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A major part of oxygenated metabolites of polyunsaturated fatty acids — i.e. eicosanoids and other oxylipins — in
biological samples is found in the esterified form. Yet, their biological role is only poorly understood. For
quantification of esterified oxylipins in biological samples current protocols mostly apply alkaline hydrolysis
with or without prior lipid extraction to release oxylipins into their free form which can be subsequently
quantified via liquid chromatography-mass spectrometry.

Herein, a detailed protocol for precise and reproducible quantification of esterified oxylipins in plasma is
presented comprising i) extraction of lipids and removal of proteins with iso-propanol, ii) base hydrolysis with
potassium hydroxide to saponify lipids and iii) solid phase extraction of the liberated oxylipins on C8/anion
exchange mixed mode material. Unequal extraction of internal standards and lipid classes during lipid extraction
before hydrolysis led to distorted concentrations, emphasizing that the choice of solvent used in this step is
important to minimize discrimination. Regarding the hydrolysis conditions, at least 30 min incubation at 60 °C is
required with 0.1 M KOH in sample. Drying of the SPE cartridges is a critical parameter since autoxidation
processes of PUFA, which are present in high concentrations after cleavage, lead to artificial formation of epoxy
fatty acids. With the developed protocol, inter-day, intra-day and inter-operator variance was < 21% for most
oxylipins including hydroxy-, dihydroxy-, and epoxy-PUFA. The applicability of the developed methodology is
demonstrated by investigating the changes in the oxylipin pattern following omega-3 fatty acid feeding to rats.

1. Introduction

Eicosanoids and other oxylipins are oxygenated metabolites of
polyunsaturated fatty acids (PUFA) which are formed endogenously in
a network of enzymatic and autoxidative processes termed arachidonic
acid (ARA) cascade. The biology of unesterified — i.e. free — oxylipins
has been investigated in numerous studies over the past decades [1-3].
However, only a small portion of oxylipins in plasma (of humans) is
found in the free form while the major part of oxylipins, especially

epoxy- and hydroxy-PUFA as well as isoprostanes and -furanes, are
bound in lipids [4,5], e.g. phospholipids and triglycerides [5,6], and
lipoproteins [3,7,8]. Although physiological effects of esterified oxyli-
pins have been described [9] and some reports exist investigating the
profile of free vs. bound oxylipins [4], the pattern of oxylipins in li-
poprotein fractions [7,8] or changes in esterified oxylipins during
dietary interventions [10,11], their biological role still remains largely
unknown [2,6].

Although liquid chromatography-tandem mass spectrometry (LC-
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MS/MS) based methods exist to quantify selected lipids with oxylipin
moieties [12,13], esterified oxylipins are most commonly quantified
indirectly using LC-MS/MS following cleavage from the lipids as a sum
of free and esterified oxylipins [4,14-22]. While other approaches have
been described, e.g. treatment with phospholipase A2 [23], alkaline
hydrolysis is mostly used to cleave the ester bond. However, sample
treatment before hydrolysis, hydrolysis conditions and extraction pro-
cedures differ hugely [24]. Different procedures are described directly
hydrolyzing the sample following addition of organic solvent
[4,11,14,16,21,22]. In other protocols liquid-liquid extraction (LLE) is
used to extract lipids from plasma before hydrolysis [17,18,20] - or
liquid-solid extraction in case of tissue [19] — or proteins are at first
precipitated and lipids are subsequently extracted by LLE [15]. In some
though not in all methods the extraction solvent or the sample is
acidified prior extraction [15,18,19].

Alkaline hydrolysis is conducted using 0.2-0.5M potassium hydro-
xide and 0.5-5M sodium hydroxide or 0.1 M sodium carbonate in the
sample [4,11,14-16,19-22] and hydrolysis conditions range from 4 °C
[19,20] to 90°C [15] for 20 to 60 min [4,14-16,18,21] or overnight
(18h) [19,20,22]. Also, two step procedures are described in which free
oxylipins are generated by the addition of water following trans-ester-
ification to methyl esters using sodium methoxide [17]. For the ex-
traction of the resulting free oxylipins solid phase extractions
[4,14,16,17,21,22] or LLE [15,18,20] are used.

