-15-oxo-
15-F2t-IsoP 

0.50 

15-oxo-15-F2t-IsoP 0.5 

2,3-dinor-15-(R,S)-15-
F2t-IsoP 

0.25 

5(R,S)-5-F2t-IsoP (5-
iPF2α-VI) 

0.25 

  
  

misc 20-COOH-ARA 0.25 

11,12,15-TriHETrE 0.25 

      
 

Eicosapentaenoic Acid 
(EPA; 20:5 n-3) 

hydroxy-PUFA 5-HEPE 0.06 

8-HEPE 0.06 

9-HEPE 0.25 

11-HEPE 0.062 

12-HEPE 0.1 

15-HEPE 0.1 

18-HEPE 0.1 

19-HEPE 0.1 

20-HEPE 0.50 

  
  

multihydroxy-PUFA 5(S),12(R),18(R)-
TriHEPE (RvE1) 

0.50 

5,12,12-TriHEPE (trans-
RvE1) 

2) 

5(S),18(R)-DiHEPE 
(RvE2) 

2) 

17(R),18(R)-DiHEPE 
(RvE3) 

2) 

17(R),18(S)-DiHEPE 
(18(S)-RvE3) 

1.26 

5(S),15(S)-DiHEPE 
(RvE4) 

0.50 

5(S),6(R),15(S)-TriHEPE 
(LxA5) 

2.50 

LTB5 0.50 

5,12-diHEPE 2) 

12,18-diHEPE 2) 

5,x,18-triHEPE 1 2) 

5,x,18-triHEPE 2 2) 

  
  

epoxy-PUFA 5(6)-EpETE 2) 

8(9)-EpETE 0.75 

11(12)-EpETE 0.25 

14(15)-EpETE 0.25 

17(18)-EpETE 0.75 

trans-5(6)-EpETE 0.75 

trans-8(9)-EpETE 0.75 

trans-11(12)-EpETE 0.25 

trans-14(15)-EpETE 0.25 

trans-17(18)-EpETE 0.75 

  
  

vic hydroxy-PUFA 5,6-DiHETE 0.3 

8,9-DiHETE 0.100 

11,12-DiHETE 0.05 

14,15-DiHETE 0.05 

17,18-DiHETE 0.11 

  
  

prostanoids PGB3 0.75 

PGD3 0.75 

PGE3 0.73 

PGF3α 1 

Δ17-6-keto-PGF1α 0.50 
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TxB3 4.30 

11-dehydro-TxB3 1.84 

  
  

isoprostanes  15-F3t-IsoP (8-iso-
PGF3α)  

2.5 

  
  

misc 12-OH-17(18)-EpETE 1.26 

      
 

Docosapentaenoic Acid 
(DPA; 22:5 n-3) 

multihydroxy-PUFA 7(S),17(S)-DiH-n3DPA 0.75 

  
  

oxo-PUFA 17-oxo-n3DPA 5 

      
 

Docosahexaenoic Acid 
(DHA; 22:6 n-3) 

hydroxy-PUFA 4-HDHA 0.1 

7-HDHA 0.1 

8-HDHA 0.1 

10-HDHA 0.05 

11-HDHA 0.25 

13-HDHA 0.1 

14-HDHA 0.14 

16-HDHA 0.25 

17-HDHA 0.9 

20-HDHA 0.25 

21-HDHA 0.25 

22-HDHA 1.00 

  
  

multihydroxy-PUFA 7(R),14(S)-DiHDHA 
(MaR1) 

1.00 

7(S),14(S)-DiHDHA (7-
epi-MaR1) 

0.75 

13(R),14(S)-diHDHA 
(MaR2) 

0.25 

7(S),8(R),17(S)-TriHDHA 
(RvD1) 

0.10 

7(S),8(R),17(R)-
TriHDHA (17(R)-RvD1) 

2) 

7(S),16(R),17(S)-
TriHDHA (RvD2) 

1.00 

4(S),11(R),17(R)-
TriHDHA (17(R)-RvD3) 

2) 

4(S),11(R),17(S)-
TriHDHA (RvD3) 

0.50 

4(S),5(R),17(R,S)-RvD4 0.25 

7(S),17(S)-DiHDHA 
(RvD5) 

0.25 

10(S),17(S)-DiHDHA 
(PDx) 

0.39 

  
  

oxo-PUFA 4-oxo-DHA 0.25 

17-oxo-DHA 10 

  
  

epoxy-PUFA 4(5)-EpDPE 2) 

7(8)-EpDPE 0.65 

10(11)-EpDPE 0.025 

13(14)-EpDPE 0.1 

16(17)-EpDPE 0.25 

19(20)-EpDPE 0.5 

trans-4(5)-EpDPE 0.65 

trans-7(8)-EpDPE 0.65 

trans-10(11)-EpDPE 0.025 

trans-13(14)-EpDPE 0.1 

trans-16(17)-EpDPE 0.25 

trans-19(20)-EpDPE 0.5 

  
  

vic dihydroxy-PUFA 4,5-DiHDPE 0.65 

7,8-DiHDPE 0.5 



18/39 

 

10,11-DiHDPE 0.1 

13,14-DiHDPE 0.1 

16,17-DiHDPE 0.1 

19,20-DiHDPE 0.5 

      
 

Adrenic acid (AdA; 22:4 n-6) prostanoids 1a,1b-dihomo-PGF2α 0.75 
 

1) lower limit of quantification (LLOQ) set to lowest calibration standards with a signal to noise ratio ≥5 and accuracy 
±20% 
2) relative quantification, see ESM Table S14 as separate file 
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  Abbreviations: 
 

AdA adrenic acid 

ALA alpha-linolenic acid 

ARA arachidonic acid 

DGLA dihomo-gamma linolenic acid  

DHA docosahexaenoic acid 

DiH dihydroxy 

DiHDHA dihydroxydocosahexaenoic acid 

DiHDPE dihydroxydocosapentaenoic acid 

DiHEPE dihydroxyeicosapentaenoic acid 

DiHETE dihydroxyeicosatetraenoic acid 

DiHETrE dihydroxyeicosatrienoic acid 

DiHODE dihydroxyoctadecadienoic acid 

DiHOME dihydroxyoctadecamonoenoic acid/ dihydroxyoctadecenoic acid 

DPA docosapentaenoic acid 

EKODE epoxy-keto-octadecadienoic acid 

Ep epoxy 

EPA eicosapentaenoic acid 

EpDoTrE epoxydocosatrienoic acid 

EpDPE epoxydocosapentaenoic acid 

EpEDE epoxyeicosadienoic acid 

EpETE epoxyeicosatetraenoic acid 

EpETrE epoxyeicosatrienoic acid 

EpETrE epoxyeicosatrienoic acid 

EpODE epoxyoctadecadienoic acid 

EpOME epoxyoctadecamonoenoic acid/ epoxyoctadecenoic acid 

ETE eicosatetraenoic acid 

FA fatty acid 

GLA gamma-linolenic acid 

HDHA hydroxydocosahexaenoic acid 

HEPE hydroxyeicosapentaenoic acid 

HETE hydroxyeicosatetraenoic acid 

HETrE hydroxyeicosatrienoic acid 

HHTrE hydroxyheptatrienoic acid 

HOTrE hydroxyoctadecatrienoic acid 

HpETE hydroperoxyeicosatetraenoic acid 

IsoP/ iP isoprostane 

LA linoleic acid 

LT leukotriene 

Lx lipoxin 

MaR maresin 

ODE octadecadienoic acid 

Oleic oleic acid 

OTrE octadecatrienoic acid 

P protectin 

PG prostaglandin 

Rv resolvin 

TriHDHA trihydroxydocosahexaenoic acid 

TriHEPE trihydroxyeicosapentaenoic acid 

TriHETE trihydroxyeicosatetraenoic acid 

TriHETrE trihydroxyeicosatrienoic acid 

TriHODE trihydroxyoctadecadienoic acid 

TriHOME trihydroxyoctadecamonoenoic acid/ trihydroxyoctadecenoic acid 

Tx thromboxane 
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2 Proteomics analysis 

2.1 Preparation of the proteomics calibration series 

 

For the quantification of protein abundance levels, two calibration series were prepared: for all 

COX/LOX peptides and for the peptides of the housekeeping proteins (Table 1, Table 2, 

ESM Table S7). The calibrations were prepared using unlabeled and heavy labeled (lys: 

uniformly labeled (U)-13C6; U-15N2; arg: U-13C6; U-15N4) peptide standards as internal standards 

from JPT Peptides (Berlin, Germany). The absolute concentration of selected COX/LOX 

peptides (DCPTPMGTK, FDPELLFNK, LILIGETIK, DDGLLVWEIAR, TGTLAFER, 

LWEIIAR, EITEIGLQGAQDR, ELLIVPGQVVDR, VSTGEAFGAGTWDK) in the 

calibration solution was validated with unlabeled AQUA peptide standards (> 97% purity, 25-

30% concentration precision, Thermo Life Technologies GmbH, Darmstadt, Germany). The 

concentration was corrected in case of deviations > 10% between both standards (ESM Table 

S5). 

 

 ESM Table S5 Correction factors for peptides. The correction factors were calculated 

between the peptide standards from JPT Peptides and Thermo Life Technologies GmbH (AQUA 

peptide standards).  
 

 Peptide correction factor  

 LILIGETIK 0.53  

 FDPELLFNK 0.84  

 DCPTPMGTK 0.31  

 DDGLLVWEAIR 0.49  

 TGTLAFER 1.47  

 LWEIIAR -  

 EITEIGLQGAQDR 1.13  

 VSTGEAFGAGTWDK -  

 ELLIVPGQVVDR 0.88  

 - : no correction factor needed  
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ESM Table S6 Proteotypic peptides for targeted proteomics method. The proteotypic peptides (PTPs) were selected from an in silico tryptic digest of 5-LOX, 

FLAP, 12-LOX, 15-LOX, 15-LOX-2 and CYC1. The peptides were selected based on peptide length (7-22 aa), uniqueness, cleavage probability calculated with 

peptide cutter (≥ 90%) or cleavage prediction with decision trees (CP-DT; ≥ 70%), occurrence of single nucleotide polymorphisms (SNPs), variation in splice variants 

or posttranslational modifications (PTMs), as well as unfavored amino acids (C, M, N, Q, W; max. 2) and predicted retention time (RT; 3 – 30 min). 

Peptides Position [M+H]+ 
Length 

[aa] 

Unique-

nessa) 

C-terminal 

cleavage 

probabilityb)  

[%] 

Overall 

cleavage 

probabilityc) 

[%] 

SNPsd)  Variation in splice variantse) PTMsf) 
Unfavored 

aa 

Pred. RT  

[min]g) 

5-Lipoxygenase (5-LOX, P09917, gene: ALOX5) 

DDGLLVWEAIR 473-483 1286.7 11 unique 100% 98% - differs in isoform delta-10-13 - 1 × W 23.50 

NLEAIVSVIAER 641-652 1313.7 12 unique 100% 97% - missing in isoform delta-10-13 & missing in alpha-10 - 1 × N 20.40 

                  

5-Lipoxygenase-activating protein (FLAP, P20292, gene: ALOX5AP) 

TGTLAFER 45-52 894.0 8 unique 94% 98% - - - - 10.80 

YFVGYLGER 97-105 1103.2 9 unique 100% 97% - - - - 15.50 

                        

12-Lipoxygenase (12-LOX, P18054, gene: ALOX12)  

LWEIIAR 467-473 900.1 7 unique 100% 97% - - - 1 × W 16.70 

AVLNQFR 622-628 847.0 7 unique 100% 90% - - - 1 × N; 1 × Q 10.40 

                       

15-Lipoxygenase (15-LOX, P16050, gene: ALOX15) 

EITEIGLQGAQDR 501-513 1429.7 13 unique 100% 97% - - - 2 × Q 12.80 

GFPVSLQAR 514-522 974.5 9 unique 100% 96% - - - 1 × Q 12.00 

                        

15-Lipoxygenase-2 (15-LOX-2, O15296, gene: ALOX 15B) 

VSTGEAFGAGTWDK 7-21 1425.5 14 unique 90% 94% - - - 1 × W 13.40 

ELLIVPGQVVDR 418-429 1337.6 12 unique 100% 95% - missing in isoform O15296-2 (15-LOX2sv-b) and 

O15296-4 (15-LOX2sv-a) 
- 1 × Q 17.40 

                        

Cytochrome C1 (CYC1, P08574, gene: CYC1) 

HLVGVCYTEDEAK* 134-146 1520.7 13 unique 82% 92% - - - 1 × C 8.70 

DVCTFLR* 269-275 910.4 7 unique 100% 99% - - - 1 × C 13.00 

a)from BLAST (5) and NeXtprot (6); b)calculated from peptide cutter (7); c)calculated from CP-DT (8); d)SNPs from Uniprot (9); e)splice variants from Uniprot (9); f)PTMs from Uniprot (9) and Phosphosite Plus (10); g)predicted RT from SSRCalc 

(11) 

-: not reported; *: carbamidomethylated cys 



22/39 

 

ESM Table S7 Parameters for analysis of housekeeper peptides via LC-MS/MS. (A) Unlabeled and (B) heavy labeled (lys: U-13C6; U-15N2; arg: U-13C6; U-
15N4) peptide data for housekeeper peptides GAPDH, PPIB, β-/γ-actin, CYC1, updated from Hartung et al. (12). For each peptide, different CAD fragment ions 

used for qualification and quantification (top) with their Q1 and Q3 m/z are shown with retention time (RT, mean ± SD, n =12), relative ratios to quantifier transition 

as well as collision energies (CE). For unlabeled peptides (A) linear calibration range is shown for quantifier transitions, as well as the transitions of the 

corresponding heavy labeled peptides used as internal standards (IS) for the quantification, limits of detection (LOD) and lower limits of quantification (LLOQ). 

