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Abstract Several oxylipins are regulators of
inflammation. They are formed by enzymes such as
lipoxygenases or cyclooxygenases, but also
stereorandomly by autoxidation. Reversed-phase
liquid chromatography-tandem-mass-spectrometry
(LC-MS/MS) methods for oxylipin quantification
do not separate enantiomers. Here, we combine
sensitive and selective oxylipin analysis with chiral
separation using two-dimensional (2D)-LC-MS/MS.
By multiple heart-cutting, the oxylipin peaks are
transferred onto a chiral column. 45 enantiomeric
pairs of (di-)hydroxy-fatty acids are separated with
full gradient elution within 1.80 min, yielding lower
limits of quantification <1 pg on the column. Con-
centrations, as well as enantiomeric fractions of
oxylipins, can be determined, even at low
concentrations or at high enantiomeric excess of one
isomer. The developed achiral-chiral multiple heart-
cutting 2D-LC-MS/MS method offers unprecedented
selectivity, enabling a better understanding of
the formation routes of these lipid mediators. This is
demonstrated by distinguishing the formation of
hydroxy-fatty acids by (acetylated) cyclooxygenase-2
and radical-mediated autoxidation. Applying the
method to human M2-like macrophages, we show
that the so-called specialized pro-resolving media-
tors (SPM) 5,15-DiHEPE and 7,17-DiHDHA as well as
5,15-DiHETE were present as (S,5)-enantiomers, sup-
porting their enzymatic formation. In contrast, at
least eight isomers (including protectin DX but not
neutroprotectin DI) of 10,17-DiHDHA are present in
immune cells, indicating formation by autoxidation.
In the human plasma of healthy individuals, none of
these dihydroxy-fatty acids are present. However,
we demonstrate that all four isomers quickly form
via autoxidation if the samples are
stored improperly. Bl Dihydroxy-FA should only be
reported as SPM, such as resolvin D5 or resolvin E4,
if an enantioselective analysis as described here has
been carried out.
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Oxylipins are a heterogeneous group of lipids
derived from the oxidation of (poly-) unsaturated fatty
acids. Several oxylipins are formed by non-enzymatic
free radical reactions. The biosynthesis of oxylipins is
catalyzed by lipoxygenases (LOX), cyclooxygenases
(COX), or by cytochrome P450 monooxygenases (CYP).
While the enzymatic pathways are highly stereo- and
enantio-specific, the autoxidative pathways lead to
stereorandom products (1, 2). Many oxylipins are potent
lipid mediators that regulate physiological processes
such as blood coagulation, fever, inflammation, and
blood pressure. Liquid chromatography-tandem mass
spectrometry  (LC-MS/MS)-based  multi-methods
covering large numbers of structurally diverse oxy-
lipins are state of the art for the investigation of lipid
mediator biology (3-7). These powerful reversed-phase
(RP) chromatography methods are characterized by
high selectivity and sensitivity, which are achieved by
narrow chromatographic peaks and selective MS/MS
detection. They allow the separation and quantification
of a large number of structurally similar oxylipins,
including positional isomeric (di-) hydroxy-fatty acids
(-FA). RP-based methods with achiral stationary phases
do not enable the separation of oxylipin enantiomers.
However, this is key for understanding the formation
routes and biology of these compounds as
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stereochemistry directs biological activity, receptor in-
teractions, and metabolic fate (8-10).

Numerous chromatographic methods for enantiose-
lective oxylipin analysis have been reported (10-15).
However, most of these methods cover only a few
oxylipins, except for a recent supercritical fluid chro-
matography- (SFC-) MS approach, which enables the
quantification of a wide range of octadecanoids (16).
Most commonly, amylose-based tris(3,5-dimethyl-phe-
nylcarbamate) phases are employed for separating
stereoisomeric oxylipins (10-12, 16-20). Under RP con-
ditions, this material exhibits suitable stereoselectivity,
yielding adequate retention as well as separation of
stereoisomeric oxylipins such as hydroxy-FA enantio-
mers (10-12, 21). The chemical selectivity of this material
for positionally isomeric oxylipins is limited, which
leads to their poorer chromatographic resolution
compared to RP chromatography (12, 20). Given that
isobaric oxylipins, such as epoxy- and hydroxy-FA,
show similar fragment spectra and share mass transi-
tions, chiral chromatography shows insufficient speci-
ficity for structural isomers (10). Moreover,
enantioselective chromatographic separation yields
wider peaks compared to RP (ultra-high performance)
LC and thus lower sensitivity. Therefore, the applica-
tion of chiral chromatography for the comprehensive
and quantitative analysis of oxylipins in biological
samples is limited, and RP chromatography is the
technique of choice for targeted oxylipin metab-
olomics (22).

Combining efficient RP chromatography and enan-
tioselective separation is a promising approach for
sensitive and selective but stereospecific analysis of
oxylipins. This is possible by heart-cutting two-dimen-
sional (2D) chromatography. Heart-cutting enables the
transfer of selected sections or peaks of the 'D
chromatogram to a second column with orthogonal
selectivity for further chromatographic separation.
Achiral-chiral heart-cutting 2D-LC is frequently used
for the analysis of amino acids (23, 24) or pharmaceu-
ticals (25, 26). By loop-based multiple cutting, the collec-
tion of a large number of 'D sections and subsequent “D
analysis is possible (27). Despite its great potential, this
approach has rarely been exploited for comprehensive
targeted metabolomics.

In this work, an LC-MS/MS method was developed
which enables the specific and enantioselective quan-
titative analysis of oxylipins. An efficient RP-LC sepa-
ration was coupled with chiral chromatography in a 2D
multiple heart-cutting (MHC) setup. Due to the effi-
cient RP separation in the first dimension, positionally
isomeric oxylipins and isobaric compounds are sepa-
rated. Heart-cutting of the entire 'D peak and efficient
enantioselective separation by full-gradient elution on
a chiral stationary phase enables sensitive and selective
determination of a large number of oxylipin isomers,
that is, ARA-, EPA-, DHA-, linoleic-, and linolenic acid-
derived hydroxy- and dihydroxy-FA.
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The method described here is one of the most
comprehensive multiple heart-cutting applications re-
ported thus far, and the first one for the analysis of
oxylipins. This novel approach enables the elucidation
of the formation pathways of oxylipins in biological
samples based on quantitative oxylipin data and the
ratio of the enantiomers with the same sensitivity and
specificity as that of 1D RP-LC-MS/MS.