While protocols are widely applied [3,24], only limited information
on the impact of the different experimental procedures for the cleavage
of lipids on the determined oxylipin concentration is available. Thus, it
is impossible to deduce the best procedure for reproducible and precise
analysis from the literature. Therefore, we herein describe a sample
preparation strategy for the quantification of total oxylipins (i.e. sum of
free and esterified) following base hydrolysis and provide detailed data
on sample preparation steps, extraction efficiency and variability. The
final standard operation procedure (SOP) was applied to investigate the
effects of feeding an omega-3 PUFA (n3-PUFA) rich diet on the profile
of total oxylipins in rat plasma.

2. Materials and methods
2.1. Materials

Oxylipin standards and deuterated oxylipin internal standards were
purchased from Cayman Chemical (local distributor: Biomol, Hamburg,
Germany). For the sample preparation 15 different internal standards
(IS) covering all relevant oxylipin classes were used (SI Fig. S1). The
purity of the standards was checked according to Hartung et al. [25].
LC-MS-grade methanol (MeOH), acetonitrile (ACN), iso-propanol
(iProp) and acetic acid (HOAc) were purchased from Fisher Scientific
(Schwerte, Germany). n-Hexane (nHex, HPLC grade) was obtained from
Carl Roth (Karlsruhe, Germany) and ethanol (EtOH, absolute, p.a.) from
Merck (Darmstadt, Germany). All other chemicals were purchased from
Sigma Aldrich (Schnelldorf, Germany) or VWR (Darmstadt, Germany).
Nitrogen (5.0) was supplied from a nitrogen tank (Westfalen Gas,
Miinster Germany) of similar quality generated by a Nitrogen Generator
(Fey Druckluft, Laatzen, Germany). Pooled human EDTA-plasma was
obtained following centrifugation (15 min, 4°C, 1200 x g) of EDTA-
blood and mixing of the plasma supernatants from 4 to 6 healthy male
and female volunteers aged between 25-38 years. Plasma was im-
mediately stored at —80 °C until analysis.

2.2. LC-MS analysis of total oxylipins

In the following the final protocol developed in this study is re-
ported. Details of all investigated conditions are reported in the SI.

Internal standards and additives (10 uL 0.2 mg/mL butylated hy-
droxytoluol (BHT), 100 pM indomethacin and 100 uM trans-4-[4-(3-
adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB) [29] in
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methanol) were added to 100 pL freshly thawed plasma and samples
were vortexed briefly. 400 uL ice cold iso-propanol (—30°C) were
added, vortexed and samples were frozen at —80 °C for at least 30 min
in a pre-cooled sample rack. Samples were thawed briefly at room
temperature, vortexed and centrifuged (4 °C, 10 min, 20 000 x g). The
supernatant was hydrolyzed at 60 °C for 30 min using 100 uL 0.6 M
KOH in MeOH/water (75/25, v/v). Following hydrolysis, samples were
put on ice and neutralized with ~20 pL 25% aqueous HOAc.

Extraction of oxylipins was conducted as described [28] with
modifications. Bond Elut Certify II cartridges (Agilent, Waldbronn,
Germany) were prepared with one column volume (~ 3 mL) of each,
EA/nHex (75/25, v/v) with 1% HOAc, MeOH and 0.1 M Na,HPO,
buffer (adjusted to pH 6.0 with HOAc in water/MeOH (95/5, v/v)). The
neutralized sample was diluted on the cartridge with 2mL 0.1 M aqu-
eous Na,HPO, buffer (adjusted to pH 6.0 with HOAc). The pH was
checked in a representative sample per batch using pH stripes (5.1-7.2
scale, Macherey-Nagel, Diiren, Germany) and adjusted to pH 6.0 if
necessary with diluted HOAc. In our experience, the same amount of
acid can be used for neutralization of similar samples (e.g. plasma from
different individuals). Samples were washed with one column volume
ultrapure water (18 MQ) as well as MeOH/water (50/50, v/v) and dried
with vacuum (-200 mbar, 30s). Oxylipins were eluted using 2 mL of
EA/nHex (75/25, v/v) with 1% HOAc in prepared glass tubes con-
taining 6 pL of 30% methanolic glycerol.