Accuracy of calibrators was within a range of ± 20%. The spiking levels of the heavy labeled peptides (concentrations in vial) are in shown (B).  

(A)          
 

Gene / Protein 
(UniProtKB No.)  

Peptide Transitions 
Q1  
m/z 

Q3  
m/z 

RT [min] 
Rel. Ratio to 

quantifier [%] 
CE  
(V) 

IS 
Transitions 

Calibration 
Range [µM] 

 

ACTB & ACTG1 / β-Actin 
& γ-Actin  
(P60709 / P63261) 
  
  
  

VAPEEHPVLLTEAPLNPK M3+ → y5
+ 652.0 568.4        45         

  M3+ → y16
++ 652.0 892.5 15.7 ± 0.04 86 38 M3+ → y6

+ 0.01 - 10  

  M3+ → y8
+ 652.0 869.5       45 42         

DLYANTVLSGGTTMYPGIADR M3+ → y6
+ 739.0 628.3        47         

  M3+ → y7
+ 739.0 791.4 20.66 ± 0.01 64 40 M3+ → y6

+ 0.01 - 10  

  M3+ → y8
+ 739.0 922.5       31 38         

PPIB / Peptidyl-prolyl 
cis-trans isomerase B 
 (PPIB; P23284) 
  
  

IGDEDVGR M2+ → y7
+ 430.7 747.3        26         

  M2+ → y6
+ 430.7 690.3 5.99 ± 0.01 27 26 M2+ → y7

+ 0.01 - 10  

  M2+ → y5
+ 430.7 575.3       19 31         

VLEGMEVVR M2+ → y7
+ 516.3 819.4        33         

  M2+ → y6
+ 516.3 690.4 13.69 ± 0.02 41 36 M2+ → y7

+ 0.01 - 7.5  

    M2+ → y8
+ 516.3 932.5       12 36         

GAPDH / 
Glyceraldehyde-3-
phosphate 
dehydrogenase  
(GAPDH; P04406) 
  

VPTANVSVVDLTCR M3+ → y5
+ 510.9 664.3        31         

  M3+ → y3
+ 510.9 436.2 15.75 ± 0.02 48 29 M3+ → y5

+ 0.01 - 10  

  M3+ → y4
+ 510.9 549.3       50 37         

GALQNIIPASTGAAK M2+ → y8
+ 706.4 702.4        43         

  M2+ → y9
+ 706.4 815.5 15.10 ± 0.03 38 46 M2+ → y9

+ 0.01 - 10  

    M2+ → y11
+ 706.4 1042.6       19 43         

CYC1 / Cytochrome c1  
(CYC1; P08574) 
  
  
  
  

HLVGVCYTEDEAK M3+ → y6
+ 507.6 692.3        22         

  M3+ → y7
+ 507.6 855.4 10.42 ± 0.07 82 16 M3+ → y6

+ 0.01 - 10  

  M3+ → b6
+ 507.6 666.3       58 20         

DVCTFLR M2+ → y5
+ 455.7 696.4        20         

  M2+ → y5
++ 455.7 348.7 14.86 ± 0.03 45 18 M2+ → y5

+ 0.01 - 10  

  M2+ → y4
+ 455.7 536.3       40 22         
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(B)            
 

Gene / Protein 
(UniProtKB No.)  

Peptide Transitions 
Q1 
m/z 

Q3 
m/z 

RT [min] 
Rel. Ratio to 

quantifier [%] 
CE 
(V) 

Spiking level 
in vial [nM] 

   
 

ACTB & ACTG1 / 
 β-Actin & γ-Actin  
(P60709 / P63261) 
  
  
  

VAPEEHPVLLTEAPLNPK M3+ → y6
+ 654.7 647.4        30   

  M3+ → y7
+ 654.7 776.4 15.7 ± 0.04 98 30 100  

  M3+ → y2
+ 654.7 252.2       81 45   

DLYANTVLSGGTTMYPGIADR M3+ → y6
+ 742.4 638.3        30   

  M3+ → y7
+ 742.4 801.4 20.66 ± 0.01 50 28 100  

  M3+ → y8
+ 742.4 932.5       20 28   

PPIB / Peptidyl-prolyl 
cis-trans isomerase B 
 (PPIB; P23284) 
  
  
  

IGDEDVGR M2+ → y7
+ 435.7 757.3        21   

  M2+ → y6
+ 435.7 700.3 5.99 ± 0.01 31 21 50  

  M2+ → y5
+ 435.7 585.3       17 26   

VLEGMEVVR M2+ → y7
+ 521.3 829.4        23   

  M2+ → y6
+ 521.3 700.4 13.69 ± 0.02 40 26 50  

  M2+ → y8
+ 521.3 942.5       13 26   

GAPDH / 
Glyceraldehyde-3-
phosphate 
dehydrogenase  
(GAPDH; P04406) 
  
  

VPTANVSVVDLTCR M3+ → y5
+ 514.3 674.3        21   

  M2+ → y5
+ 770.9 674.3 15.75 ± 0.02 5 40 50  

  M3+ → y3
+ 514.3 446.2       46 19   

GALQNIIPASTGAAK M2+ → y9
+ 710.4 823.5        31   

  M2+ → y11
+ 710.4 1050.6 15.10 ± 0.03 40 33 50  

  M2+ → y10
+ 710.4 936.6       22 33   

CYC1 / Cytochrome c1  
(CYC1; P08574) 
  
  
  
  

HLVGVCYTEDEAK M3+ → y6
+ 510.2 700.3        22   

  M3+ → y7
+ 510.2 863.4 10.42 ± 0.07 80 16 50  

  M3+ → b6
+ 510.2 666.3       61 20   

DVCTFLR M2+ → y5
+ 460.7 706.4        20   

  M2+ → y5
++ 460.7 353.7 14.86 ± 0.03 40 18 50  

  M2+ → y4
+ 460.7 546.3       36 22   
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ESM Table S8 Identification of peptides. Area ratios between quantifier and qualifier transitions in (A) unlabeled 

and (B) heavy labeled peptide standards (n =12 – 23) and samples (n = 12 – 29; human macrophages derived from 

primary blood monocytic cells). Shown are mean ± SD in % of quantifier transition. All data was obtained by LC-

MS/MS based targeted proteomics. 
 
  (A) Unabeled peptides  (B) Heavy labeled peptides 

   Standards Samples   Standards Samples 

    Transitions Mean SD Mean SD   Transitions Mean SD Mean SD 

COX-1 DCPTPMGTK M2+ → y7
+ 100   100     M2+ → y7

+ 100   100   

    M2+ → b2
+ 59 4 57 6   M2+ → b2

+ 59 1 58 4 

    M2+ → y5
+ 43 3 42 5   M2+ → y7

++ 17 0.4 17 1 

  AEHPTWGDEQLFQTTR M3+ → y5
+ 100   100     M3+ → y5

+ 100   100   

    M3+ → y4
+ 57 7 59 6   M3+ → y4

+ 53 1 55 1 

    M3+ → y6
+ 55 5 58 9   M3+ → y6

+ 50 2 50 2 

COX-2 FDPELLFNK M2+ → y7
++ 100   100     M2+ → y7

++ 100   100   

    M2+ → y7
+ 36 2 34 1   M2+ → y7

+ 34 0.4 33 1 

    M2+ → b2
+ 25 2 22 4   M2+ → y4

+ 6 0.1 6 0 

  NAIMSYVLTSR M2+ → y8
+ 100   100     M2+ → y8

+ 100   100   

    M2+ → b3
+ 92 23 82 7   M2+ → b3

+ 92 3 84 7 

    M2+ → y9
+ 43 6 38 6   M2+ → y7

+ 70 2 69 6 

COX-1/2 LILIGETIK M2+ → y7
+ 100   100     M2+ → y7

+ 100   100   

    M2+ → b2
+ 62 4 61 5   M2+ → y6

+ 23 2 23 1 

    M2+ → y5
+ 30 2 47 22   M2+ → y8

+ 4 0.1 5 0.3 

5-LOX DDGLLVWEAIR M2+ → y6
+ 100   100     M2+ → y6

+ 100   100   

    M2+ → y7
+ 81 5 84 8   M2+ → y7

+ 78 2 82 4 

    M2+ → y5
+ 85 5 85 7   M2+ → y5

+ 83 2 85 3 

  NLEAIVSVIAER M2+ → y7
+ 100   100     M2+ → y6

+ 100   100   

    M2+ → y10
+ 66 2 57 7   M2+ → y8

+ 76 1 78 4 

    M2+ → y8
+ 43 2 52 6   M2+ → y4

+ 36 1 37 2 

FLAP TGTLAFER M2+ → y5
+ 100   100     M2+ → y4

+ 100   100   

    M2+ → y3
+ 70 6 72 4   M2+ → y5

+ 44 1 42 2 

    M2+ → y6
+ 55 7 56 4   M2+ → y3

+ 32 0.5 32 1 

  YFVGYLGER M2+ → y7
+ 100   100     M2+ → y7

+ 100   100   

    M2+ → b2
+ 67 6 68 7   M2+ → b2

+ 66 1 75 13 

    M2+ → y6
+ 69 3 71 7   M2+ → y6

+ 72 1 74 5 

12-LOX LWEIIAR M2+ → y5
+ 100   100     M2+ → y6

+ 100   100   

    M2+ → b2
+ 32 2 34 6   M2+ → y4

+ 87 2 90 7 

    M2+ → y6
+ 22 2 22 1   M2+ → y3

+ 44 1 43 2 

  AVLNQFR M2+ → y5
+ 100   100     M2+ → y5

+ 100   100   

    M2+ → y4
+ 47 3 40 13   M2+ → y3

+ 7 0.2 8 1 

    M2+ → y3
+ 6 2 8 1   M2+ → z4

+ 6 0.2 6 0.4 

15-LOX EITEIGLQGAQDR M2+ → y8
+ 100   100     M2+ → y8

+ 100   100   

    M2+ → y5
+ 38 1 38 2   M2+ → y5

+ 39 1 38 1 

    M2+ → y9
+ 30 2 30 1   M2+ → y9

+ 30 1 31 1 

  GFPVSLQAR M2+ → y7
++ 100   100     M2+ → y7

++ 100   100   

    M2+ → y5
+ 28 1 28 1   M2+ → y5

+ 28 0.4 28 1 

    M2+ → y7
+ 18 1 18 1   M2+ → y6

+ 10 0.3 10 0.3 

15-LOX-2 ELLIVPGQVVDR M2+ → y7
+ 100   100     M2+ → y7

+ 100   100   

    M2+ → b5
+ 32 3 32 5   M2+ → y8

+ 30 0.5 31 1 

    M2+ → y8
+ 32 1 32 3   M2+ → b5

+ 30 1 30 1 

  VSTGEAFGAGTWDK M2+ → y7
+ 100   100     M2+ → y7

+ 100   100   

    M2+ → y8
+ 83 4 78 9   M2+ → y8

+ 74 2 78 3 

    M2+ → y9
+ 79 4 73 12   M2+ → y12

++ 58 2 58 4 
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ESM Table S8 continued. 
 β-Actin & γ-
Actin  