MATERIALS AND METHODS

Instrumental analytical methods

Chromatographic separation was carried out with an Agi-
lent 1290 Infinity II system (Agilent Technologies, Wald-
bronn, Germany). In the 1D setup, the system comprises an
autosampler, a binary pump, and a column oven. An estab-
lished method for the analysis of more than 150 oxylipins was
used in the first dimension (3). Solvent A is a mixture of water
and solvent B (95/5) containing 0.1% acetic acid, and solvent B
consists of acetonitrile, methanol, and acetic acid (800/150/1).
The oxylipins are separated on a CI18 reversed-phase column
(Zorbax Eclipse Plus Cl18, 2.1 x 150 mm, particle size 1.8 pm,
pore size 9.5 nm, Agilent Technologies) at 40°C with a flow
rate of 0.3 ml/min and the following gradient: 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 (3, 28). For detection, the LC was coupled
to a Sciex 6500+ QTrap triple quadrupole mass spectrometer
(AB Sciex, Darmstadt, Germany) operated in negative elec-
trospray ionization (ESI(—)) mode. In quantitative 1D analysis,
the instrument was operated in scheduled multiple reaction
monitoring (MRM), with +22 s windows around the expected
retention time and a cycle time of 0.4 min. The ion source
settings were as follows: Ionspray voltage: —4500 V, nebulizer
gas (gas 1, zero air): 60 psi, drying gas (gas 2, zero air): 60 psi,
temperature: 475°C, curtain gas (Ng): 35 psi. The collision gas
(Ng) was set to 12 psi. The injection volume was 5 pl. The 1D-LC
and the MS were controlled using Analyst 1.7.3 Software (AB
Sciex).

In the 2D setup, an additional binary pump, an additional
oven, as well as a 2D heart-cutting valve with active solvent
modulation (ASM, 1.9 pl ASM capillary, ASM factor 3), and
two multiple heart-cutting decks with six 40 pl sample loops
each were integrated into the system (Fig. 1). All heart cuts
were triggered time-dependently based on the retention times
of the oxylipins in the first dimension, which was determined
prior to each 2D-LC batch (further details are described in the
Supplemental Data). D separation of the heart-cuts was car-
ried out at 35°C on a short 50 X 3.0 mm Chiralpak IA-U col-
umn, ie, amylose tris(3,5-dimethylphenylcarbamate) material
immobilized on 1.6 pm silica (Daicel, Osaka, Japan). Water with
10% acetonitrile and 0.1% acetic acid was used as solvent A,
and acetonitrile with 10% water and 0.1% acetic acid was used
as solvent B. A flow of 0.9 ml/min was applied (backpressure
300-400 bar). The ?D gradient started with 5% B, which was
kept for the duration of the ASM (0.14 min), and then
increased to 45% B in 0.01 min. From 0.15 min to 1.40 min, the
composition changed linearly to 70% B, which was held for
0.3 min, and subsequently, within 0.01 min, the initial condi-
tions were restored and held for 0.09 min, yielding a ’D cycle
time of 1.80 min. An idle flow rate of 0.4 ml/min was used
before and between the individual *D runs. Mass spectro-
metric detection was carried out in negative MRM, with a
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Fig. 1. Setup of the multiple heart-cutting 2D-L.C system. Gradient separation in the first dimension is carried out with an CI8
stationary phase. The 2D valve directs the eluate of the first dimension to the parking decks. Each deck hosts six capillaries with a
volume of 40 pl which serve as sample loop for the D analysis. Gradient chiral separation in the second dimension is carried out with
an amylose-based tris(3,5-dimethyl-phenylcarbamate) phase in reversed-phase mode. The oxylipins are detected by MS/MS.

dwell time of 12 ms for each transition. The following pa-
rameters of the ion source were adapted to the higher solvent
flow: gas 2: 70 psi, temperature: 600°C, curtain gas: 40 psi. The
2D-LC system was controlled using OpenLab CDS Chem-
Station Edition (C.0L10. software (Agilent), and the mass
spectrometer was controlled using Analyst 1.7.3 Software (AB
Sciex). Chromatographic resolution R of two peaks was
calculated as R = 1.18-%, whereas f and (g, are
the retention times of the earlier and later eluting peaks,
respectively, and FWHM are the full peak widths at half
height.

Cell culture, plasma generation, enzymatic
reactions, and oxylipin extraction

2 x 10° HCA-7 cells were cultivated in 60 cm? dishes for
24 h (29). Tert-butyl hydroperoxide (BuOOH) or COX in-
hibitors were added into the medium, and after 3 h ((BuOOH)
or 24 h (COX inhibitors) the cells were harvested using trypsin
and sonicated in a mixture of water and methanol (50/50)
containing an antioxidant solution (30). M2-like primary hu-
man macrophages were generated and cultivated as previ-
ously described (3, 31).

Pooled human EDTA plasma and pooled human serum
from healthy individuals were generated as described (2),
approved by the ethics committee of the University of
Wuppertal and in accordance with the guidelines of the
Declaration of Helsinki. In brief, for plasma generation, blood
was collected in EDTA-monovettes and immediately centri-
fuged for 10 min at 1200 g and 4°C. The supernatant was
carefully collected. Plasma samples from different subjects
were pooled, gently mixed, aliquoted, and frozen at —80°C
immediately afterward. Of note, plasma and serum were ob-
tained from different donors. In addition, citrate plasma from
four individuals, which was stored at —40°C for several
months, was provided by the blood donation center at Uni-
versity Hospital Dusseldorf (Diisseldorf, Germany). Commer-
cial human pooled EDTA plasma was purchased from BioIVT
(West Sussex, United Kingdom), which showed high concen-
trations of lipid autoxidation products presumably resulting
from processing and storing in a non-frozen state for an
extended period (oxidized plasma).