Samples were evaporated to dryness using a vacuum concentrator
(1 mbar, 30 °C, ~70 min; Christ, Osterode am Harz, Germany) and the
residue was reconstituted in 50 uL. MeOH containing 40 nM of 1-(1-
(ethylsulfonyl)piperidin-4-yl)-3-(4-(trifluoromethoxy)phenyl)urea used
as IS2 to calculate recovery rates of IS as a measure for extraction ef-
ficiency. Samples were centrifuged sharply (4 °C, 10 min, 20 000 x g).
5 pL of the supernatant was analyzed by means of LC-MS/MS (QTRAP,
Sciex, Darmstadt, Germany) as described [28,30]. The oxylipins are
detected in scheduled selected reaction monitoring mode following
fragmentation using commonly applied transitions [31].

2.3. Effect of n3-PUFA feeding on the oxylipin pattern in rats

Male 6-week old Sprague-Dawley rats (n = 6; 200-210 g) obtained
from Charles River Laboratories International Inc. (Sulzfeld, Germany)
were fed for 23 days with either a standard diet containing sunflower
oil (Control) or an n3-PUFA rich diet (EPA + DHA) containing sun-
flower oil with 1% EPA and 1% DHA ethyl esters. Both diets contained
10% total fat and were described in detail in [32]. Animals had access
to food and water ad libitum. Rats were sacrificed by cardiac puncture
following anesthesia with xylazine/ketamine (66/5 mg/kg BW). Blood
was collected and plasma was generated by centrifugation (10 min at
855 x g4 °C). Plasma was directly frozen in liquid nitrogen and stored at
—80°C until analysis. All animal experiments were approved by the
animal welfare service of the state of Lower Saxony (Oldenburg, Ger-
many; 33.9-42502-04-13/1134, 28.05.2013).

2.4. Data analysis

Statistical analysis was performed using Graphpad Prism software
(version 8.0, San Diego, CA; USA). All other calculations were done in
Microsoft Excel (version 2010 and 365, Redmond, WA, USA).

3. Results

LLEs (CHCl3/MeOH, MTBE/MeOH and EA/nHex) with acidified sol-
vents yielded high recovery rates for all oxylipins (> 65%, slightly
lower with MTBE/MeOH) and lipid classes (=85%, except PC C21:0
and PS C16:0 with EA/nHex (58% and 68% respectively)) from BSA (50
mg/ml in phosphate buffered saline, PBS, Fig. 1) while direct hydrolysis
yielded low recovery rates for different analytes e.g. resolvins, leuko-
trienes and hydroxy-PUFA (SI Fig. S2).
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1) Optimized liquid liquid extraction procedures
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Fig. 1. Extraction efficiency of (I) optimized LLE and (II) protein precipitation. Shown are recoveries of (A) deuterated oxylipin standards (to mimic extraction of free
oxylipins) and (B) lipids of fatty acids as surrogate for esterified oxylipins (to mimic extraction of lipids) from 100 uL BSA (50 mg/ml in PBS; mean *+ SD; n = 4
(LLE) and n = 3 (protein precipitation)). LLEs were performed as described in SI Table S1 with acidified solvents and protein precipitation was performed with
400 pL organic solvent. Oxylipins were directly analyzed with LC-MS following LLE and extracted by SPE (on Bond Elut Certify II material) after protein precipitation.

Decreasing the content of acid in the LLE extraction solvent resulted
in insufficient extraction of oxylipins with all extraction protocols and
of saturated PC and PS using EA/nHex (SI Fig. S3). Increased recovery
of IS with acidified solvents was also observed in plasma (SI Fig. S4).

Using protein precipitation, all tested solvents led to acceptable and
similar recovery rates of deuterated oxylipin standards (Fig. 1 IT A). For
all lipid classes (except FFA), a general trend was observable: lipids
containing saturated fatty acids were insufficiently extracted while

better extraction was achieved for lipids with unsaturated moieties
(Fig. 1 II B). The only solvent yielding good recovery rates (i.e. = 85%)
for all lipids containing unsaturated fatty acids was iso-propanol. Ac-
cordingly, calculated plasma concentrations of hydroxy- and epoxy-
PUFA were higher using iso-propanol (SI Fig. S5).