VAPEEHPVLLTEAPL 
NPK 
  

M3+ → y5
+ 100   100     M3+ → y6

+ 100   100   

M3+ → y16
++ 86 9 68 14   M3+ → y7

+ 98 4 94 14 

    M3+ → y8
+ 45 2 42 3   M3+ → y2

+ 81 5 89 7 

  DLYANTVLSGGTTMY 
PGIADR 
  

M3+ → y6
+ 100   100     M3+ → y6

+ 100   100   

  M3+ → y7
+ 64 4 66 2   M3+ → y7

+ 50 3 49 2 

    M3+ → y8
+ 31 2 34 3   M3+ → y8

+ 20 1 20 4 

PPIB IGDEDVGR M2+ → y7
+ 100   100     M2+ → y7

+ 100   100   

    M2+ → y6
+ 27 1 27 3   M2+ → y6

+ 31 1 30 1 

    M2+ → y5
+ 19 1 20 3   M2+ → y5

+ 17 0.4 17 0.5 

  VLEGMEVVR M2+ → y7
+ 100   100     M2+ → y7

+ 100   100   

    M2+ → y6
+ 41 1 43 2   M2+ → y6

+ 40 1 41 1 

    M2+ → y8
+ 12 0.3 11 1   M2+ → y8

+ 13 0.3 13 0.4 

GAPDH VPTANVSVVDLTCR M3+ → y5
+ 100   100     M3+ → y5

+ 100   100 0 

    M3+ → y3
+ 48 1 53 4   M2+ → y5

+ 5 2 8 4 

    M3+ → y4
+ 50 2 50 3   M3+ → y3

+ 46 2 48 2 
 GALQNIIPASTGAAK M2+ → y8

+ 100   100     M2+ → y9
+ 100   100   

    M2+ → y9
+ 38 2 34 4   M2+ → y11

+ 40 2 38 2 

    M2+ → y11
+ 19 1 16 3   M2+ → y10

+ 22 1 22 1 

CYC1 HLVGVCYTEDEAK1 M3+ → y6
+ 100   100     M3+ → y6

+ 100   100   

    M3+ → y7
+ 82 3 81 27   M3+ → y7

+ 80 3 68 42 

    M3+ → b6
+ 58 1 136 142   M3+ → b6

+ 61 1 94 145 

  DVCTFLR M2+ → y5
+ 100   100     M2+ → y5

+ 100   100 0 

    M2+ → y5
++ 45 1 47 2   M2+ → y5

++ 40 2 43 2 

    M2+ → y4
+ 40 1 40 3   M2+ → y4

+ 36 1 37 1 
1: interference, not used for quantification 

 

 

 

ESM Table S9 Precision: Intra- and interday variability of the targeted 

proteomics analysis was determined in THP-1 monocytes differentiated to 

macrophages (50 nM 1,25-dihydroxyvitamin D3 and 1 ng mL-1 TGF-β1 for 

72 h, stimulated with 1 µg mL-1 LPS for 6 h). Variability was calculated as 

relative standard deviation of the same sample prepared independently three 

times on the same day (intraday) and on three different days (interday). 
 

protein peptide 
precision 

intraday [%] interday [%] 

COX-1 DCPTPMGTK 10 24 

COX-2 FDPELLFNK 6 28 

5-LOX DDGLLVWEAIR 10 21 

FLAP TGTLAFER 34 42 

ACTB VAPEEHPVLLTEAPLNPK 5 15 

PPIB IGDEDVGR 13 25 

GAPDH GALQNIIPASTGAAK 5 11 

CYC1 DVCTFLR 8 21 
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ESM Table S10 Accuracy of the targeted proteomics method. 

THP-1 monocytes differentiated to macrophages (50 nM 

1,25-dihydroxyvitamin D3 and 1 ng mL-1 TGF-β1 for 72 h) were 

spiked with unlabeled peptides during sample preparation after 

tryptic digestion. The accuracy was determined as the mean (n = 3) 

% of the nominal concentration (4 nM FDPELLFNK, 5 nM 

LWEIIAR, 20 nM EITEIGLQGAQDR, 8 nM ELLIVPGQVVDR).  
protein peptide accuracy [%] 

COX-2 FDPELLFNK 140 

12-LOX LWEIIAR 131 

15-LOX EITEIGLQGAQDR 95 

15-LOX-2 ELLIVPGQVVDR 122 
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3 Detailed multi-omics data of human primary macrophages and platelets 

 

ESM Table S11 Protein levels in human platelets. Platelet-rich plasma was generated from EDTA-

blood after centrifugation and platelets were then isolated from the platelet-rich plasma after subsequent 

centrifugation. Protein levels were quantified via LC-MS/MS based targeted proteomics, shown are 

mean ± SEM in pg mg-1 protein from n=3 donors. 

 

 Protein abundance levels [pg mg-1] total protein in human platelets 

donor COX-1 COX-2 5-LOX FLAP 12-LOX 15-LOX 15-LOX-2 

A 1.2 

<LLOQ <LLOQ <LLOQ 

0.7 

<LLOQ <LLOQ B 1.6 0.6 

C 0.5 0.4 
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ESM Table S12 Investigation of the ARA cascade in primary human macrophages. (A) Oxylipin concentrations 

and (B) protein levels in human macrophages derived from primary blood monocytic cells. Cells were differentiated 

with 10 ng mL-1 CSF-2 (M1-like cells) or CSF-1 (M2-like cells) for 8 days. For the final 48 h, they were treated with 

10 ng mL-1 IFNγ (M1-like cells) or IL-4 (M2-like cells) and with or without 1 µg mL-1 LPS for the final 6 h. For M0-

like cells, the adhered monocytes were left untreated for 8 days (mean ± SEM, n=5-6). All data was obtained by LC-

MS/MS based targeted oxylipin metabolomics and proteomics. Peptides highlighted in bold were quantified using 

AQUA standards (Section 2). 

o
x

y
li

p
in

 c
o

n
c

. 

[pmol/mg 
protein] 

  M0 M1 M1 + LPS M2 M2 + LPS 

PGE2   < LLOQ 0.6 ± 0.2 2.3 ± 0.5 2.0 ± 0.8 3 ± 1 

12-HHT   < LLOQ 5 ± 1 18 ± 5 19 ± 6 35 ± 13 

5-HETE   < LLOQ 0.5 ± 0.1 5 ± 3 2.1 ± 0.4 2.1 ± 0.4 

12-HETE   9 ± 6 1.0 ± 0.5 2 ± 3 21 ± 2 23 ± 3 

15-HETE   < LLOQ 1.1 ± 0.4 13 ± 3 243 ± 20 241 ± 15 

                                    

p
ro

te
in

 l
e
v

e
ls

 

[pmol/mg 
protein] 

Peptide M0 M1 M1 + LPS M2 M2 + LPS 

COX-1 DCPTPMGTK 2.7 ± 0.8 0.4 ± 0.1 0.4 ± 0.1 1.3 ± 0.3 1.6 ± 0.3 

  AEHPTWGDEQLFQTTR 3 ± 1 0.6 ± 0.1 0.9 ± 0.4 2 ± 1 2.0 ± 0.5 

COX-2 FDPELLFNK < LLOQ < LLOQ 0.4 ± 0.1 < LLOQ 0.5 ± 0.1 

  NAIMSYVLTSR < LLOQ < LLOQ 2.7 ± 0.8 < LLOQ 2.2 ± 0.7 

  LILIGETIK 1.1 ± 0.4 0.20 ± 0.07 1.1 ± 0.4 0.5 ± 0.1 1.7 ± 0.4 

5-LOX DDGLLVWEAIR < LLOQ 0.4 ± 0.2 0.13 ± 0.02 0.18 ± 0.08 0.3 ± 0.1 

  NLEAIVSVIAER < LLOQ < LLOQ < LLOQ 1.3 ± 0.6 1.3 ± 0.6 

FLAP TGTLAFER < LLOQ 19 ± 6 25 ± 7 3.8 ± 1.3 5 ± 2 

  YFVGYLGER < LLOQ 4 ± 1 5 ± 2 0.8 ± 0.3 1.0 ± 0.3 

12-LOX LWEIIAR 0.8 ± 0.3 < LLOQ < LLOQ < LLOQ < LLOQ 

  AVLNQFR 4.4 ± 0.9 < LLOQ < LLOQ < LLOQ < LLOQ 

15-LOX EITEIGLQGAQDR < LLOQ < LLOQ < LLOQ 8 ± 3 8 ± 2 

  GFPVSLQAR < LLOQ < LLOQ < LLOQ 22 ± 7 22 ± 7 

15-LOX-2 ELLIVPGQVVDR < LLOQ < LLOQ < LLOQ 0.28 ± 0.03 0.3 ± 0.1 

  VSTGEAFGAGTWDK < LLOQ < LLOQ < LLOQ 0.36 ± 0.04 0.3 ± 0.1 

ACTB VAPEEHPVLLTEAPLNPK 1825 ± 557 2977 ± 710 3487 ± 804 3164 ± 247 3219 ± 384 

  DLYANTVLSGGTTMYPGIADR 21965 ± 8354 32069 ± 8687 38167 ± 10622 38180 ± 3314 38648 ± 5282 

PPIB IGDEDVGR 3 ± 2 13 ± 4 20 ± 5 17 ± 3 18 ± 3 

  VLEGMEVVR 3 ± 1 59 ± 10 72 ± 15 60 ± 5 64 ± 3 

GAPDH VPTANVSVVDLTCR 78 ± 33 72 ± 43 31 ± 16 264 ± 16 267 ± 31 

  GALQNIIPASTGAAK 78 ± 21 82 ± 35 44 ± 20 283 ± 24 278 ± 31 

CYC1 HLVGVCYTEDEAK 10 ± 3 4 ± 1 5 ± 1 3 ± 1 4 ± 1 

  DVCTFLR 1.4 ± 0.4 6 ± 1 7 ± 2 5 ± 1 6 ± 1 
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ESM Table S13 Modulation of the ARA cascade in primary human macrophages. Effects of ARA cascade 

modulation on (A) oxylipin concentrations and (B) protein levels of the COX, 5-,12-, 15-LOX and 15-LOX-2 

pathways in human macrophages derived from primary blood monocytic cells. Cells were differentiated with 

10 ng mL-1 CSF-2 (M1-like cells) or CSF-1 (M2-like cells) for 8 days and with 10 ng mL-1 IFNγ (M1-like cells) 

or IL-4 (M2-like cells) for the final 48 h. The cells were incubated with the different pharmaceuticals at the 

following concentrations for the final 7 h during additional LPS stimulation (1 µg mL-1) for the final 6 h: 1 µM 

COX-1/2 inhibitor indomethacin, 100 nM dexamethasone, 5 µM COX-2 inhibitor celecoxib, 5 µM 5-LOX 

inhibitor PF4191834, 10 µM 15-LOX inhibitor ML351 or 0.1% DMSO as control. 

The concentrations of (A) i) oxylipins and (B) i) proteins were determined in each sample and (A) ii), (B) ii) 

calculated relative to the mean of both controls per donor as well as (A) iii), (B) iii) the overall means ± SEM per 

test compound. In case the concentrations of analytes were < LLOQ and ≥ LOD the LOD was used and for 

concentrations < LOD the half LLOQ was used for relative calculation. All data was obtained by LC-MS/MS 

based targeted oxylipin metabolomics and proteomics. 
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    (A) i) Oxylipin conc [pmol mg-1 protein] (B) i) Protein levels [pmol mg-1 protein] 

 Donor Incubation 
12-

HHT 
PGE2 

5-
HETE 

12-
HETE 

15-
HETE 

COX-
1 

COX-
2 

5-LOX FLAP 
12-

LOX 
15-

LOX 
15-

LOX-2 

M
1

 +
 1

 µ
g

 m
L

-1
 L

P
S

 

A Ctrl. 1 17 0.61 0.26 0.33 7.4 0.39 0.12 0.15 24 

< LOD < LOD < LOD 

 Ctrl. 2 18 0.71 0.32 0.21 5.2 0.61 0.17 0.24 41 
 Indomethacin 1.4 0.077 0.26 0.19 0.43 0.62 0.20 0.23 41 
 Dexamethasone 16 0.77 0.26 0.26 3.6 0.59 0.077 0.28 39 
 PF4191834 18 0.88 0.25 0.16 2.8 0.65 0.14 0.46 43 
              

B Ctrl. 1 20 1.2 0.49 2.0 18 0.41 0.22 0.086 21 

< LOD < LOD < LOD 

 Ctrl. 2 20 1.1 0.58 1.7 17 0.48 0.27 0.11 27 
 Indomethacin 4.3 0.18 0.49 1.2 1.5 0.63 0.36 0.15 35 
 Dexamethasone 13 0.55 0.54 1.0 9.3 0.87 0.24 0.22 49 
 PF4191834 15 0.89 0.52 0.25 11 0.74 0.29 0.30 38 
              

C Ctrl. 1 30 2.4 0.69 0.26 16 1.2 0.56 0.22 49 

< LOD < LOD < LOD 

 Ctrl. 2 22 1.9 0.77 0.21 12 0.94 0.41 0.27 47 
 Indomethacin 3.6 0.25 0.71 0.44 0.81 1.1 0.49 0.20 49 
 Dexamethasone 16 1.4 1.2 0.20 7.8 0.93 0.17 0.30 46 
 PF4191834 40 2.8 0.44 0.14 11 1.1 0.38 0.31 44 
              

D Ctrl. 1 37 5.4 1.9 0.17 18 1.3 0.75 0.44 41 

< LOD < LOD < LOD 

 Ctrl. 2 29 4.3 1.7 0.26 18 1.1 0.58 0.35 29 
 Indomethacin 4.3 0.42 2.0 0.35 1.1 1.0 0.60 0.32 24 
 Dexamethasone 14 2.1 5.5 0.22 5.7 1.2 0.25 0.64 31 
 PF4191834 32 3.4 1.3 0.34 13 1.1 0.43 0.56 18 

               

M
2

 +
1
 µ

g
 m

L
-1

 L
P

S
 

A Ctrl .1 38 2.3 0.42 10 114 2.0 0.29 0.13 4.2 

< LOD 

17 0.26 
 Ctrl. 2 38 2.0 0.47 10 110 2.2 0.31 0.12 4.6 18 0.24 
 Dexamethasone 25 2.2 0.53 12 125 2.0 0.15 0.14 3.8 18 0.31 
              