For 15-LOX-catalyzed conversion of 5(RS)-HETE, 5(R,S)-
HEPE, and 4(RS-HDHA, 5 pM of the compounds were
incubated with a homogenate of stably transfected HEK293T
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cells inducibly expressing ALOXI5 (30) for 15 min
(Supplemental Data). Enantioselective depletion of one ste-
reoisomer from a racemic mixture was performed by
Amano-Lipase PS-catalyzed transesterification (Supplemental
Data) (32). The autoxidation of human plasma was induced by
storing plasma in a non-light-protected environment at
20°C-23°C for up to seven days. The extraction of non-
esterified oxylipins from plasma, serum, and cell homoge-
nates was carried out by solid-phase extraction on a non-polar
C8/strong anion exchange mixed-mode material (Bond Elut
Certify II, 200 mg, Agilent Technologies) as described (28, 33).
Details of the origin of the used chemicals and biological
materials are provided in the Supplemental Data.

RESULTS

In order to enable both, sensitive and selective
quantification of oxylipins and specific determination
of enantiomeric ratios, we developed the first 2D tar-
geted oxylipin metabolomics platform: By multiple
heart-cutting (MHC), the oxylipins are collected from
the first (RP) dimension and injected into the second
dimension, where chiral separation is performed
(Fig. 1). By separating and isolating isobaric compounds
and positional isomers in the first (RP) dimension, in-
terferences in the chiral separation are minimized.

Quantitative 1D oxylipin metabolomics

The 1D setup is based on a well-established targeted LC-
MS/MS lipidomics method covering 239 oxylipins.
Quantification of oxylipins is performed via an external
calibration using authentic reference standards with 29
isotopically labeled oxylipins as internal standards
(supplemental Table S2-S3) (3, 34). Using this method,
hydroxy-and vicinal dihydroxy-FA elute as narrow peaks
with full peak widths at half height FWHM) of 4-5s over
a broad window from 13 min to 22 min, ensuring an
efficient chromatographic separation (Table 1) (3, 28, 33,
34). This is crucial because several critical separation pairs,
ie, isobaric compounds giving rise to similar fragment
spectra, need to be chromatographically separated prior
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TABLE 1. Separation and MS detection parameters of the enantioselective multiple heart-cutting 2D-L.C method

ID LLOQ Peak 1 Peak 2
m/z  m/z DP  CE [pg on 'D (R ’D (R ’D FWHM D (R ’D FWHM
Analyte Ql Q3 [V] [Vl [nM]" column]* [min]” [min] [s] [min]" [s] Resolution”
9-HODE® 2052 1711 -80 —-26 014 0.21 20.31 1.646 1.82 1.939 2.30 5.04
13-HODE"® 2952 1952 -80 —-26 025 037 20.20 1.547 1.66 2.001 221 830
9-HOTrE 2932 1712 —-65 —-22 050 0.74 17.68 1.565 175 1733 2.06 313
13-HOTrE 2032 1951 -70 -24 25 37 18.08 1.326 145 1.535 1.82 4.53
13-y-HOTTE 2030 1930 -70 -25 50 74 18.43 1.025 157 1218 178 4.08
5-HETE 3192 1152 -60 -21 018 0.29 22.30 1430 173 1525 2.03 178
8-HETE 3192 1552 —-60 -22 094 15 21.76 1434 1.82 1.555 1.98 226
9-HETE 3192 1672 -60 —-23 133 2.1 22.07 1429 1.60 1487 159 1.29
11-HETE 3192 1672 -60 -23 011 0.18 21.44 1411 1.62 1.514 177 217
12-HETE 3192 1792 —-60 —-20 025 0.40 21.80 1.527 1.80 1.606 2.06 144
15-HETE 3192 2192 -60 —-20 22 35 20.94 1.455 191 1.610 2.05 277
16-HETE 3192 2331 -65 —20 0.75 12 19.76 1.318 1.82 1477 1.81 3.10
5-HEPE 3172 11561 -60 —-20 030 0.48 19.96 1.282 178 1.345 1.95 119
8-HEPE 3172 1552 —-60 —20 030 0.48 19.23 1.258 1.66 1.344 1.84 173
9-HEPE 3172 1670 —-40 -19 050 0.80 19.61 1.248 149 1307 174 1.30
11-HEPE 3172 1670 -40 -21 031 0.49 19.01 1.294 1.59 1371 1.85 157
12-HEPE 3172 1792 —-65 —20 0.50 0.80 19.44 1.343 159 1420 177 1.61
15-HEPE 3172 2192 —-60 —20 0.75 12 18.90 1.281 174 1.336 178 112
18-HEPE 3172 2592 55 -17 0.75 1.2 18.15 1.249 147 1.288 157 0.85
4-HDHA 3432 10L1 -5 -19 0.25 0.43 2272 1401 1.60 1.488 173 1.86
7-HDHA 3432 1412 -55 —-19 050 0.86 21.97 1.395 1.58 1.455 171 1.31
8-HDHA 3432 1892 -50 -19 0.29 0.50 22.15 1376 170 1414 1.87 0.74
10-HDHA 3432 1532 —-45 =21 025 0.43 21.59 1413 1.62 1.499 177 179
11-HDHA 3432 1211 —-45 -20 025 0.43 21.86 1417 1.63 1470 1.65 113
13-HDHA 3432 1932 -5 -19 025 0.43 21.37 1433 173 1.532 172 203
14-HDHA 3432 2052 -50 -19 041 0.71 21.59 1422 1.63 1493 1.81 1.46
16-HDHA 3432 2332 -55 —-19 025 0.43 21.10 1420 1.68 1.469 175 1.01
17-HDHA 3432 2012 -60 20 85 15 2121 1.408 165 1.460 162 113
20-HDHA 3432 2412 -55 -19 050 0.86 20.59 1.344 157 1.383 1.61 0.88

Shown are the MRM transitions and the MS parameters (declustering potential, DP and collision energy, CE) used for detection, the lower
limit of quantification (LLOQ) in the first dimension, retention times, peak width (full width at half-maximal height, FWHM), and chro-

matographic resolution between the enantiomers.

*The lower limit of quantification (LLOQ) was set to the lowest calibration standards with a signal-to-noise ratio > 5 and an accuracy

100 + 20%.

YRelative standard deviation of the 'D retention times within one batch was <0.1% (0.01 min) and <0.3% (0.06 min) across different

batches.