A direct comparison of LLE with acidified solvents versus protein pre-
cipitation for extraction of lipids from plasma revealed differences in
calculated concentrations of hydroxy-PUFA, with protein precipitation
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Fig. 2. Extraction of lipids from plasma using optimized LLE procedures with acidified solvents or protein precipitation with iso-propanol. Shown are (A) recoveries
of internal standards as well as (B) relative concentrations of representative oxylipins in 100 uL plasma following protein precipitation with iso-propanol (PP iProp,

1 + 4) or LLE (mean = SD; n = 3, SI Table S1).

resulting in higher concentrations compared to LLE. In contrast, epoxy-
PUFA and 5(R,S)-5-F-IsoP were higher with LLE (Fig. 2). Only con-
centrations of dihydroxy-PUFA were similar with all investigated ex-
traction procedures. It should be noted that inter-day variance (two
days) with LLE was higher (up to ~30% for some hydroxy- and epoxy-
PUFA) compared to protein precipitation (< 15%).

Lower sample volume or higher base concentration during hydrolysis
resulted in higher concentrations of epoxy-PUFA and several hydroxy-
PUFA (especially 4-HDHA) (up to ~30%, Fig. 3). Hydrolysis times of
30-45 min yielded comparable oxylipin concentrations while hydro-
lysis for 15min resulted in lower concentrations of hydroxy-PUFA
(Fig. 3). After 30 min of hydrolysis, 70% of PGE, was converted to
PGB,, while no residual PGE, could be found (SI Fig. S9).

During SPE on silica-based cartridge material (Bond Elut Certify II),
drying of the stationary phase prior to elution of the sample (either with
nitrogen positive pressure or vacuum) led to increased concentrations
of epoxy-PUFA (Fig. 4 I, SI Fig. S6) at longer drying times. Use of a neat
fatty acid standard (ARA) revealed that specifically cis-epoxy-PUFA
were formed while only a slight increase of the corresponding trans-
epoxy-PUFA was observed (Fig. 4 II). Comparing cis- and trans-epoxy-
PUFA plasma concentrations also revealed a higher increase in cis-
compared to trans-epoxy-PUFA (SI Fig. S6). In contrast, oxylipin con-
centrations were not altered with longer drying time using polymer-
based cartridge material (Oasis MAX) (Fig. 4 I). Using controlled drying
times, SPE on Oasis MAX (2 min) and Bond Elut Certify II (30s) led to
comparable concentrations for oxylipins (Fig. 4 I and Fig. 5). However,

intra- and interday variances — especially for epoxy-PUFA — were higher
for Oasis MAX cartridges (Fig. 5 and SI Fig. S7).

Modifications of the procedure affect oxylipin concentration: Increasing
the sample volume from 100 pL to 200 pL while maintaining the or-
ganic content of the sample on the cartridge <25% and a sample vo-
lume on column of 3 mL (one column volume) resulted either in losses
of hydroxy- or epoxy-PUFA (SI Fig. S8).

Feeding rats for 23 days with a diet containing 1% of each DHA and
EPA ethyl esters increased the total plasma concentration of n3-PUFA
oxylipins compared to the control group receiving sunflower oil based
chow (Table 1). EPA metabolites were increased 38-82-fold (absolute
increase from 0.6-3 nM to 35-190 nM), while increase in DHA meta-
bolites was 4.5-7.5-fold (absolute increase from 3-18 nM to 25-110
nM). ARA derived oxylipins (except 20-HETE) were reduced 0.4-0.3-
fold (absolute decrease from 65-190 nM to 19-130 nM) compared to the
control group.

4. Discussion

In biological samples such as plasma and tissues esterified oxylipins
are commonly quantified following base hydrolysis as part of a sum
parameter comprising free and esterified oxylipins. Here, we present a
detailed sample preparation approach for the quantification of total
oxylipins in plasma.
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Fig. 3. Optimization of hydrolysis conditions. Shown are relative concentrations of a representative set of analytes in 100 uL plasma following protein precipitation
with iso-propanol (400 uL, 1 + 4) and hydrolysis (mean = SD; n = 3). A) Sample volume was varied keeping ~0.1 M KOH during hydrolysis (30 min). B) Base
concentration was varied with constant sample volume (800 pL, 30 min) C) Hydrolysis time was varied using 0.1 M KOH in sample.