B Ctrl .1 29 2.8 0.50 11 143 1.4 0.20 0.062 2.7 

< LOD 

17 0.17 
 Ctrl. 2 39 3.4 0.82 11 154 1.5 0.19 0.10 3.1 19 0.18 
 ML351 37 3.8 0.63 5.3 94 2.0 0.36 < LOD 3.5 22 0.25 
              

C Ctrl .1 27 2.4 1.5 16 56 0.75 0.26 0.064 3.4 

< LOD 

0.38 0.079 
 Ctrl. 2 29 2.9 1.3 19 65 0.40 0.20 0.044 2.4 0.24 0.049 
 Dexamethasone 21 1.7 1.4 14 67 0.62 0.15 0.082 3.2 0.46 0.086 
              

D Ctrl .1 35 3.1 2.3 27 232 0.51 0.15 0.10 1.8 

< LOD 

1.2 0.18 
 Ctrl. 2 30 3.2 3.2 31 247 0.68 0.15 0.10 2.1 1.0 0.15 
 Celecoxib 13 1.5 4.0 29 296 0.55 0.12 0.080 1.8 0.89 0.11 
              

E Ctrl .1 41 1.9 3.0 41 435 0.91 0.15 0.075 1.0 

< LOD 

4.5 0.15 
 Ctrl. 2 35 2.2 2.0 31 344 0.78 0.13 0.054 0.6 3.3 0.14 
 Dexamethasone 23 0.91 3.5 50 516 1.3 0.10 0.12 1.0 9.6 0.23 
 ML351 51 3.9 1.7 27 233 0.81 0.19 0.032 0.8 4.4 0.13 
              

F Ctrl .1 17 1.2 1.9 21 368 0.72 0.10 0.10 2.7 

< LOD 

2.0 0.48 
 Ctrl. 2 14 0.71 2.4 19 295 0.75 0.11 0.13 3.0 2.3 0.52 
 Indomethacin 0.84 < LOD 2.5 19 291 0.83 0.070 0.086 2.7 2.3 0.40 
 Dexamethasone 8.6 0.51 2.8 26 389 0.75 0.032 0.084 2.6 2.7 0.53 
 ML351 16 0.95 2.1 8.7 202 0.79 0.070 < LOD 2.7 2.0 0.29 
              

G Ctrl .1 45 2.7 2.3 27 346 0.75 0.24 0.056 1.1 

< LOD 

4.0 0.16 
 Ctrl. 2 41 2.5 2.0 31 362 0.85 0.28 0.043 0.9 4.4 0.17 
 Indomethacin 3.8 0.086 3.0 39 441 1.4 0.37 0.10 3.3 5.9 0.21 
 Dexamethasone 53 3.5 2.9 45 444 1.1 0.24 0.10 1.5 5.2 0.14 
 Celecoxib 31 2.8 3.9 59 493 0.88 0.18 0.080 2.0 3.0 0.10 
 ML351 100 7.9 1.3 17 200 1.3 0.48 < LOD 2.2 4.5 0.12 
              

H Ctrl .1 55 4.3 1.6 23 309 1.3 0.36 0.081 2.2 

< LOD 

6.8 0.40 
 Ctrl. 2 53 4.5 1.8 23 356 1.3 0.38 0.082 2.9 4.2 0.34 
 Indomethacin 5.9 1.0 2.1 21 290 0.94 0.20 0.085 2.5 2.7 0.34 

              
I Ctrl. 1 26 0.062 1.5 13 136 1.3 0.39 0.12 2.0 

< LOD 
3.4 0.21 

  Celecoxib1 15 0.052 2.1 18 174 1.2 0.37 0.11 1.9 4.5 0.20 
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    (A) ii) Relative oxylipin conc (% of ctrl) (B) ii) Relative protein levels (% of ctrl) 

 Donor Incubation 
12-

HHT 
PGE2 

5-
HETE 

12-
HETE 

15-
HETE 

COX-
1 

COX-
2 

5-LOX FLAP 
12-

LOX 
15-

LOX 
15-

LOX-2 

M
1

 +
 1

 µ
g

/m
L

 L
P

S
 

A Ctrl. 1 96 93 89 121 118 77 85 77 74 

< LOD < LOD < LOD 

 Ctrl. 2 104 107 111 79 82 123 115 123 126 
 Indomethacin 8 12 92 70 7 124 140 118 124 
 Dexamethasone 90 117 92 96 57 118 53 142 118 
 PF4191834 105 133 89 59 45 131 96 232 132 
              

B Ctrl. 1 99 104 92 108 104 92 90 86 87 

< LOD < LOD < LOD 

 Ctrl. 2 101 96 108 92 96 108 110 114 113 
 Indomethacin 21 16 92 65 8 143 150 147 147 
 Dexamethasone 66 49 101 54 53 197 101 218 206 
 PF4191834 72 80 97 13 63 167 118 302 160 
              

C Ctrl. 1 116 113 94 110 116 111 116 91 102 

< LOD < LOD < LOD 

 Ctrl. 2 84 87 106 90 84 89 84 109 98 
 Indomethacin 14 12 97 185 6 107 102 84 102 
 Dexamethasone 60 68 158 83 55 88 36 125 95 
 PF4191834 153 131 61 57 78 103 79 126 92 
              

D Ctrl. 1 112 112 107 78 99 108 113 111 118 

< LOD < LOD < LOD 

 Ctrl. 2 88 88 93 122 101 92 87 89 82 
 Indomethacin 13 9 111 162 6 83 90 81 68 
 Dexamethasone 42 44 307 101 32 97 38 160 89 
 PF4191834 97 70 74 160 73 90 65 141 53 

               

M
2

 +
1
 µ

g
/m

L
 L

P
S

 

A Ctrl .1 100 107 94 99 101 94 96 105 96 

< LOD 

98 103 
 Ctrl. 2 100 93 106 101 99 106 104 95 104 102 97 
 Dexamethasone 65 102 119 116 112 98 52 112 86 101 125 
              

B Ctrl .1 85 91 76 103 96 95 104 78 91 

< LOD 

97 96 
 Ctrl. 2 115 109 124 97 104 105 96 122 109 103 104 
 ML351 109 122 95 49 63 138 186 20 119 124 142 
              

C Ctrl .1 98 91 107 91 92 130 113 119 117 

< LOD 

123 124 
 Ctrl. 2 102 109 93 109 108 70 87 81 83 77 76 
 Dexamethasone 75 65 102 78 111 107 66 152 110 146 135 
              

D Ctrl .1 107 97 85 93 97 85 100 98 92 

< LOD 

111 109 
 Ctrl. 2 93 103 115 107 103 115 100 102 108 89 91 
 Celecoxib 40 46 147 98 124 93 82 80 92 83 68 
              

E Ctrl .1 108 92 120 115 112 107 109 116 125 

< LOD 

115 102 
 Ctrl. 2 92 108 80 85 88 93 91 84 75 85 98 
 Dexamethasone 60 44 138 139 133 156 71 185 133 245 160 
 ML351 133 191 65 75 60 96 138 25 110 113 89 
              

F Ctrl .1 110 125 88 105 111 97 99 85 95 

< LOD 

92 96 
 Ctrl. 2 90 75 112 95 89 103 101 115 105 108 104 
 Indomethacin 5 5 116 93 88 113 66 76 96 108 80 
 Dexamethasone 56 53 128 128 117 102 30 74 93 125 107 
 ML351 103 100 97 43 61 108 67 14 95 93 59 
              

G Ctrl .1 104 105 107 93 98 94 91 113 113 

< LOD 

96 95 
 Ctrl. 2 96 95 93 107 102 106 109 87 87 104 105 
 Indomethacin 9 2 136 135 124 175 141 199 334 142 125 
 Dexamethasone 122 133 131 155 125 138 94 195 147 124 84 
 Celecoxib 71 109 179 207 139 110 68 161 198 72 61 
 ML351 231 303 61 58 56 157 184 33 221 106 74 
              

H Ctrl .1 101 98 93 98 93 99 98 99 86 

< LOD 

124 108 
 Ctrl. 2 99 102 107 102 107 101 102 101 114 76 92 
 Indomethacin 11 23 123 91 87 72 53 104 100 49 92 

              

I Ctrl. 1 100 100 100 100 100 100 100 100 100 
< LOD 

100 100 

  Celecoxib1 57 84 137 141 128 97 94 98 94 130 97 
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 (A) iii) Mean of relative oxylipin conc (% of ctrl) (B) iii) Mean of relative protein levels (% of ctrl) 

M1 + LPS 12-HHT PGE2 5-HETE 12-HETE 15-HETE COX-1 COX-2 5-LOX FLAP 12-LOX 15-LOX 15-LOX-2 

Indomethacin 14 ± 3 12 ± 1 98 ± 4 121 ± 31 7 ± 1 114 ± 13 120 ± 14 107 ± 16 110 ± 17 

< LOD < LOD < LOD Dexamethasone 52 ± 10 56 ± 17 132 ± 50 67 ± 11 39 ± 6 125 ± 25 57 ± 15 161 ± 20 127 ± 27 

PF4191834 107 ± 17 103 ± 17 80 ± 8 72 ± 31 65 ± 7 123 ± 17 90 ± 11 200 ± 41 109 ± 23 
                                   

M2 + LPS                                   

Indomethacin 8 ± 2 10 ± 6 125 ± 6 106 ± 14 100 ± 12 120 ± 30 87 ± 28 126 ± 37 177 ± 79 

< LOD 

100 ± 27 99 ± 13 

Dexamethasone 76 ± 18 80 ± 21 124 ± 23 123 ± 25 120 ± 22 120 ± 12 63 ± 11 144 ± 23 114 ± 12 148 ± 25 122 ± 13 

Celecoxib 56 ± 9 80 ± 18 154 ± 13 149 ± 32 130 ± 5 100 ± 5 81 ± 8 113 ± 25 128 ± 35 95 ± 18 76 ± 11 

ML351 144 ± 30 179 ± 46 80 ± 10 56 ± 7 60 ± 1 125 ± 14 144 ± 28 23 ± 4 136 ± 29 109 ± 6 91 ± 18 

of control 
 

1: only one control per donor 

≤ 25% ≤ 50% ≤ 75% ≥ 125% ≥150% ≥175% ≥200%
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4 MRM³ analysis 

 

ESM Fig. S1 Optimization of QTRAP fill time for MS³ experiments and evaluation of 

linear range in MS³. (A) Longer fixed fill times (FFT) result in increased signal intensity 

and thus, improved signal-to noise ratios. Shown are 25 nM standards of (A)i) 

DDGLLVWEAIR (5-LOX) and (A)ii) FDPELLFNK (COX-2). (B) The calibration range in 

MS³ is limited due to overfilling of the ion trap at higher concentrations resulting in poor 

peak shape, shown exemplarily for the COX-2 peptide FDPELLFNK.  
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ESM Fig. S2 Improving MRM³ analysis. Summing multiple MS³ fragments improves 

sensitivity for analysis and thus enables lower LLOQs in MRM³ analysis. Shown is a standard 

of FDPELLFNK (COX-2; 84 pM) measured in MRM³ mode. The signal intensities of (A), 

(B) individually isolated MS³ fragments is lower compared to (C) the sum of 10 MS³ 

fragments.  
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ESM Fig. S3 Comparison of MRM and MRM³ sensitivities. Comparison of (A) MRM and 

(B) MRM³ modes regarding i) limits of detection (LOD) and ii) lower limits of quantification 

(LLOQ) for peptides of COX-2 (FDPELLFNK), 5-LOX (DDGLLVWEAIR), 15-LOX 

(EITEIGLQGAQDR) and 15-LOX-2 (ELLIVPGQVVDR). LOD was set to S/N ≥ 3 and 

LLOQ to S/N ≥ 5 and accuracies within ± 20%. 
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5 Cell viability assays 

 

 

ESM Fig. S4 Resazurin assay. Cell viability was determined by resazurin assay in human 

primary macrophages. Cells were differentiated with (A) 10 ng mL-1 CSF-2 (M1-like cells) 

or (B) CSF-1 (M2-like cells) for 8 days and with 10 ng mL-1 IFNγ (M1-like cells) or IL-4 

(M2-like cells) for the final 48 h. The cells were incubated with the different test compounds 

at the indicated concentrations for the final 7 h during additional 1 µg mL-1 LPS stimulation 

for the final 6 h. DMSO served as vehicle control and SDS as positive control. 