“Relative standard deviation of the D retention times within one batch was <0.3% (0.005 min) and <1% (0.02 min) across different

batches.

9Chromatographic resolution between the enantiomers was calculated as the ratio between the difference in the retention times and the

sum of the FWHM of two peaks, multiplied by 118.

€A longer gradient up to 85% B was used due to the strong retention of these LA-derived oxylipins on the 2D column.

to MS/MS detection. Well-known examples of such pairs
are hydroxy-FA and their corresponding epoxy
derivatives (eg, 15-HETE and 14(15)-EpETrE) (10). How-
ever, this is also the case for several hydroxy-FA: For
example, 7-HDHA shows a signal on the transition of
17-HDHA, 9- and 11-HEPE share characteristic fragments,
as well as 9-HETE with 1I-HETE and 12-HETE
(supplemental Fig. S1).

Enantioselective D analysis of oxylipins

Chiral separation of oxylipins was carried out on a
short (50 mm) column with < 2 pm particles. The
amylose-based tris(3,5-dimethyl-phenylcarbamate) ma-
terial yields good selectivity and allows the application
of reversed-phase conditions. Active solvent modula-
tion was used during the transfer of the heart-cuts to
the 2D column because this improved the retention and
separation of the enantiomers (Supplemental Data).
Due to the short column, a rapid (180 min total D run
time) linear gradient of water and acetonitrile with 0.1%

4 . Lipid Res. (2024) 65(12) 100694

acetic acid could be used, which led to efficient sepa-
ration of the enantiomers of hydroxy- and vicinal
dihydroxy-FA (Table 1, supplemental Table S5). An
addition of methanol or isopropanol to the solvents did
not improve the separation (supplemental Table S4),
although earlier reports showed clear changes in the
selectivity for the separation of hydroxy-FA when
different alcohols are used with the same stationary
phase under normal-phase conditions (18, 35).

For the 2D interface, sample loops for MHC with a
volume of 40 pl were selected. This corresponds to
0.12-0.14 min of the 'D gradient and the full width at
10% peak height (FWTM) of the 'D peaks. The FWTM
interval equals more than 96% of a Gaussian peak.
Thus, practically the entire D peak is transferred to the
second dimension without losing relevant amounts of
the eluting oxylipin (Fig. 2A). At the same time, the
transfer window is equally narrow as the 'D peaks,
preserving the separation and thus specificity of the
first dimension.
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Fig. 2. Chiral separation of arachidonic acid-derived oxylipins by means of 2D-LC-MS/MS. A: 'D chromatogram using a RP-18
stationary phase (21 mm X 150 mm, 1.8 pm Earticles) and acidified water and acetonitrile with methanol as solvents. The dashed lines

indicate the volume that is collected in the D

sample loop. B: Multiple heart-cut 2D chromatograms following chiral separation using

an amylose-based tris(3,5-dimethyl-phenylcarbamate) phase (3.0 mm x 50 mm, < 2 pm particles) and acidified water and acetonitrile
as eluents. Detection in both, 1D- and 2D-LC was carried out by a triple quadrupole MS in MRM following electrospray ionization in
negative mode. The separation of a racemic multi-analyte oxylipin standard (50 nM) is shown. The Rand Sisomers are indicated for
the peaks of the enantiomeric pairs, when stereo information could be deduced with enantiomerically pure standards or by
enzymatic depletion of one enantiomer. C: Chemical structure of arachidonic acid with atom numbering indicating the positions of

the hydroxy groups.

Heart-cutting can be triggered at any time point, and
thus, it is possible to transfer every peak from the first
dimension into the D sample loop and subsequently
further resolve it with the orthogonal selectivity in the
second dimension. Thus, practically, the number of
oxylipins that can be chirally separated in the second
dimension in an individual analysis run is limited by the
number of available loops in the 2D decks. Due to the
rapid 2D gradient (180 min) and the “smart peak
parking” feature of the 2D-LC software, 12 to 15 heart-
cuts can be collected within the runtime of the first
dimension (32 min), resulting in a total runtime of
32-45 min. Due to the co-elution of non-isobaric com-
pounds (Table 1) this allows the chiral analysis of up to
20 oxylipins (An exemplary sampling table is provided
in the supplemental Table SI). This is in our hands
sufficient for addressing biological questions. Consis-
tently, previous published chiral methods cover a
similar number of oxylipins, eg, 16 pairs of enantiomers
(10), a total of 37 lipid mediators (11) or 19 enantiomeric
pairs along with two diastereomeric compounds (12).
However, if the enantiomeric fraction of all 45 oxy-
lipins covered by the 2D method should be analyzed, at
least two injections are necessary.

With 1.80 min, the duration of the ?D gradient of this
method is shorter in comparison to other MHC appli-
cations, where “D chromatography with gradient
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elution is carried out in five minutes for the charac-
terization of synthetic oligonucleotides (36), in two mi-
nutes for determining additives in polystyrene (27) or
within nine minutes for analyzing pyrrolizidine alka-
loids in plants (37). For the enantioselective separation
of amino acids, a considerably faster ’D separation of
68 s is described (24). However, an isocratic separation
was used in this study. This is common for achiral-chiral
(multiple) heart-cutting methods, but not applicable to
the structurally diverse class of oxylipins. Other 2D
methods with a chiral second dimension aim to analyze
individual heart cuts, using ?D runtimes from four (23),
six (25), or seven minutes (26) up to more than 30 min
(38), which is not suitable for multiple heart-cutting
methods.

The efficient chromatography in the second dimen-
sion yields full peak widths at half height
(FWHM) < 25 s for most of the oxylipin isomers
(Table I). This is in line with other chiral MHC 2D ap-
proaches, eg, for the analysis of amino acids (FWHM
~2-4 s) (24), and slightly narrower in comparison to a
chiral 1D method in which the same < 2 pm packing is
used as the enantioselective stationary phase for the
separation of oxylipins (FWHM ~3 s) (12). However, all
other methods describing the enantioselective analysis
of oxylipins have reported considerably wider peaks
(FWHM ~9 s) (10, 11).