4.1. Extraction of lipids prior hydrolysis

Lipids are commonly directly hydrolyzed in the biological matrix
without prior extraction steps [4,11,14,16,21,22]. To increase solubi-
lity of the analytes in the sample, organic solvent — mostly MeOH
(25-56% of the sample volume [4,14,16,21]) — is added. In our hands,
this approach led to inacceptable recovery rates of internal standards,
e.g. < 60% for hydroxy-PUFA (using 75% MeOH during hydrolysis at
a concentration of 1.5M sodium hydroxide; SI Fig. S2).

Three LLE protocols for the extraction of lipids prior to hydrolysis
were tested: i) extraction with ethyl acetate and n-hexane which is used
as elution solvent in the SPE procedure used routinely in the lab for the
extraction of free oxylipins (EA/nHex, [28]), ii) extraction according to
Folch et al. with chloroform and methanol, a standard protocol for lipid
extraction (CHCl3/MeOH, [26]) and iii) methyl tert-butyl ether and
methanol which is an established alternative lipid extraction procedure
allowing to omit the use of halogenated organic solvents (MTBE/
MeOH, [27]). It is not surprising that both, CHCl3/MeOH and MTBE/
MeOH were well suited for the extraction of lipids and nonpolar oxy-
lipins. Of note, with EA/nHex, extraction of phosphatidylcholine and
phosphatidylserine with saturated fatty acid moieties was insufficient.
With increasing polarity of the analytes extraction efficiency decreased
with all protocols, presumably due to increasing amounts of the ana-
lytes being present in plasma in the deprotonated form. Consequently,
acidification of the extraction solvent resulted in enhanced extraction
power.

Pronounced differences in calculated concentrations of total

hydroxy- and epoxy-PUFA as well as IsoP were observed when com-
paring acidified and non-acidified extraction solvents. This can be ex-
plained by the huge differences in recovery rates of lipids (the pre-
dominant form of oxylipins in plasma [7]) and the non-esterified
oxylipin IS. Accordingly, absolute areas which only reflect the extrac-
tion of lipids were more comparable (SI Fig. S4). Since no esterified
isotope labeled oxylipins are commercially available, these results
emphasize the importance of equal extraction efficiency among all lipid
and oxylipin classes to ensure reliable and reproducible quantification
of esterified oxylipins. This is not only crucial in the context of IS
availability, but also considering differences in distribution of esterified
oxylipins among lipid classes in biological samples of different origin
(e.g. plasma vs. tissue).

Protein precipitation is a less labor-intensive alternative to remove
proteins and extract lipids from biological matrices. Organic solvents
have been widely used [33-36] for this purpose. All investigated ap-
proaches (iso-propanol, acetonitrile, methanol and methanol/acetoni-
trile (3/2, v/v) and ethanol) were well-suited to extract free oxylipin IS
from the biological matrix (Fig. 1II A). However, there were pro-
nounced differences for the different lipid classes (Fig. 11I B) with iso-
propanol yielding overall the best extraction efficiency.

Comparing the most effective protein precipitant — iso-propanol —
and optimized LLEs with acidified solvents, oxylipin concentrations in
plasma were in the same range (Fig. 2). However, in terms of simplicity
and sample handling time, protein precipitation is the preferred
method.
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1) Relative plasma oxylipin concentrations using silica vs. polymer based SPE material
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4.2. Hydrolysis conditions

Due to limited solubility in the predominantly organic sample after
protein precipitation (iso-propanol/water (4/1, v/v)), base (sodium
hydroxide, potassium hydroxide and sodium carbonate), base con-
centration as well as dilution solvent were critical parameters, since
non-optimal set-ups resulted in two phases during hydrolysis or pre-
cipitation of the alkali salt. In this context, methanol in the solvent for
the base (75/25 MeOH/H,0, v/v) works as a bridging agent and enables
a better solubility of potassium hydroxide in the aqueous, iso-propanol
containing sample.