Dehydrogenase activity was measured as resorufin formation by fluorometric readout at 

590 nm after excitation at 560 nm (13). Shown are mean ± SD for n = 6-12 technical 

replicates from a pool of 5 donors. 
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ESM Fig. S5 Lactate dehydrogenase assay. Cell viability was determined by lactate 

dehydrogenase assay in human primary macrophages. Cells were differentiated with (A) 

10 ng mL-1 CSF-2 (M1-like cells) or (B) CSF-1 (M2-like cells) for 8 days and with 

10 ng mL-1 IFNγ (M1-like cells) or IL-4 (M2-like cells) for the final 48 h. The cells were 

incubated with the different test compounds at the indicated concentrations for the final 7 h 

during additional 1 µg mL-1 LPS stimulation for the final 6 h. 0.2% Triton-X served as 

positive control and DMSO as vehicle control. Dehydrogenase activity was measured via 

the absorbance decrease at 340 nm for 45 minutes during the NADH dependent reduction 

of pyruvate to lactate. LDH leakage was estimated by comparing LDH activities in culture 

medium and lysed cells. Shown are mean ± SD for n = 3-4 technical replicates from a pool 

of 3 donors. 
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ESM Table S14 Targeted oxylipin metabolomics method.
RT calibration range

Q1 Q3 DP EP CE CXP LOD 1) LLOQ 2) ULOQ 3)

[V] [V] [V] [V]  [min] [nM] [nM]

Oleic acid (18:1 n -9) 9(10)-Ep-stearic acid 297.0 170.8 -120 -10 -24 -11 2H4-12(13)-EpOME 23.91 0.25 0.5 500 Koch (2020) Talanta

trans- 9(10)-Ep-stearic acid 297.0 170.8 -120 -10 -24 -11 2H4-12(13)-EpOME 24.06 relative quantification based on 9(10)-Ep-stearic acid Rund (2019) POLM

erythro-9,10-DiH-stearic acid 315.2 170.8 -85 -10 -35 -9 2H4-9,10-DiHOME 16.34 0.25 0.50 1000 current paper

threo-9,10-DiH-stearic acid 315.2 170.8 -85 -10 -35 -9 2H4-9,10-DiHOME 17.29 0.25 0.50 1000 current paper

Linoleic Acid (LA; 18:2 n -6) 9-HODE 295.2 171.1 -100 -10 -24 -7 2H4-9-HODE 19.47 0.14 0.35 348 Koch (2020) Talanta

10-HODE 295.1 183.0 -90 -10 -25 -7 2H4-9-HODE 19.40 0.038 0.076 380 Koch (2020) Talanta

12-HODE 295.1 183.0 -80 -10 -24 -9 2H4-13-HODE 19.02 0.025 0.05 100 Koch (2020) Talanta

13-HODE 295.2 195.2 -100 -10 -24 -9 2H4-9-HODE 19.33 0.1 0.25 500 Koch (2020) Talanta

15-HODE 295.2 223.0 -95 -10 -24 -9 2H4-13-HODE 18.19 0.089 0.18 177 Koch (2020) Talanta
2H4-13-HODE 299.2 198.1 -80 -10 -24 -9 internal standard 19.21 Koch (2020) Talanta
2H4-9-HODE 299.2 172.3 -100 -10 -24 -6 internal standard 19.35 Koch (2020) Talanta

9-oxo-ODE 293.2 185.1 -115 -10 -26 -8 2H3-13-oxo-ODE 20.90 0.25 0.5 500 Koch (2020) Talanta

13-oxo-ODE 293.2 113.0 -100 -10 -27 -8 2H3-13-oxo-ODE 20.28 0.25 0.5 500 Koch (2020) Talanta
2H3-13-oxo-ODE 296.2 198.2 -85 -10 -28 -8 internal standard 20.19 Koch (2020) Talanta

9(10)-EpOME 295.2 171.1 -105 -10 -19 -8 2H4-12(13)-EpOME 22.50 0.081 0.2 405 Koch (2020) Talanta

trans -9(10)-EpOME 295.2 171.1 -105 -10 -19 -8 2H4-12(13)-EpOME 22.65 relative quantification based on 9(10)-EpOME Rund (2019) POLM

12(13)-EpOME 295.2 195.2 -105 -10 -19 -8 2H4-12(13)-EpOME 22.29 0.019 0.037 185 Koch (2020) Talanta

trans- 12(13)-EpOME 295.2 195.2 -105 -10 -19 -8 2H4-12(13)-EpOME 22.44 relative quantification based on 12(13)-EpOME Rund (2019) POLM
2H4-12(13)-EpOME 299.2 198.1 -100 -10 -21 -8 internal standard 22.19 Koch (2020) Talanta

9,10-DiHOME 313.2 201.2 -105 -10 -28 -8 2H4-9,10-DiHOME 14.94 0.0075 0.01 250 Koch (2020) Talanta

12,13-DiHOME 313.2 183.2 -105 -10 -29 -8 2H4-9,10-DiHOME 14.46 0.015 0.029 145 Koch (2020) Talanta
2H4-9,10-DiHOME 317.2 203.4 -105 -10 -28 -8 internal standard 14.84 Koch (2020) Talanta

9,10,11-TriHOME 329.1 201.1 -95 -10 -30 -8 2H5-LxA4 9.70 0.05 0.1 250 Koch (2020) Talanta

9,10,13-TriHOME 329.2 171.1 -100 -10 -31 -8 2H5-LxA4 8.50 0.05 0.1 250 Koch (2020) Talanta

9,12,13-TriHOME 329.2 211.1 -100 -10 -31 -10 2H5-LxA4 8.35 0.025 0.05 250 Koch (2020) Talanta

EKODE 309.2 291.1 -90 -10 -16 -6 2H4-9-HODE 17.23 relative quantification based on 12(13)-EpOME Ostermann (2015) Anal Bioanal Chem

alpha-Linolenic Acid (ALA; 18:3 n -3) 9-HOTrE 293.2 171.2 -85 -10 -20 -8 2H4-13-HODE 16.88 0.1 0.25 500 Koch (2020) Talanta

13-HOTrE 293.2 195.1 -90 -10 -22 -8 2H4-13-HODE 17.24 0.25 0.5 250 Koch (2020) Talanta

9-oxo-OTrE 291.0 185.0 -100 -10 -24 -8 2H3-13-oxo-ODE 18.34 0.1 0.25 500 Koch (2020) Talanta

13-oxo-OTrE 291.1 195.0 -100 -10 -27 -8 2H3-13-oxo-ODE 18.12 0.05 0.1 100 Koch (2020) Talanta

9(10)-EpODE 293.2 171.2 -90 -10 -16 -8 2H4-12(13)-EpOME 20.15 0.058 0.116 582 Koch (2020) Talanta

12(13)-EpODE 293.2 183.1 -90 -10 -20 -8 2H4-12(13)-EpOME 20.61 0.17 0.33 331 Koch (2020) Talanta

15(16)-EpODE 293.3 235.2 -90 -10 -16 -4 2H4-12(13)-EpOME 19.97 0.092 0.185 924 Koch (2020) Talanta

trans -9(10)-EpODE 293.2 171.2 -90 -10 -16 -8 2H4-12(13)-EpOME 20.30 relative quantification based on trans-9(10)-EpODE Rund (2019) POLM

trans -12(13)-EpODE 293.2 183.1 -90 -10 -20 -8 2H4-12(13)-EpOME 20.76 relative quantification based on 12(13)-EpODE Rund (2019) POLM

trans -15(16)-EpODE 293.3 235.2 -90 -10 -16 -4 2H4-12(13)-EpOME 20.12 relative quantification based on 15(16)-EpODE Rund (2019) POLM

9,10-DiHODE 311.2 201.2 -90 -10 -26 -10 2H4-9,10-DiHOME 12.82 0.01 0.025 100 Koch (2020) Talanta

12,13-DiHODE 311.2 183.1 -105 -10 -29 -8 2H4-9,10-DiHOME 12.90 0.1 0.25 250 Koch (2020) Talanta

15,16-DiHODE 311.2 223.2 -105 -10 -28 -10 2H4-9,10-DiHOME 12.76 0.18 0.45 181 Koch (2020) Talanta

9,10,11-TriHODE 327.0 171.0 -80 -10 -25 -8 2H5-LxA4 8.34 0.025 0.05 250 Koch (2020) Talanta

9,10,13-TriHODE 327.2 201.0 -80 -10 -28 -8 2H5-LxA4 7.35 0.75 1 500 Koch (2020) Talanta

9,12,13-TriHODE 327.2 211.0 -80 -10 -29 -10 2H5-LxA4 7.35 0.05 0.1 250 Koch (2020) Talanta

gamma-Linolenic Acid (GLA; 18:3 n -6) hydroxy-PUFA 13-γ-HOTrE 293.0 193.0 -90 -10 -23 -8 2H4-LTB4 17.59 1 2.5 500 Koch (2020) Talanta

dihomo-gamma-Linolenic Acid (DGLA; 20:3 n -6) 8-HETrE 321.2 157.1 -85 -10 -22 -9 2H8-5-HETE 21.85 0.25 0.5 500 Koch (2020) Talanta

12-HETrE 321.0 181.0 -85 -10 -24 -10 2H8-5-HETE 22.02 0.1 0.25 500 Koch (2020) Talanta

15-HETrE 321.2 221.2 -90 -10 -21 -10 2H8-5-HETE 21.47 0.05 0.1 500 Koch (2020) Talanta

multihydroxy-PUFA LTB3 337.2 195.2 -80 -10 -21 -8 2H11-11,12-DiHETrE 15.99 0.1 0.25 500 Koch (2020) Talanta

epoxy-PUFA 14(15)-EpEDE 321.2 221.2 -85 -10 -19 -4 2H11-14(15)-EpETrE 23.47 0.025 0.05 100 Koch (2020) Talanta

PGB1 335.4 221.0 -85 -10 -28 -7 2H4-15-deoxy-Δ12,14-PGJ2 12.27 0.05 0.10 750 current paper

PGD1 353.3 317.2 -80 -10 -19 -6 2H4-PGD2 9.36 0.05 0.10 250 current paper

13,14-dihydro-15-keto-PGD1 353.3 209.0 -65 -10 -31 -7 2H4-13,14-dihydro-15-keto PGE2 11.68 0.25 0.50 1000 current paper

PGE1 353.3 317.2 -80 -10 -19 -6 2H4-PGE2 9.20 0.05 0.10 250 current paper

13,14-dihydro PGE1 355.4 237.1 -70 -10 -37 -7 2H4-13,14-dihydro-15-keto PGE2 9.81 0.17 0.35 698 current paper

13,14-dihydro-15-keto-PGE1 353.3 221.2 -70 -10 -29 -6 2H4-13,14-dihydro-15-keto PGE2 10.81 0.25 0.50 1000 current paper

15-keto PGE1 351.3 209.0 -90 -10 -31 -7 2H4-PGE2 9.96 2.50 5.00 1000 current paper

PGF1α 355.4 293.2 -110 -10 -35 -6 2H4-PGF2α 8.60 0.025 0.05 250 Koch (2020) Talanta

15-keto-PGF1α 353.3 193.1 -70 -10 -37 -6 theoretically  2H4-PGF2α 5)
9.46 relative quantification based on 15-keto PGE1 current paper

TxB1 371.3 171.2 -90 -10 -33 -10 2H4-TxB2 7.37 0.40 0.80 1608 current paper

8-iso -PGE1 353.4 235.0 -80 -10 -19 -7 2H4-PGE2 8.84 0.25 0.50 500 current paper

15-F1t-IsoP (8-iso-PGF1α) 4) 355.2 211.0 -100 -10 -35 -8 2H4-PGF2α 7.53 0.75 1 500 Koch (2020) Talanta

Mead acid (20:3 n -9) hydroxy-PUFA 5-HETrE 321.2 115.1 -90 -10 -17 -9 2H8-5-HETE 23.56 0.01 0.025 250 Koch (2020) Talanta

Arachidonic Acid (ARA; 20:4 n -6) 5-HpETE 335.5 155.0 -40 -10 -23 -13 2H8-5-HETE 22.13 relative quantification based on 5-HETE Meckelmann (2017) POLM

12-HpETE 335.5 153.0 -40 -10 -23 -13 2H8-12-HETE 21.38 relative quantification based on 12-HETE Meckelmann (2017) POLM

15-HpETE 335.5 113.3 -40 -10 -23 -13 2H8-15-HETE 20.63 relative quantification based on 15-HETE Meckelmann (2017) POLM

5-HETE 319.2 115.2 -80 -10 -19 -7 2H8-5-HETE 21.74 0.018 0.035 350 Koch (2020) Talanta

8-HETE 319.2 155.2 -80 -10 -20 -6 2H8-12-HETE 21.10 0.094 0.23 468 Koch (2020) Talanta

9-HETE 319.2 167.2 -80 -10 -21 -7 2H8-5-HETE 21.45 0.27 0.4 265 Koch (2020) Talanta

11-HETE 319.2 167.2 -80 -10 -21 -7 2H8-12-HETE 20.68 0.022 0.044 219 Koch (2020) Talanta

12-HETE 319.2 179.2 -80 -10 -19 -8 2H8-12-HETE 21.10 0.1 0.25 500 Koch (2020) Talanta

15-HETE 319.2 219.2 -80 -10 -18 -8 2H8-15-HETE 20.08 0.11 0.22 220 Koch (2020) Talanta

16-HETE 319.2 233.1 -85 -10 -18 -8 2H8-15-HETE 18.89 0.1 0.25 500 Koch (2020) Talanta

17-HETE 319.2 247.0 -85 -10 -19 -8 2H8-15-HETE 18.71 0.1 0.25 500 Koch (2020) Talanta