Sensitive and selective chiral analysis of mono- and dihydroxy-fatty acids 5



With the rapid generic D gradient, the separation of
29 enantiomeric hydroxy-FA is achieved (Table 1): Seven
ARA-derived hydroxy-FA enantiomers (HETE) are
separated at baseline (Fig. 2). Furthermore, ten pairs of
stereoisomeric DHA- and seven EPA-derived hydroxy-
FA (HDHA and HEPE, respectively) can be separated, as
well as five hydroxy-octadecanoids from linoleic and
linolenic acid (Table 1, supplemental Fig. S4).

Of note, the developed method also includes the chiral
analysis of 16 vicinal threo-dihydroxy-FA (Supplemental
Data). With this performance, separating > 40 pairs of
oxylipin enantiomers, the described MHC-2D method is
the most comprehensive platform for the enantiose-
lective analysis of oxylipins so far: There are established
methods covering specific sets of oxylipins, e.g., ARA-
derived hydroxy-FA (13, 19, 20) or the major oxidation
products of ARA, EPA, and DHA of the LOX- and COX-
branches of the ARA cascade (11, 39). With few methods, a
comprehensive set of HETE-isomers, selected HEPE and
HDHA together with PGE- and PGD-species (12) or with
epoxy-FA (10) is analyzed. However, none of these
methods provides a comparable comprehensive insight
into the ARA cascade, allowing a quantitative analysis
together with the determination of the enantiomer ratio
as the MHC-2D-LC-MS/MS platform presented here.

DISCUSSION

Determination of enantiomeric fractions

With the developed platform, the quantitative anal-
ysis of oxylipins is extended by another important yet
rarely addressed parameter: the ratio of enantiomers,
expressed as the enantiomeric fraction (EF), ie, the
proportion of one enantiomer in the sum of all (EF =

pakarel - which is slightly different from the

peak area 1+peak area 2
__ peak area 1—peak area 2)

= Deak area T+ peak area 2
(40). Quantitative analysis and determination of EF are
carried out in two individual runs. Quantification using
1D chiral methods is complicated because of the limited
availability of corresponding isomerically pure stan-
dards and the even more limited availability of
deuterated analogs. The determination of the EF in the
heart cut by chiral separation in the second dimension
does not require enantiomerically pure and isotope-
labeled standards: The enantiomeric ratio can be
directly calculated from the MRM peak area ratio of
the enantiomers. Neither the extraction of oxylipins
from biological samples (34, 41) nor RP chromatog-
raphy or heart-cutting and transfer discriminate one of
the enantiomers. They show the exact same MS/MS
behavior, and as the solvent composition of the two
peaks differs in the gradient by less than 10%, the
ionization efficiency is not affected (42). Also, ion
suppression is unlikely because, on the one hand, the
interfering matrix is strongly reduced by the SPE-based
sample preparation (43) and on the other hand, only a
small fraction of the 'D run is transferred to the second

earlier used enantiomeric excess (ee
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dimension. Thus, these systematic method errors do not
influence the determined EF. Most importantly, unlike
previously available enantioselective one-dimensional
methods for oxylipins, there is no risk of interference
from isobaric molecules. These are either chromato-
graphically separated in the first dimension or can be
selectively detected without interference by specific
mass transitions. Thus, following absolute quantifica-
tion of the oxylipin by means of 1D-RP-LC-MS/MS, the
ratios of the enantiomers can be determined reliably
and precisely by MHC-2D-LC-MS/MS.

Even for only partially resolved isomers, the
enantiomeric ratio can be quantified even at a high
enantiomeric excess, for example, for 18(R)-HEPE and
18(S-HEPE (R = 0.85, Fig. 3A). If the concentrations of
both enantiomers exceed the quantification limit, the
EF can reliably be determined up to a ratio of 10%:90%.

Due to the narrow peaks in both dimensions and
the optimized loop size for the heart cut, the entire 'D
peak is transferred to the second dimension. As a
result, the sensitivity of the ?D enantioselective
method is comparable to the highly sensitive 1D
quantitative targeted metabolomics method: For
example, defining peaks with a signal-to-noise ratio
(S/N) > 3 as the limit of detection, 0.80 pg of 18-HEPE
can be detected by means of 1D-LC-MS/MS. The same
S/N is achieved following MHC-2D-LC-MS/MS of
0.80 pg of each 18-HEPE enantiomer (Fig. 3B). For
quantitative analyses, the lower limit of quantification
(LLOQ) is defined by a S/N > 5 and an accuracy of
100 + 20% within the calibration curve (https://www.
ema.europa.eu/en/documents/scientific-guideline/
ich-guideline-ml0-bioanalytical-method-validation-
step-5_en.pdf). This value is typically 15-25 times
higher than the LOD. Also regarding the LOQ), the
performance of the two-dimensional method is compa-
rable to that of the one-dimensional one (supplemental
Fig. S3). Thus, the 2D method is more or equally sensi-
tive as other less comprehensive enantioselective
methods for the determination of oxylipins (10-13).

To evaluate the precision of the developed meth-
odology, oxylipin concentrations, and their EF were
determined in three different sample types of human
plasma and serum on three different days. The high
precision (<15% relative standard deviation (RSD)) of
quantitative oxylipin analysis in plasma and serum
within and across different days (supplemental Table
S6) fulfills the criteria of international guidelines
(https://www.ema.europa.eu/en/documents/scientific-
guideline/ich-guideline-m10-bioanalytical-method-
validation-step-5_en.pdf) and is comparable to or
better than other targeted oxylipin methods (11, 12,
28, 33). The determination of the EF by MHC-2D-LC-
MS/MS yields even more precise results: RSD of less
than 5% in the inter-day comparison were observed,
and except for few oxylipins on individual days, the
method yields high intra-day precision with an RSD <
10% (supplemental Table S6).
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Fig. 3. Determination of the enantiomeric fraction (EF) and detection limit of non-baseline separated 18-HEPE. A: Achiral — chiral
D chromatograms of (i) a racemic mixture of 18-HEPE, (ii) 18-(R)-HEPE along with a small amount of 18-(S)-HEPE and (iii) 18-(R)-
HEPE with a large excess of 18-(S)-HEPE. B: LC-ESI(—)-MS/MS chromatogram of an injection of a 0.5 nM racemic 18-HEPE standard
(0.80 pg on column) measured by 1D reversed-phase chromatography (left) and D chromatogram following heart-cutting and chiral
separation (right) of a 1 nM racemic 18-HEPE standard (1.6 pg total, ie 0.80 pg of each enantiomer on column). In the chromatograms,
the determination of the signal-to-noise ratio (S/N) is illustrated, showing the (S/N) > 3 defined as limit of detection.