Different sample volumes of ~600uL with ~0.1M KOH and
~800uL with ~0.56 M KOH led to comparable concentrations of
oxylipins. Because of the elution power of higher portion of organic
solvent on the SPE cartridge the low sample volume setup (i.e. hydro-
lysis following addition of 100 uL of 0.6 M KOH resulting in ~600 pL
sample with ~0.1 M KOH) was chosen for the final protocol. Hydrolysis
time was set to 30 min and longer times (45 min) led to similar oxylipin
concentrations suggesting that the analytes are stable and do not de-
grade during the chosen hydrolysis conditions. Interestingly, in a recent
report it was discussed, that longer hydrolysis time and higher tem-
perature (37 °C for 60 min or 60 °C for 30 min; 0.2M KOH, ~43%
MeOH during hydrolysis) led to degradation of 7-HDHA in the sample
[21], while this analyte is more stable in our hands (60 °C for 30 min,
~0.1-0.56 M KOH, 63% iso-propanol and 17% MeOH during hydro-
lysis, Fig. 3).

SD, n = 3).

For thromboxanes, degradation under alkaline conditions has been
described [17] which was also observed with our protocol (recovery of
the 2H,-TxB, < 5%, data not shown). Also, some classes of prostanoids,
e.g. f-hydroxy-keto-prostanoids such as PGE, and PGD, degrade under
alkaline conditions [17,37]. In this process PGE, dehydrates to PGA,,
which subsequently isomerizes to the more stable PGB, [37]. Using the
presented hydrolysis conditions, the conversion rate of PGE, to PGB,
was about 70% (SI Fig. S9) and no residual PGE, was observed in the
chromatograms. Thus, the present protocol is suitable to use PGB, as a
surrogate for estimating the concentration of PGE; in plasma.

4.3. Solid phase extraction of cleaved oxylipins

Oxylipins are extracted from the hydrolyzed samples using SPE on
silica modified with C8 and anion exchange moieties (Bond Elut Certify
11, [14,28,38,39]). While for free oxylipins this SPE mode results in
good removal of potential matrix interferences [38] and reproducible
oxylipin concentrations [40], drying of the hydrolyzed sample (both, by
positive and negative pressure) was a critical parameter and unsuitable
drying resulted in the artificial formation of cis-epoxy-PUFA (Fig. 4, SI
Fig. S6). It has been described that unsaturated fatty acids adsorbed as a
monolayer on silica are oxidized by atmospheric oxygen to — mainly —
epoxy-PUFA (while unsaturated fatty acids adsorbed in a bulk phase are
predominantly converted to hydroperoxides) [41,42]. Due to their or-
ientation as a monolayer, cis-epoxy-PUFA are the main products of this
reaction [41,42]. These results indicate that autoxidation following the
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Fig. 5. Box-Whisker-plots and coefficients of variation of plasma oxylipin concentrations following SPE of the hydrolyzed plasma sample on Bond Elut Certify II (left,
white) and Oasis MAX (right, grey) cartridges. Four different operators prepared and analyzed a triplicate set of samples on three consecutive days. Individual sample

concentrations are shown in the SI Fig. S7.

Table 1

Plasma concentrations of total oxylipins following feeding of an EPA + DHA
enriched diet to rats. The EPA + DHA group received a diet enriched with 1%
EPA and DHA ethyl esters, while the control group was fed with a diet con-
taining sunflower oil. Shown are concentrations of a representative set of
analytes derived from EPA, DHA and ARA ? Shown are mean * SEM
(n = 4-6). Pt-test, non-paired, a = 0.05; ‘t-test, Welch correction, a = 0.05.
Outlier excluded based on ROUT outlier test, Q = 1%.