18-HETE 319.2 261.0 -85 -10 -20 -8 2H8-15-HETE 18.49 0.1 0.25 500 Koch (2020) Talanta

19-HETE 319.3 230.9 -70 -10 -19 -6 2H8-15-HETE 17.79 1 2.5 500 Koch (2020) Talanta

20-HETE 319.2 289.1 -100 -10 -22 -6 2H6-20-HETE 18.05 0.25 0.5 500 Koch (2020) Talanta

tetranor-12-HETE 265.2 109.1 -70 -10 -15 -8 2H4-9,10-DiHOME 15.16 0.025 0.05 250 Koch (2020) Talanta

12-HHTrE 279.1 179.0 -70 -10 -15 -8 2H11-11,12-DiHETrE 15.62 0.25 0.5 500 Koch (2020) Talanta
2H8-5-HETE 327.2 116.1 -80 -10 -19 -8 internal standard 21.60 Koch (2020) Talanta
2H8-12-HETE 327.2 184.2 -85 -10 -20 -8 internal standard 20.93 Koch (2020) Talanta
2H8-15-HETE 327.2 226.0 -90 -10 -18 -8 internal standard 19.88 Koch (2020) Talanta
2H6-20-HETE 325.2 295.2 -90 -10 -22 -6 internal standard 17.97 Koch (2020) Talanta

5(S ),12(S )-DiHETE 335.2 195.1 -80 -10 -21 -8 2H4-LTB4 14.40 0.025 0.05 500 Koch (2020) Talanta

5(S ),15(S )-DiHETE 335.3 173.2 -80 -10 -20 -8 2H4-LTB4 13.36 0.05 0.1 500 Koch (2020) Talanta

8(S ),15(S )-DiHETE 335.2 235.2 -90 -10 -21 -4 2H4-LTB4 12.92 0.51 1.26 253 Koch (2020) Talanta

LTB4 335.2 195.1 -80 -10 -22 -9 2H4-LTB4 13.83 0.05 0.1 500 Koch (2020) Talanta

6-trans -LTB4 335.2 195.1 -80 -10 -22 -9 2H4-LTB4 13.36 0.1 0.25 250 Koch (2020) Talanta

6-trans -12-epi -LTB4 335.2 195.1 -85 -10 -20 -9 2H4-LTB4 13.51 0.1 0.25 500 Koch (2020) Talanta

5(S ),6(R )-DiHETE (ARA) 335.2 115.1 -70 -10 -20 -8 2H11-11,12-DiHETrE 17.33 0.020 0.039 390 Koch (2020) Talanta

5(S ),6(S )-DiHETE (ARA) 335.2 115.1 -70 -10 -20 -8 2H11-11,12-DiHETrE 17.80 0.022 0.045 223 Koch (2020) Talanta

20-OH-LTB4 351.2 195.2 -100 -10 -24 -8 2H4-8-iso-PGF2α 6.55 0.025 0.05 500 Koch (2020) Talanta

20-COOH-LTB4 365.2 347.2 -100 -10 -24 -8 2H4-8-iso-PGF2α 6.30 0.066 0.17 330 Koch (2020) Talanta

18-COOH-dinor-LTB4 337.2 195.2 -85 -10 -24 -9 2H4-8-iso-PGF2α 4.35 0.75 1.0 500 Koch (2020) Talanta

12-oxo-LTB4 333.2 178.9 -80 -10 -20 -9 2H4-LTB4 14.98 0.1 0.25 500 Koch (2020) Talanta

5(S ),6(R ),15(S )-TriHETE (LxA4) 351.2 235.1 -70 -10 -18 -15 2H5-LxA4 10.15 0.1 0.25 500 Koch (2020) Talanta

5(S ),6(S ),15(S )-TriHETE (6(S )-LxA4) 351.2 235.1 -70 -10 -18 -5 2H5-5(S ),6(R ),15(S )-TriHETE (LxA4) 10.51 0.75 1.00 1000 current paper

5(S ),6(R ),15(R )-TriHETE (15(R )-LxA4) 351.2 235.1 -70 -10 -18 -15 theoretically  2H5-5(S ),6(R ),15(S )-TriHETE (LxA4) 
5)

10.22 relative quantification based on 5(S ),6(R ),15(S )-TriHETE (LxA4) current paper

5(S ),14(R ),15(S )-TriHEPE (LxB4) 351.2 221.0 -70 -10 -21 -13 2H5-5(S ),6(R ),15(S )-TriHETE (LxA4) 9.15 0.50 0.75 1000 current paper
2H4-LTB4 339.2 197.2 -80 -10 -22 -9 internal standard 13.76 Koch (2020) Talanta
2H5-5(S ),6(R ),15(S )-TriHETE (LxA4) 356.3 222.2 -80 -10 -24 -13 internal standard 10.09 Koch (2020) Talanta

5-oxo-ETE 317.2 273.0 -90 -10 -20 -6 2H7-5-oxo-ETE 22.87 0.5 0.75 500 Koch (2020) Talanta

12-oxo-ETE 317.2 153.1 -90 -10 -23 -8 2H7-5-oxo-ETE 21.66 0.41 1.0 103 Koch (2020) Talanta

15-oxo-ETE 317.2 113.1 -90 -10 -23 -8 2H7-5-oxo-ETE 20.88 0.05 0.1 250 Koch (2020) Talanta
2H7-5-oxo-ETE 324.2 210.2 -90 -10 -24 -8 internal standard 22.77 Koch (2020) Talanta

5(6)-EpETrE 319.2 191.1 -85 -10 -16 -7 2H11-14(15)-EpETrE 23.44 relative quantification based on 8(9)-EpETrE Rund (2018) Analytica Chimica Acta

8(9)-EpETrE 319.2 155.2 -90 -10 -16 -6 2H11-8(9)-EpETrE 23.16 0.25 0.5 500 Koch (2020) Talanta

11(12)-EpETrE 319.2 167.2 -85 -10 -16 -7 2H11-8(9)-EpETrE 22.98 0.05 0.1 500 Koch (2020) Talanta

14(15)-EpETrE 319.2 219.2 -90 -10 -15 -4 2H11-14(15)-EpETrE 22.45 0.1 0.25 500 Koch (2020) Talanta

trans -5(6)-EpETrE 319.2 191.1 -85 -10 -16 -7 2H11-14(15)-EpETrE 23.59 relative quantification based on 8(9)-EpETrE Rund (2019) POLM

trans -8(9)-EpETrE 319.2 155.2 -90 -10 -16 -6 2H11-8(9)-EpETrE 23.31 relative quantification based on 8(9)-EpETrE Rund (2019) POLM

trans -11(12)-EpETrE 319.2 167.2 -85 -10 -16 -7 2H11-8(9)-EpETrE 23.13 relative quantification based on 11(12)-EpETrE Rund (2019) POLM

trans -14(15)-EpETrE 319.2 219.2 -90 -10 -15 -4 2H11-14(15)-EpETrE 22.60 relative quantification based on 14(15)-EpETrE Rund (2019) POLM
2H11-8(9)-EpETrE 330.2 155.0 -80 -10 -16 -7 internal standard 23.05 Koch (2020) Talanta
2H11-11,12-DiHETrE 348.2 167.2 -85 -10 -26 -8 internal standard 16.31 Koch (2020) Talanta
2H11-14(15)-EpETrE 330.2 219.3 -90 -10 -16 -4 internal standard 22.32 Koch (2020) Talanta

5,6-DiHETrE 337.2 145.1 -95 -10 -25 -10 2H11-11,12-DiHETrE 18.15 0.05 0.1 500 Koch (2020) Talanta

8,9-DiHETrE 337.2 127.1 -95 -10 -29 -8 2H11-11,12-DiHETrE 17.16 0.034 0.068 170 Koch (2020) Talanta

11,12-DiHETrE 337.2 167.1 -90 -10 -25 -8 2H11-11,12-DiHETrE 16.47 0.032 0.064 160 Koch (2020) Talanta

14,15-DiHETrE 337.2 207.1 -90 -10 -24 -10 2H11-11,12-DiHETrE 15.65 0.01 0.025 100 Koch (2020) Talanta
2H11-11,12-DiHETrE 348.2 167.2 -85 -10 -26 -8 internal standard 16.31 Koch (2020) Talanta

PGB2 333.3 175.1 -80 -10 -27 -8 2H4-PGB2 11.94 0.025 0.05 500 Koch (2020) Talanta
2H4-PGB2 337.2 179.0 -80 -10 -27 -8 internal standard 11.91 Koch (2020) Talanta

PGD2 351.2 271.3 -80 -10 -23 -6 2H4-PGD2 9.37 0.75 1.00 750 current paper

15(R )-PGD2 351.2 271.3 -80 -10 -23 -6 theoretically   2H4-PGD2 
5)

9.45 relative quantification based on PGD2 current paper

Δ12-PGD2 351.3 233.1 -60 -10 -18 -7 theoretically   2H4-PGD2 
5)

8.67 relative quantification based on PGD2 current paper

13,14-dihydro-15-keto PGD2 351.2 207.0 -55 -10 -25 -7 2H4-13,14-dihydro-15-keto PGE2 11.18 0.25 0.50 1000 current paper

13,14-dihydro-15-keto-tetranor-PGD2 297.2 109.0 -55 -10 -31 -7 2H4-13,14-dihydro-15-keto PGE2 6.56 1.04 1.55 2070 current paper
2H4-PGD2 355.2 275.3 -80 -10 -24 -6 internal standard 9.35 current paper
2H9-PGD2 360.2 280.2 -60 -10 -24 -6 internal standard 9.29 Koch (2020) Talanta

PGE2 351.2 271.3 -80 -10 -23 -6 2H4-PGE2 8.91 0.25 0.50 750 current paper

15(R )-PGE2 351.2 271.3 -80 -10 -23 -6 theoretically   2H4-PGE2 
5)

8.67 relative quantification based on PGE2 current paper
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11β-PGE2 351.3 189.1 -60 -10 -24 -7 theoretically   2H4-PGE2 
5)

9.11 relative quantification based on PGE2 current paper

20-OH-PGE2 367.2 189.1 -70 -10 -27 -8 2H4-PGE2 3.74 0.57 1.14 2288 current paper

15-keto PGE2 349.2 235.1 -80 -10 -20 -7 2H4-PGE2 9.50 0.25 0.50 750 current paper

13,14-dihydro-15-keto-PGE2 351.2 235.2 -75 -10 -18 -13 2H4-13,14-dihydro-15-keto PGE2 10.29 10.00 25.00 1000 current paper

13,14-dihydro-15-keto-tetranor-PGE2 297.0 109.0 -70 -10 -18 -8 2H4-13,14-dihydro-15-keto PGE2 7.32 0.39 0.79 1579 current paper

1a,1b-dihomo PGE2 379.4 261.2 -70 -10 -21 -7 2H4-PGE2 11.40 0.03 0.06 451 current paper
2H4-PGE2 355.2 275.3 -80 -10 -24 -6 internal standard 8.88 current paper
2H9-PGE2 360.2 280.1 -85 -10 -24 -6 internal standard 8.82 Koch (2020) Talanta
2H4-13,14-dihydro-15-keto PGE2 355.4 239.1 -65 -10 -31 -7 internal standard 10.26 current paper

PGF2α 353.2 193.0 -80 -10 -33 -7 2H4-PGF2α 8.56 0.25 0.5 500 Koch (2020) Talanta

15(R )-PGF2α 353.2 193.0 -80 -10 -33 -7 theoretically  2H4-PGF2α 5)
8.48 relative quantification based on PGF2α current paper

11β-PGF2α 353.3 193.1 -70 -10 -35 -12 2H4-PGE2 7.82 0.50 0.75 1000 current paper

20-OH PGF2α 369.3 193.0 -70 -10 -37 -7 2H4-PGE2 3.59 1.06 1.59 2121 current paper

13,14-dihydro-PGF2α 355.4 193.0 -90 -10 -34 -7 2H4-13,14-dihydro-15-keto PGE2 9.53 5.00 10.00 1000 current paper

15-keto PGF2α 351.2 219.1 -60 -10 -23 -7 2H4-PGE2 9.17 0.50 0.75 750 current paper

13,14-dihydro-15-keto-PGF2α 353.3 183.3 -100 -10 -35 -10 2H4-13,14-dihydro-15-keto PGE2 10.28 0.75 1.00 1000 current paper

11β-13,14-dihydro-15-keto PGF2α 353.4 195.0 -85 -10 -34 -7 2H4-13,14-dihydro-15-keto PGE2 9.83 18.25 45.62 1825 current paper

2,3-dinor-11β-PGF2α 325.3 163.0 -65 -10 -19 -7 2H4-PGE2 5.93 0.65 1.31 2613 current paper
2H4-PGF2α 357.2 197.0 -80 -10 -33 -7 internal standard 8.54 Koch (2020) Talanta

6-keto-PGF1α 369.3 163.2 -90 -10 -35 -6 2H4-6-keto-PGF1α 6.11 0.64 0.96 640 Koch (2020) Talanta

2,3-dinor-6-keto PGF1α 341.1 135.0 -90 -10 -31 -7 2H4-PGE2 7.34 0.15 0.25 800 current paper