Enantioselective analysis of hydroxy-fatty acids

To demonstrate the applicability of the MHC-2D-LC-
MS/MS method, the enzymatic and autoxidative for-
mation of hydroxy-FA and the modulation of these
pathways were analyzed in HCA-7 cells. This human
colon carcinoma cell line overexpresses PTGS2, the
cyclooxygenase-2 (COX-2)-coding gene, resulting in a
high abundance of the COX-2 (44). Treatment of this
cell line with the irreversible COX inhibitor acetylsali-
cylic acid (ASA) or the non-competitive selective COX-2
inhibitor celecoxib decreased the concentration of
oxylipins resulting from COX-2 activity, such as PGEs
and 12-HHTYE (supplemental Fig. Sb), and the side
product 1I-HETE (Fig. 4A). MHC-2D-LC-MS/MS
revealed the predominant formation of 11(R-HETE,
and stereoisomerism was not affected by ASA or cele-
coxib (Fig. 4A and D). Incubation with celecoxib also
reduced 15-HETE levels in the cells without affecting the
EF. However, following ASA treatment of HCA-7 cells,
increased 15-HETE formation was observed (Fig. 4B).
While non-treated as well as celecoxib-treated cells
showed an excess of 15(S-HETE (EF: 80%), ASA
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incubation yields almost enantiopure formation of 15(R)-
HETE (EF: 92%) (Fig. 4B and E). These findings are
consistent with the reported peroxidase activity of COX,
by which 11(R)-H(p)ETE and 15(S)-H(p)ETE are formed
as side products (45), and with the finding that COX
inhibition with ASA leads to an increase in 15-HETE
formation (46). Mechanistically, the inhibition of COX-
2 by ASA results from the acetylation of Ser516 in the
active site of the enzyme. However, this modification of
the enzyme does not inhibit the COX-2-catalyzed for-
mation of 15-HETE but changes the stereospecificity of
the reaction towards 15(R)-HETE (47).

Consistent with the absence of 5-LOX in this colon
cell line (48), low levels of almost racemic 5-HETE are
found under basal conditions, indicating non-
enzymatic formation. The incubation of the cells with
the oxidative stress-causing agent ter-butyl hydroper-
oxide (BuOOH) increased the level of 5>-HETE (Fig. 4C
and F). The EF of 5(R)- and 5(S)-HETE do not change
following BuOOH treatment, as this agent induces
(stereorandom) non-enzymatic lipid (per-)oxidation
(Fig. 4C and F).
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Fig. 4. Enzymatic and non-enzymatic formation of hydroxy-fatty acids in cell culture. COX-2 expressing HCA-7 cells were
incubated with 100 pM acetylsalicylic acid (ASA) for 24 h, 10 pM celecoxib for 24 h or 100 pM tert-butyl hydroperoxide ((BuOOH) for
3 h. A: inhibition of COX-2-catalyzed 11-HETE formation by ASA and celecoxib. B: inhibition of COX-2-catalyzed 15-HETE for-
mation by celecoxib and 15(R)-HETE formation by ASA-acetylated COX-2. C: ter-Butyl hydroperoxide-induced increase of 5-HETE
concentrations. D: 2D-MRM chromatogram of 11-HETE, indicating the COX-2-catalyzed formation of 11(R-HETE, which is inhibited
by ASA. E: ?D-MRM chromatogram of 15-HETE, indicating the increased formation of 15(R-HETE by ASA-acetylated COX-2. F:
2D-MRM chromatogram of 5-HETE indicating racemic formation of 5(R,S)-HETE by non-enzymatic oxidation induced by BuOOH.

Hydroxy-FA can be formed by autoxidation in
plasma. Consistent with earlier reports (34) we show
that prolonged storage of plasma at room tempera-
ture leads to an increase in the concentrations of
hydroxy-fatty acids (shown for 5-HETE, 12-HETE and
15-HETE in supplemental Fig. S6). Both enantiomers
of the respective hydroxy-FA are found in the
improperly stored plasma samples in almost equal
amounts, underlining the formation by autoxidation.
An increase in hydroxy-FA levels in plasma has also
been described at lower temperatures (—20°C) after a
period of 6-12 months (49).

Analyzing commercial plasma, supraphysiological
high levels of oxylipins are found (supplemental
Table S6). The EF of 50%:50% of the enantiomers of
the hydroxy-FA, including 12-HETE, indicates an
autoxidative origin of these oxylipins (supplemental
Table S6), presumably formed during inappropriate
storage and/or plasma preparation. Only for the
vicinal dihydroxy-FA 14,15-DiHETTE formed by hy-
drolysis of CYP-derived 14(15)-EpETrE (50) concen-
trations similar to those in freshly prepared plasma
and serum are found in the commercial (oxidized)
plasma, with a clear excess of one enantiomer (EF
16%:84%) (supplemental Table S6).
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In well-prepared and stored plasma, the concentra-
tions of hydroxy-FA are lower than in the oxidized one,
and those oxylipins which are canonical products of
human lipoxygenases, for example, 5-HETE, 12-HETE,
and 15-HETE, show an excess of one enantiomer
(EF > 60%) (supplemental Table S6). Consistent with the
activation of platelets, 12-HETE, a downstream product
of platelet-derived 12-LOX (51), is dramatically (~150
fold) increased in serum compared with plasma, with a
massive excess of 12(S)-HETE (EF: 99.7%) (supplemental
Table S6).