Analyte Control Group®,  EPA + DHA Fold p-value
[nM] Group?, [nM] Change
Hydroxy-PUFA
5-HETE 111 £ 5 39 £ 3 0.3 < 0.0001°
9-HETE 65 + 4 19 = 2 0.3 < 0.0001°
12-HETE 189 = 4 130 = 40 0.7 n.s.
15-HETE 90 + 4 27 £ 2 0.3 < 0.0001°
20-HETE 6.8 £ 0.6 28 £ 5 4.1 < 0.05¢
5-HEPE 1.2 = 0.1 47 = 6 38 < 0.01°¢
12-HEPE 1.3 = 0.2 190 = 80 146 n.s.
15-HEPE < LLOQ 35+ 4 - -
18-HEPE 0.61 = 0.09 44 + 6 72 < 0.01°¢
20-HEPE 3.1 0.2 110 = 40 34 n.s.
4-HDHA 55 = 04 355 6.3 < 0.01°
7-HDHA 3.2 = 0.2 24 + 4 7.5 < 0.01°
14-HDHA 93 60 = 10 6.8 < 0.05°
17-HDHA 18 £ 1 80 = 10 4.5 < 0.05¢
22-HDHA 3.2 =03 110 = 20 34 < 0.05¢
Epoxy-PUFA
14(15)-EpETrE 260 + 20 100 = 8 0.4 < 0.0001°
17(18)-EpETE 1.3 = 0.1 105 = 9 82 < 0.001¢
19(20)-EpDPE 12 £ 1 80 = 10 6.6 < 0.01°
Dihydroxy-PUFA
14,15-DiHETrE 3.7 = 0.4 2.7 + 0.6 0.7 ns.b
17,18-DiHETE ~ 0.15 *+ 0.03 9.4 + 1.0 63 < 0.001°¢
19,20-DiHDPE 1.5 = 0.1 9.7 £ 0.5 6.4 < 0.00 1°¢

reaction described happens during the drying process of the hydrolyzed
sample [43], presumably on non-endcapped residues of the cartridge
material. In contrast to the extraction of free oxylipins — where drying is
not such a crucial parameter — the high concentration of free PUFAs in

the hydrolyzed sample (e.g. 0.7 mM ARA in the plasma used in this
study determined by GC-FID) can be readily oxidized on the silica
material. Consistently, SPE on silica-free cartridge material with a
polymer backbone and similar hydrophilic binding sites and strong
anion exchange moieties (Oasis MAX) did not result in an increase of
epoxy-PUFA, even at long drying times (Fig. 4 I). Interestingly, drying
of samples on silica-based SPE material has not been discussed before in
the context of artifact formation, although it has been used to extract
free oxylipins from cleaved samples [14,39].

For reliable quantification of oxylipins in large sample sets such as
cohort studies, the analytical protocol needs to be highly reproducible.
A direct comparison of SPE on silica based C8/anion exchange mixed
mode and polymer based material showed that the SPE on silica-based
material (with exact 30s of sample drying) resulted in notably lower
inter-day, intra-day and inter-operator variations in the reported oxy-
lipin concentrations compared to the polymer-based material (Fig. 5).
Thus, silica-based cartridge material is in our hands most suitable for
the extraction of oxylipins from the hydrolyzed sample if the operator
tightly abides by the optimized drying time. Using this overall opti-
mized procedure, variations of most oxylipins were <21%. Taking in-
ternational guidelines on method validation (e.g. European Medicines
Agency [44] or Food and Drug Administration [45]) into account which
define a precision of < 15% for analytes well above the LLOQ, varia-
tions of most analytes pass these criteria or are only slightly higher
(=21%) with our method. Also, this is in the same range as for free
oxylipins [3]. Coefficients of variation described by Quehenberger et al.
are overall lower (direct hydrolysis, SPE on Strata-X polymeric RP-
columns) [21], however, they are based on the analysis of standards
and no inter-operator variance is considered. In combination with the
validation of the calibration, including definition of linear range, limit
of detection etc. described in [28,30], alkaline hydrolysis using the
presented procedure followed by LC-MS analysis of the free oxylipins is
with this precision well suited for the analysis of total oxylipins in
biological samples. However, because no reference material of ester-
ified oxylipins in lipids is available it is actually impossible to validate
the accuracy of the method.
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4.4. Impact of n3-PUFA supplementation on total oxylipin concentrations in
rat plasma