6,15-diketo-13,14-dihydro PGF1α 369.3 267.0 -70 -10 -31 -7 2H4-PGE2 7.72 45.49 75.82 3033 current paper
2H4-6-keto-PGF1α 373.0 167.0 -100 -10 -35 -8 internal standard 6.08 Koch (2020) Talanta

PGJ2 333.3 189.2 -80 -10 -24 -8 2H4-PGB2 11.83 0.014 0.027 135 Koch (2020) Talanta

Δ12-PGJ2 333.3 189.2 -70 -10 -21 -8 2H4-15-deoxy-Δ12,14-PGJ2 11.89 0.86 1.28 1712 current paper

15-deoxy-Δ12,14-PGJ2 315.2 203.1 -90 -10 -28 -7 2H4-15-deoxy-Δ12,14-PGJ2 17.73 0.75 1.00 1000 current paper
2H4-15-deoxy-Δ12,14-PGJ2 319.4 203.0 -80 -10 -31 -7 internal standard 17.68 current paper

TxB2 369.2 169.1 -80 -10 -24 -7 2H4-TxB2 7.68 0.25 0.50 1000 current paper

2,3-dinor-TxB2 341.2 167.0 -70 -10 -14 -8 2H4-TxB2 5.68 1.00 2.50 1000 current paper

2,3-dinor-TxB1 343.0 142.9 -70 -10 -18 -8 2H4-TxB2 5.17 1.00 2.50 750 current paper

11-dehydro-2,3-dinor-TxB2 339.3 133.0 -55 -10 -20 -7 2H4-TxB2 6.89 0.57 0.76 762 current paper

11-dehydro-TxB2 367.0 161.1 -70 -10 -26 -8 2H4-TxB2 9.02 0.21 0.31 412 current paper
2H4-TxB2 373.3 173.2 -85 -10 -23 -8 internal standard 7.66 current paper

8-iso- PGE2 351.4 271.2 -55 -10 -23 -7 2H4-PGE2 8.69 0.10 0.25 500 current paper

8-iso -15-keto PGE2 349.4 235.0 -65 -10 -19 -7 theoretically   2H4-PGE2 
5)

9.47 relative quantification based on 15-keto PGE2 current paper

15-F2t-IsoP (8-iso-PGF2α) 4) 353.1 193.1 -95 -10 -34 -8 2H4-8-iso-PGF2α 7.58 0.10 0.25 500 Koch (2020) Talanta

8-iso-15(R )-PGF2α 353.2 193.0 -80 -10 -33 -7 theoretically  2H4-PGF2α 5)
8.48 relative quantification based on 8-iso-15(R )-PGF2α current paper

5(R,S )-5-F2c-IsoP (8,12-iso -iPF2α-VI) 4) 353.2 219.2 -90 -10 -30 -8 2H11-8,12-iso -iPF2α-VI 10.07 0.25 0.5 500 Koch (2020) Talanta

13,14-dihydro-15-oxo-15-F2t-IsoP 4) 353.2 291.1 -110 -10 -30 -8 2H4-PGF2α 8.80 0.25 0.50 500 Koch (2020) Talanta

15-oxo-15-F2t-IsoP 4) 351.2 219.0 -75 -10 -23 -8 2H4-8-iso-PGF2α 8.19 0.3 0.5 500 Koch (2020) Talanta

2,3-dinor-15-(R,S )-15-F2t-IsoP 4) 325.2 237.0 -70 -10 -18 -8 2H4-8-iso-PGF2α 5.49 0.100 0.25 500 Koch (2020) Talanta

5(R,S )-5-F2t-IsoP (5-iPF2α-VI) 4) 353.2 114.8 -85 -10 -27 -8 2H4-8-iso-PGF2α 8.07 0.1 0.25 500 Koch (2020) Talanta
2H11-8,12-iso -iPF2α-VI 364.2 320.1 -90 -10 -30 -8 internal standard 10.01 Koch (2020) Talanta
2H4-8-iso-PGF2α 357.2 196.8 -75 -10 -34 -8 internal standard 7.55 Koch (2020) Talanta

20-COOH-ARA 333.2 271.0 -95 -10 -23 -6 2H6-20-HETE 17.13 0.1 0.25 500 Koch (2020) Talanta

11,12,15-TriHETrE 353.2 167.1 -100 -10 -27 -10 2H4-PGE2 10.16 relative quantification based on LXA4 Rund (2018) Analytica Chimica Acta

Eicosapentaenoic Acid (EPA; 20:5 n -3) 5-HEPE 317.2 115.1 -80 -10 -18 -6 2H8-15-HETE 19.18 0.03 0.06 295 Koch (2020) Talanta

8-HEPE 317.2 155.2 -80 -10 -18 -8 2H8-15-HETE 18.41 0.03 0.06 300 Koch (2020) Talanta

9-HEPE 317.2 167.0 -70 -10 -17 -8 2H8-15-HETE 18.41 0.1 0.25 500 Koch (2020) Talanta

11-HEPE 317.2 167.0 -70 -10 -19 -8 2H8-15-HETE 18.16 0.031 0.062 310 Koch (2020) Talanta

12-HEPE 317.2 179.2 -85 -10 -18 -8 2H8-15-HETE 18.58 0.05 0.1 500 Koch (2020) Talanta

15-HEPE 317.2 219.2 -80 -10 -18 -10 2H8-15-HETE 18.04 0.05 0.1 500 Koch (2020) Talanta

18-HEPE 317.2 259.2 -75 -10 -15 -7 2H8-15-HETE 17.30 0.05 0.1 500 Koch (2020) Talanta

19-HEPE 317.2 229.3 -70 -10 -16 -8 2H8-15-HETE 16.69 relative quantification based on 18-HEPE Rund (2018) Analytica Chimica Acta

20-HEPE 317.2 287.3 -70 -10 -18 -8 2H6-20-HETE 16.76 0.25 0.50 1000 current paper

5(S ),12(R ),18(R )-TriHEPE (RvE1) 349.3 195.0 -80 -10 -22 -10 2H5-7(S ),16(R ),17(S ) -TriHDHA (RvD2) 6.25 0.25 0.50 1000 current paper

5,12,12-TriHEPE (trans -RvE1) 349.2 195.0 -80 -10 -22 -10 2H5-7(S ),16(R ),17(S ) -TriHDHA (RvD2) 6.03 relative quantification based on 5(S ),12(R ),18(R )-TriHEPE (RvE1) compound e/f from Kutzner (2020) BBA Lipids

5(S ),18(R )-DiHEPE (RvE2) 333.2 253.3 -80 -10 -19 -9 2H4-LTB4 11.27 4.63 9.26 1852 current paper

17(R ),18(R )-DiHEPE (RvE3) 333.2 201.3 -80 -10 -19 -9 2H4-9,10-DiHOME 13.17 relative quantification based on 8,15-DiHETE Kutzner (2019) Frontiers in Pharmacology

17(R ),18(S)-DiHEPE (18(S )-RvE3) 333.2 201.3 -80 -10 -19 -9 2H4-9,10-DiHOME 12.56 relative quantification based on 8,15-DiHETE Kutzner (2019) Frontiers in Pharmacology

5(S ),15(S )-DiHEPE (RvE4) 333.2 115.0 -80 -10 -19 -7 2H4-LTB4 11.85 0.25 0.50 1000 current paper

5(S ),6(R ),15(S )-TriHEPE (LxA5) 349.1 215.0 -70 -10 -24 -13 2H5-5(S ),6(R ),15(S )-TriHETE (LxA4) 8.77 1.00 2.50 1000 current paper

LTB5 333.3 195.2 -80 -10 -21 -8 2H4-LTB4 11.95 0.25 0.50 1000 current paper

5,12-diHEPE 333.2 195.0 -80 -10 -19 -9 2H4-LTB4 12.32 relative quantification based on 5(S ),15(S )-DiHEPE (RvE4) compound 8/9 from Kutzner (2020) BBA Lipids

12,18-diHEPE 333.2 179.0 -80 -10 -19 -9 2H4-LTB4 11.08 relative quantification based on 5(S ),18(R )-DiHEPE (RvE2) compound c/d  from Kutzner (2020) BBA Lipids

5,x,18-triHEPE 1 349.2 215.0 -80 -10 -22 -10 2H5-5(S ),6(R ),15(S )-TriHETE (LxA4) 7.92 relative quantification based on 5(S ),6(R ),15(S )-TriHEPE (LxA5) compound i from Kutzner (2020) BBA Lipids

5,x,18-triHEPE 2 349.3 145.0 -80 -10 -22 -10 2H5-5(S ),6(R ),15(S )-TriHETE (LxA4) 8.4 relative quantification based on 5(S ),6(R ),15(S )-TriHEPE (LxA5) compound h/j from Kutzner (2020) BBA Lipids

5(6)-EpETE 317.2 189.1 -90 -10 -16 -6 2H11-8(9)-EpETrE
21.56

relative quantification based on 8(9)-EpETE synthesized using MCPBA as described Newman (2002) J 
Lipid Res

8(9)-EpETE 317.2 127.2 -90 -10 -16 -6 2H11-8(9)-EpETrE 21.32 0.5 0.75 500 Koch (2020) Talanta

11(12)-EpETE 317.2 167.0 -90 -10 -16 -6 2H11-14(15)-EpETrE 21.14 0.1 0.25 500 Koch (2020) Talanta

14(15)-EpETE 317.2 207.2 -90 -10 -16 -6 2H11-14(15)-EpETrE 20.97 0.1 0.25 500 Koch (2020) Talanta

17(18)-EpETE 317.2 215.2 -90 -10 -16 -6 2H11-14(15)-EpETrE 20.21 0.5 0.75 500 Koch (2020) Talanta

trans -5(6)-EpETE 317.2 189.1 -90 -10 -16 -6 2H11-8(9)-EpETrE 21.71 relative quantification based on 8(9)-EpETE Rund (2019) POLM

trans -8(9)-EpETE 317.2 127.2 -90 -10 -16 -6 2H11-8(9)-EpETrE 21.47 relative quantification based on 8(9)-EpETE Rund (2019) POLM

trans -11(12)-EpETE 317.2 167.0 -90 -10 -16 -6 2H11-14(15)-EpETrE 21.29 relative quantification based on 11(12)-EpETE Rund (2019) POLM

trans -14(15)-EpETE 317.2 207.2 -90 -10 -16 -6 2H11-14(15)-EpETrE 21.12 relative quantification based on 14(15)-EpETE Rund (2019) POLM

trans -17(18)-EpETE 317.2 215.2 -90 -10 -16 -6 2H11-14(15)-EpETrE 20.36 relative quantification based on 17(18)-EpETE Rund (2019) POLM

5,6-DiHETE 335.2 115.1 -85 -10 -20 -8 2H4-LTB4 15.43 0.23 0.3 15 Koch (2020) Talanta

8,9-DiHETE 335.2 127.1 -90 -10 -25 -5 2H4-LTB4 14.68 0.05 0.100 500 Koch (2020) Talanta

11,12-DiHETE 335.2 167.1 -90 -10 -25 -5 2H4-LTB4 14.27 0.025 0.05 250 Koch (2020) Talanta

14,15-DiHETE 335.3 207.2 -90 -10 -24 -10 2H4-LTB4 14.04 0.025 0.05 250 Koch (2020) Talanta

17,18-DiHETE 335.3 247.2 -90 -10 -23 -8 2H4-LTB4 13.44 0.083 0.11 55 Koch (2020) Talanta

PGB3 331.2 223.0 -75 -10 -24 -8 2H4-PGB2 10.40 0.5 0.75 500 Koch (2020) Talanta

PGD3 349.3 269.2 -80 -10 -21 -6 2H4-PGD2 8.11 0.50 0.75 1000 current paper

PGE3 349.3 269.2 -80 -10 -21 -6 2H4-PGE2 7.74 0.37 0.73 1462 current paper

PGF3α 351.2 193.2 -95 -10 -30 -7 2H4-PGF2α 7.35 0.75 1 250 Koch (2020) Talanta

Δ17-6-keto-PGF1α 367.2 163.2 -60 -10 -35 -10 2H4-6-keto-PGF1α 5.01 0.250 0.50 500 Koch (2020) Talanta

TxB3 367.3 169.3 -90 -10 -33 -8 2H4-TxB2 6.54 3.23 4.30 4301 current paper

11-dehydro-TxB3 365.3 161.2 -70 -10 -24 -8 2H4-TxB2 7.73 0.74 1.84 737 current paper

isoprostanes 15-F3t-IsoP (8-iso-PGF3α)  4) 351.1 193.0 -95 -10 -27 -8 2H4-8-iso-PGF2α 6.45 1 2.5 500 Koch (2020) Talanta

misc 12-OH-17(18)-EpETE 333.1 179.3 -90 -10 -17 -6 2H4-9,10-DiHOME 12.74 relative quantification based on 8,15-DiHETE Rund (2018) Analytica Chimica Acta