Formation of dihydroxy-fatty acids in plasma and
primary human macrophages

Multiple hydroxy-fatty acids — several are referred to
as specialized pro-resolving mediators (SPM) — are dis-
cussed to exhibit potent physiological effects in the
regulation of inflammatory processes. However, the
signaling (48, 52), occurrence (33, 48), and formation
routes (48, 53-55) of these compounds are largely un-
clear. Trihydroxy-fatty acids are not reliably detectable
in biological samples (33, 48) such as leucocytes (53).
Several dihydroxy-fatty acids have been consistently
reported in macrophages (53), but their occurrence in
plasma is controversial (33, 48, 49, 56, 57). The
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dihydroxy-FA 5]15-DiHEPE, 515-DiHETE, and 7]17-
DiHDHA are not detected in carefully collected and
well-prepared serum or plasma from healthy human
subjects (Fig. 5). Only marginal concentrations of 5,15-
DiHETE are present in citrate plasma that has been
stored at —40°C for several months (Fig. 5E). However,
when the plasma is (inappropriately) stored at room
temperature for a few hours or up to several days, a
rapid increase in dihydroxy-FA concentrations is
observed (Fig. 5). High amounts are also found in the
(oxidized) commercial plasma (Fig. 6, supplemental
Fig. S8). This is consistent with the earlier report
showing that 5,15-DiHETE concentrations increase after
6 months even if plasma is stored in a frozen state
(=20°C) (49). This indicates that a major portion, if not
all 515-DiHEPE, 515-DiHETE, and 7,17-DiHDHA re-
ported in plasma, is formed artificially during sample
preparation or storage. In studies that aim to correlate
the concentrations of these oxylipins in plasma with
biological effects, the formation route of these com-
pounds has to be characterized.

For this purpose, the MHC-2D-LC-MS/MS method
was applied to these dihydroxy-fatty acids. As expected,
the enantiopure synthetic standards of 5(S),15(S)-
DiHETE, 5(5),15(S)-DiHEPE (resolvin E4), as well as
7(8),17(S)-DiIHDHA (resolvin D5) showed only one peak
in both, 'D (Fig. 6A) and ®D (Fig. 6B) chromatograms. By
the enantioselective conversion of racemic 5-HETE, 5-
HEPE, and 7-HDHA by human 15-LOX (only giving
rise to (S)-hydro(pero)xy-FA (58)), the diastereomeric
pairs 5(R),15(S)- and 5(S),15(S)-DiHETE, 5(R),15(S)- and
5(8),15(S)-DIHEPE as well as 7(R),17(S)- and 7(5),17(S)-
DiHDHA were generated. Chromatographic separation
of these diastereomers was not possible by 1D RP
chromatography (Fig. 6A). Coelution of these di-
astereomers was also found on other RP
materials (supplemental Fig. S7), although several dia-
stereomeric oxylipins can be effectively separated by
RP  chromatography, for example, 7(R)14(S)-
and  7(8),14(S)-dihydroxy-4(2),8(E),10(E),12(2),16(2),19( 2)-
DHA (maresin 1 and 7(Symaresin 1) (33), as well

as 10(8),17(S)-dihydroxy-4(2),7(2),11(E),13(2),15(E),19( 2)-
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Fig. 5. Formation of dihydroxy-FA in human plasma during storage at room temperature. A—C: 1D RP chromatograms (MRM
signals) of the analysis of pooled EDTA plasma at baseline (0 h) and after storage for 24 h and 92 h. The arrows indicate the retention
time of the (A) 5,15-DiHEPE, (B) 5,15-DiHETE, and (C) 7,17-DiHDHA. The signals after 24 h and 92 h are shown with an offset of
600-2800 cps. Chiral 2D analysis of the peaks of 15-DiHETE, 5,15-DiHEPE, and 7,17-DiHDHA unveiled peaks of all isomers, similar to
that of oxidized plasma (Fig. 6). D-E: time-dependent formation of (D) 5,15-DiHEPE, € 5,15-DiHETE, and (F) 7,17-DiHDHA in citrate
plasma of four human subjects. The following MRM transitions were used: 5,15-DiHETE: m/z 335—173; 515-DiHEPE: m/z 333—173;

717-DiHDHA: m/z 359—141.
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Fig. 6. Analysis of dihydroxy-ARA, EPA and DHA in plasma and cells by enantioselective heart-cutting 2D-LC. A: RP
chromatograms (MRM signals) of (i) a standard mixture (50 nM) containing 5(S)15(S)DiHETE, 5(S)15(S)}DiHEPE and 7(S)17(S)-
DiHDHA and (ii) a mixture of 5(R/S),15(S)-DiHETE, 5(R/S),15(S)-DiHEPE and 7(R/S),17(S)-DiHDHA, which was generated by con-
version of 5(R,S)-HETE, 5(R,S)-HEPE and 7(R,S-HDHA by human 15-LOX. B: °D chromatograms (MRM signals) following chiral
separation of (i) 5,15-DiHETE, 5,15-DiHEPE and 7,17-DiHDHA derived from enantiopure reference standards, (ii) enzymatically
formed diastereomers, (iii) oxidized (commercial) human plasma and (iv) human M2-like macrophages. C: Exemplary identical MS?
spectra of the four stereoisomers of 5,15-DiHETE from oxidized human plasma and structure of the oxylipin indicating suggested
sites of fragmentation leading to the fragment ions. The following MRM transitions were used: 515-DiHETE: m/z 335—173; 5,15-
DiHEPE: m/z 333—173; 7,17-DiIHDHA: m/z 359—141. * Stereo configuration of these isomers is estimated based on elution order.
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docosahexaenoic acid (protectin DX) and its 10(R),17(S)-
diastereomer (supplemental Fig. S9).

Following heart-cutting and chiral chromatography,
baseline separation of all diastereomers was achieved,
and stereo information could be assigned by compari-
son with the enantiopure reference standard (Fig. 6B).
Chiral analysis following heart-cutting of 5,15-DiHETE
from all oxidized plasmas yielded four peaks (Fig. 6B)
showing the exactly same MS? spectra (Fig. 6C). Based
on the identical retention times of the enzymatically
generated standards, two peaks were identified as
5(R),15(S)- and 5(S),15(S)-DiHETE. The two other peaks
were assigned to the corresponding enantiomers,
assuming, based on the general earlier retention time
of R-hydroxy-FA, that the (R)(R) isomer elutes first.
Following °D chiral analysis of 5,15-DiHEPE and 7,17-
DiHDHA from oxidized plasma, three peaks are
detected, with one peak being twice as high as the
others (Fig. 6B). It can be assumed that two of the four
stereoisomers are coeluting. Based on the retention
time and peak height presumably 5(R)15(S)- and
5(S),15(R)-DiHEPE as well as 7(R),17(S)- and 7(S),17(R)-
DiHDHA elute together (Fig. 6B). The stereoisomers
resulting from the catalytic activities of 5-LOX and
15-LOX, ie bearing (S,5) configuration of the hydroxy
groups, are thus baseline-separated from their enan-
tiomer and diastereomers. This allows us to distinguish
it from non-enzymatically formed oxidation products.
The occurrence of all four stereoisomers in the plasma
confirms the autoxidative origin of 5,15-DiHEPE, 5,15-
DiHETE, and 7,17-DiHDHA in all investigated plasma
samples.