Docosapentaenoic Acid (DPA; 22:5 n -3) multihydroxy-PUFA 7(S ),17(S )-DiH-n3DPA 361.5 263.3 -80 -10 -19 -4 2H4-LTB4 14.00 0.5 0.75 500 Koch (2020) Talanta

oxo-PUFA 17-oxo-n3DPA 343.1 247.0 -85 -10 -24 -8 2H7-5-oxo-ETE 22.23 2.5 5 100 Koch (2020) Talanta

Docosahexaenoic Acid (DHA; 22:6 n -3) 4-HDHA 343.2 101.1 -75 -10 -17 -7 2H8-5-HETE 22.24 0.05 0.1 500 Koch (2020) Talanta

7-HDHA 343.2 141.2 -75 -10 -17 -7 2H8-5-HETE 21.36 0.05 0.1 500 Koch (2020) Talanta

8-HDHA 343.2 189.2 -70 -10 -17 -7 2H8-5-HETE 21.57 0.038 0.1 190 Koch (2020) Talanta

10-HDHA 343.2 153.2 -70 -10 -19 -7 2H8-12-HETE 20.89 0.025 0.05 500 Koch (2020) Talanta

11-HDHA 343.2 121.1 -70 -10 -18 -7 2H8-5-HETE 21.20 0.1 0.25 500 Koch (2020) Talanta

13-HDHA 343.2 193.2 -75 -10 -17 -7 2H8-12-HETE 20.61 0.05 0.1 500 Koch (2020) Talanta

14-HDHA 343.2 205.2 -70 -10 -17 -7 2H8-12-HETE 20.87 0.055 0.14 275 Koch (2020) Talanta

16-HDHA 343.2 233.2 -75 -10 -17 -7 2H8-15-HETE 20.27 0.1 0.25 500 Koch (2020) Talanta

17-HDHA 343.2 201.2 -80 -10 -18 -6 2H8-15-HETE 20.40 0.34 0.9 170 Koch (2020) Talanta

20-HDHA 343.2 241.2 -75 -10 -17 -7 2H8-15-HETE 19.71 0.1 0.25 500 Koch (2020) Talanta

21-HDHA 343.2 255.2 -80 -10 -16 -7 2H8-15-HETE 19.14 relative quantification based on 20-HDHA Rund (2018) Analytica Chimica Acta

22-HDHA 343.2 313.2 -85 -10 -18 -7 2H6-20-HETE 19.15 0.75 1.00 1000 current paper

7(R ),14(S )-DiHDHA (MaR1) 359.1 250.2 -80 -10 -19 -14 2H4-LTB4 13.60 0.75 1.00 1000 current paper

7(S ),14(S )-DiHDHA (7-epi -MaR1) 359.1 250.1 -80 -10 -20 -5 2H4-LTB4 13.06 0.50 0.75 1000 current paper

13(R ),14(S )-diHDHA (MaR2) 359.1 221.0 -70 -10 -16 -14 2H4-9,10-DiHOME 15.08 0.1 0.25 500 Koch (2020) Talanta

7(S ),8(R ),17(S )-TriHDHA (RvD1) 375.3 141.0 -70 -10 -19 -8 2H5-7(S ),8(R ),17(S )-TriHDHA (RvD1) 10.24 0.05 0.10 1000 current paper

7(S ),8(R ),17(R )-TriHDHA (17(R )-RvD1) 375.3 141.0 -70 -10 -19 -15 theoretically  2H5-7(S ),8(R ),17(S )-TriHDHA (RvD1) 5)
10.35 relative quantification based on 2H5-7(S ),8(R ),17(S )-TriHDHA (RvD1) current paper

2H5-7(S ),8(R ),17(S )-TriHDHA (RvD1) 380.3 141.0 -80 -10 -18 -8 internal standard 10.19 Koch (2020) Talanta

7(S ),16(R ),17(S )-TriHDHA (RvD2) 375.3 141.0 -80 -10 -21 -8 2H5-7(S ),16(R ),17(S ) -TriHDHA (RvD2) 9.45 0.75 1.00 1000 current paper
2H5-7(S) ,16(R ),17(S ) -TriHDHA (RvD2) 380.2 175.0 -80 -10 -31 -10 internal standard 9.40 Koch (2020) Talanta

4(S ),11(R ),17(R )-TriHDHA (17(R )-RvD3) 375.3 147.0 -80 -10 -24 -10 theoretically  2H5-7(S ),16(R ),17(S ) -TriHDHA (RvD2) 5)
9.12 relative quantification based on 4(S ),11(R ),17(S )-TriHDHA (RvD3) current paper

4(S ),11(R ),17(S )-TriHDHA (RvD3) 375.3 147.0 -80 -10 -24 -10 2H5-7(S ),16(R ),17(S ) -TriHDHA (RvD2) 9.18 0.25 0.50 1000 current paper

4(S ),5(R ),17(R,S )-RvD4 375.2 131.0 -80 -10 -19 -10 2H5-RvD1 11.43 0.1 0.25 500 Koch (2020) Talanta

7(S ),17(S )-DiHDHA (RvD5) 359.1 199.1 -70 -10 -19 -10 2H4-LTB4 13.57 0.1 0.25 500 Koch (2020) Talanta

10(S ),17(S )-DiHDHA (PDx) 359.1 153.1 -80 -10 -21 -10 2H4-LTB4 13.47 0.16 0.39 393 Koch (2020) Talanta

4-oxo-DHA 341.0 115.1 -100 -10 -20 -6 2H7-5-oxo-ETE 23.23 0.1 0.25 500 Koch (2020) Talanta

17-oxo-DHA 341.3 111.0 -85 -10 -21 -8 2H7-5-oxo-ETE 22.17 7.5 10 500 Koch (2020) Talanta

4(5)-EpDPE 343.2 229.1 -75 -10 -16 -7 2H11-8(9)-EpETrE
23.39

relative quantification based on 7(8)-EpDPE synthesized using MCPBA as described Newman (2002) J 
Lipid Res

7(8)-EpDPE 343.2 141.2 -75 -10 -16 -7 2H11-8(9)-EpETrE 23.08 0.44 0.65 436 Koch (2020) Talanta

10(11)-EpDPE 343.2 153.2 -90 -10 -16 -7 2H11-8(9)-EpETrE 22.88 0.01 0.025 500 Koch (2020) Talanta

13(14)-EpDPE 343.2 193.2 -90 -10 -16 -7 2H11-14(15)-EpETrE 22.77 0.05 0.1 250 Koch (2020) Talanta

16(17)-EpDPE 343.2 233.2 -90 -10 -16 -7 2H11-14(15)-EpETrE 22.68 0.1 0.25 500 Koch (2020) Talanta

19(20)-EpDPE 343.2 241.2 -90 -10 -16 -7 2H11-14(15)-EpETrE 22.24 0.25 0.5 500 Koch (2020) Talanta

trans -4(5)-EpDPE 343.2 229.1 -75 -10 -16 -7 2H11-8(9)-EpETrE 23.54 relative quantification based on 7(8)-EpDPE Rund (2019) POLM

trans -7(8)-EpDPE 343.2 141.2 -75 -10 -16 -7 2H11-8(9)-EpETrE 23.23 relative quantification based on 7(8)-EpDPE Rund (2019) POLM

trans -10(11)-EpDPE 343.2 153.2 -90 -10 -16 -7 2H11-8(9)-EpETrE 23.03 relative quantification based on 10(11)-EpDPE Rund (2019) POLM

trans -13(14)-EpDPE 343.2 193.2 -90 -10 -16 -7 2H11-14(15)-EpETrE 22.92 relative quantification based on 13(14)-EpDPE Rund (2019) POLM

trans -16(17)-EpDPE 343.2 233.2 -90 -10 -16 -7 2H11-14(15)-EpETrE 22.83 relative quantification based on 16(17)-EpDPE Rund (2019) POLM

trans -19(20)-EpDPE 343.2 241.2 -90 -10 -16 -7 2H11-14(15)-EpETrE 22.39 relative quantification based on 19(20)-EpDPE Rund (2019) POLM

4,5-DiHDPE 361.2 229.3 -90 -10 -23 -6 2H11-11,12-DiHETrE 19.19 relative quantification based on 7,8-DiHDPE Rund (2018) Analytica Chimica Acta

7,8-DiHDPE 361.2 113.1 -90 -10 -23 -6 2H11-11,12-DiHETrE 17.91 0.25 0.5 500 Koch (2020) Talanta

10,11-DiHDPE 361.2 153.2 -90 -10 -23 -6 2H11-11,12-DiHETrE 17.03 0.05 0.1 250 Koch (2020) Talanta

13,14-DiHDPE 361.2 193.2 -90 -10 -23 -6 2H11-11,12-DiHETrE 16.63 0.05 0.1 500 Koch (2020) Talanta

16,17-DiHDPE 361.2 233.2 -90 -10 -23 -6 2H11-11,12-DiHETrE 16.34 0.05 0.1 500 Koch (2020) Talanta

19,20-DiHDPE 361.2 273.2 -90 -10 -23 -6 2H11-11,12-DiHETrE 15.71 0.25 0.5 500 Koch (2020) Talanta

Adrenic acid (AdA; 22:4 n -6) prostanoids 1a,1b-dihomo-PGF2α 4) 381.4 221.1 -80 -10 -37 -10 2H4-PGB2 10.89 0.5 0.75 500 Koch (2020) Talanta

secondary internal standard
Aleuritic Acid 303.1 268.8 -75 -10 -41 -10 secondary internal standard 5.39 Koch (2020) Talanta

12-[[(tricyclo[3.3.1.13,7]dec-1-ylamino)carbonyl]amino]-dodecanoic acid (AUDA) 391.0 240.1 -100 -10 -25 -10 secondary internal standard 19.66 Koch (2020) Talanta

12-oxo Phytodienoic acid (OPDA) 291.1 165.0 -90 -10 -27 -10 secondary internal standard 15.56 Koch (2020) Talanta

(1-(1-(Ethyl-sulfonyl)piperidin-4-yl)-3-(4-(trifluoromethoxy)phenyl)urea) 2213 394.0 176.0 -100 -10 -21 -10 secondary internal standard 10.69 Koch (2020) Talanta
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misc

hydroxy-PUFA

multihydroxy-PUFA

epoxy-PUFA



Legend
1) limit of detection (LOD) set to lowest concentration with a signal to noise ratio ≥3

2) lower limit of quantification (LLOQ) set to lowest calibration standards with a signal to noise ratio ≥5 and accuracy ±20%

3) upper limit of quantification (ULOQ) set to calibration of the highest injected standard

4) other isoprostanes, isofuranes and phytoprostanes can be included as described in Rund et al., 2017 (Anal Chim Acta 1037, 63-74)

 5) preparation of independent calibration necessary due to interferences 

Abbreviations

AdA adrenic acid

ALA alpha-linolenic acid

ARA arachidonic acid

CE collision energy

CXP collision cell exit potential

DGLA dihomo-gamma linolenic acid 

DHA docosahexaenoic acid

DiH dihydroxy

DiHDHA dihydroxydocosahexaenoic acid

DiHDPE dihydroxydocosapentaenoic acid

DiHEPE dihydroxyeicosapentaenoic acid

DiHETE dihydroxyeicosatetraenoic acid

DiHETrE dihydroxyeicosatrienoic acid

DiHODE dihydroxyoctadecadienoic acid

DiHOME dihydroxyoctadecamonoenoic acid/ dihydroxyoctadecenoic acid

DP declustering potential

DPA docosapentaenoic acid

EKODE epoxy-keto-octadecadienoic acid

Ep epoxy

EP entrance potential

EPA eicosapentaenoic acid

EpDoTrE epoxydocosatrienoic acid

EpDPE epoxydocosapentaenoic acid

EpEDE epoxyeicosadienoic acid

EpETE epoxyeicosatetraenoic acid

EpETrE epoxyeicosatrienoic acid

EpETrE epoxyeicosatrienoic acid

EpODE epoxyoctadecadienoic acid

EpOME epoxyoctadecamonoenoic acid/ epoxyoctadecenoic acid

ETE eicosatetraenoic acid

FA fatty acid

GLA gamma-linolenic acid

HDHA hydroxydocosahexaenoic acid

HEPE hydroxyeicosapentaenoic acid

HETE hydroxyeicosatetraenoic acid

HETrE hydroxyeicosatrienoic acid

HHTrE hydroxyheptatrienoic acid

HOTrE hydroxyoctadecatrienoic acid

HpETE hydroperoxyeicosatetraenoic acid

IsoP/ iP isoprostane

LA linoleic acid

LLOQ lower limit of quantification

LOD limit of detection

LT leukotriene

Lx lipoxin

MaR maresin

ODE octadecadienoic acid

Oleic oleic acid

OTrE octadecatrienoic acid

P protectin

PG prostaglandin

Rv resolvin

TriHDHA trihydroxydocosahexaenoic acid

TriHEPE trihydroxyeicosapentaenoic acid

TriHETE trihydroxyeicosatetraenoic acid

TriHETrE trihydroxyeicosatrienoic acid

TriHODE trihydroxyoctadecadienoic acid

TriHOME trihydroxyoctadecamonoenoic acid/ trihydroxyoctadecenoic acid

Tx thromboxane

ULOQ upper limit of quantification
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