To analyze an enzymatic formation of dihydroxy-
FA, human M2-like macrophages derived from
human monocytes by differentiation with colony-
stimulating factor (CSF) 1 and interleukin (IL) 4 were
employed. In these cells, 15-LOX, which gives rise to
hydro(pero)xy-FA in S-configuration (eg, 12(S)- and
15(S)-HETE), is highly abundant (3). Consequently, the
15-LOX products 15-HETE, 17-HDHA, and 15-HEPE are
present in higher concentrations (~150 pmol/mg pro-
tein, ~25 pmol/mg protein, and ~3 pmol/mg protein,
respectively), compared with non-esterified 5-HETE, 4-
HDHA (both ~2 pmol/mg protein), and 5-HEPE (~0.01
pmol/mg protein). 5,15-DiHEPE, 5,15-DiHETE, and 7,17-
DiHDHA were found in concentrations of 20-50 pmol
per mg protein (~1.3-3.6 ng per 10° cells), which is in
line with the consistent reports about their occurrence
in (M2-like) macrophages (53).

MHC-2D-LC-MS/MS revealed that among the ste-
reoisomers, 5(S),15(S)-DiHETE, 5(S),15(S)-DiHEPE, and
7(S),17(S)-DIHDHA are dominantly found. The (RR)-
enantiomers were not detected, and only negligible
amounts of the (SR and (R S)-diastereomers were
present (Fig. 6B). This result demonstrates that 5,15-
DiHETE, 5,15-DiHEPE, and 7,17-DiHDHA in human
M2-like macrophages are of enzymatic origin and are
indeed 5(8),15(S)-DiHETE, resolvin E4, and resolvin D5.
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The fact that only the (S,5) enantiomer is detected
supports the assumption of their formation by consec-
utive LOX-catalyzed reactions (48, 53), removal of the
5(R) or 7(R)-hydroxy-FA (59), or a preference of the 15-
LOX for the 5(S)- or 7(S)-hydroxy-FA substrate. How-
ever, the functional physiological relevance of the
macrophages’ capacity to form these SPMs remains to
be clarified (48, 52).

For 10,17-DiHDHA, two stereoisomers, that is,
10(9),17(S-DiIHDHA (“protectin DX”) and 10(R),17(S)-
DiHDHA, are detected in macrophages, since only the
oxidation at position 17 is enzymatically catalyzed (by
15-LOX), whereas the oxidation at position 10 is not
(supplemental Fig. S9) (59). It is postulated that the 17(S)-
hydroperoxy-DHA eg formed by 15-LOX, can be con-
verted to 10(R),17(5)-DiHDHA with an (EE Z)-configured
triene system (“neuroprotectin D17”) (60-62). D chiral
analysis of the presumptive peak of “neuroprotection
D1” revealed that the single peak detected following RP
chromatography consists of at least three isomers of
which neuroprotectin D1 is not the major component
(supplemental Fig. S9). It can therefore be assumed that
this 10,17-DiHDHA is not formed by controlled enzy-
matic reactions, and the suggested formation of neu-
roprotectin D1 does not occur in human MZ2-like
macrophages. Several 10,17-DiHDHA isomers, but not
neuroprotectin D1, have been found following enzyme
incubations in vitro (61) and in plasma stored for a long
time at —20°C by chiral chromatography (49). It is
therefore unlikely that neuroprotectin D1 occurs in
biological samples in relevant amounts compared with
its isomers.

Several chiral LC methods have been used for SPM
analysis (11, 39, 49, 63), but the stereo configuration of
5(8),15(S)-DIHETE, 5(9),15(S)-DiHEPE (resolvin E4) and
7(S),17(S)-DIHDHA (resolvin D5) has not been compre-
hensively analyzed in biological samples. Here, we
demonstrate that RP chromatography not only leads to
the expected co-elution of their enantiomers but also of
the diastereomers. Thus, if chromatography without a
chiral selector is performed, all stereoisomers in sum
are determined, and not one specific isomer of the
lipid. Indeed, 5(S),15(S)-DiHEPE (resolvin E4) and
7(S),17(S)-DiIHDHA (resolvin D5) are present in human
M2-like macrophages. However, in other biological
samples, all four isomers of the dihydroxy-FA can
occur, as demonstrated for oxidized plasma (Fig. 6B).
Reporting 5,15-DiHEPE and 7,17-DiHDHA as resolvins
E4 and D5, respectively, following achiral RP chroma-
tography is therefore misleading. Only chiral separa-
tion as developed here allows to demonstrate the
presence of 5(S),15(S)-DiHEPE (resolvin E4) and
7(8),17(S)-DiIHDHA (resolvin D5) in biological samples.

The developed MHC-2D-LC-MS/MS method is,
therefore, an important tool for the separation of both,
enantiomeric, and diastereomeric oxylipins. With that,
the stereoconfiguration can be unveiled enabling a
better characterization of the oxylipins found in
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biological samples and their formation pathways. This
method is the first combination of targeted oxylipin
metabolomics and enantioselective analysis in two-
dimensional LC. This new dimension of oxylipin anal-
ysis can be readily used to extend existing LC-MS/MS
oxylipin platforms. Clinical samples can be analyzed
for enantiomeric ratios from the same sample without
the need for additional sample preparation steps or
additional sample materials. Owing this the method
paves the route for gaining new insights into the
pathways of oxylipin formation in biological samples,
leading to a better understanding of their role in
physiological processes.
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