The optimized method was finally applied to investigate the effects
of n3-PUFA feeding on the oxylipin pattern. Rat plasma was analyzed
following feeding with 1% of EPA and 1% of DHA in the chow for three
weeks. The recoveries of internal standards were above 55% and the
variation of the determined concentration per group (n = 5-6 animals)
were for all analytes acceptable with a standard deviation < 30% (ex-
cept for 12-LOX metabolites) which supports the broad applicability of
the method developed here for the quantification of total oxylipins. In
line with previous reports for free oxylipins in rodents [14,32] and in
humans [46,47], concentrations of EPA and DHA derived oxylipins
were massively increased after feeding the n3-PUFA rich diet compared
to the standard diet. While absolute changes of EPA and DHA meta-
bolites were in the same range, relative changes in EPA metabolites
were unequally higher. This is probably caused by lower baseline EPA
compared to DHA plasma level in rats [14,48] and has been discussed
earlier in a murine supplementation study [32].

5. Conclusion

A detailed procedure covering sample preparation steps for the
quantification of esterified oxylipins in biological samples is presented.
It is highlighted that different steps during sample preparation have a
direct impact on the determined oxylipin concentration.

Both, LLE with acidified solvents and protein precipitation yielded
oxylipin concentrations in the same range, however, protein pre-
cipitation is the preferred method because of its simplicity. Best con-
ditions for hydrolysis are 30 min at 60 °C after addition of 100 uL 0.6 M
KOH (in 75/25 MeOH/water). Our results indicate that these conditions
lead to efficient liberation of oxylipins from the lipids and no de-
gradation during hydrolysis. The SPE procedure, however, has to be
strictly controlled if extraction of cleaved oxylipins is carried out on
silica-based material since artificial formation of epoxy-PUFA can
occur.

With the methodology described herein, precise quantification of
oxylipins in biological matrices is achieved. Based on this the biological
role of esterified oxylipins can be further investigated and the analytical
strategy could pave the route for their use as biomarkers for diseases.

Declaration of Competing Interest
The authors declare no conflict of interest.
Acknowledgements

This study was supported by a grant of the German Research
Foundation (DFG) to NHS (SCHE 1801) and in part by a grant
(01EA1702) of the Federal Ministry of Education and Research of
Germany (BMBF) in the framework of the Joint Program Initiative ERA-
HDHL to NHS. We thank Viktoria Beumler for her help with the animal
experiments and Thade Konrad for assisting the analytical optimizia-
tion steps.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.prostaglandins.2019.
106384.

References

[1] M.W. Buczynski, D.S. Dumlao, E.A. Dennis, An integrated omics analysis of eico-
sanoid biology (vol 50, pg 1015, 2009), J. Lipid Res. 50 (7) (2009) 1505-1505.
[2] M. Gabbs, S. Leng, J.G. Devassy, M. Monirujjaman, H.M. Aukema, Advances in our

[3

[4

[5]

[6]
[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Prostaglandins and Other Lipid Mediators 146 (2020) 106384

understanding of oxylipins derived from dietary PUFAs, Adv. Nutr. 6 (5) (2015)
513-540.

C. Gladine, A.I. Ostermann, J.W. Newman, N.H. Schebb, MS-based targeted meta-
bolomics of eicosanoids and other oxylipins: analytical and inter-individual vari-
abilities, Free Radic. Biol. Med. 144 (2019) 72-89.

N.H. Schebb, A.I. Ostermann, J. Yang, B.D. Hammock, A. Hahn, J.P. Schuchardt,
Comparison of the effects of long-chain omega-3 fatty acid supplementation on
plasma levels of free and esterified oxylipins, Prostaglandins Other Lipid Mediat.
113 (2014) 21-29.

J.D. Morrow, J.A. Awad, H.J. Boss, L.A. Blair, L.J. Roberts 2nd, Non-cycloox-
ygenase-derived prostanoids (F2-isoprostanes) are formed in situ on phospholipids,
Proc. Natl. Acad. Sci. U. S. A. 89 (22) (1992) 10721-10725.

G.C. Shearer, J.W. Newman, Impact of circulating esterified eicosanoids and other
oxylipins on endothelial function, Curr. Atheroscler. Rep. 11 (6) (2009) 403-410.
G.C. Shearer, J.W. Newman, Lipoprotein lipase releases esterified oxylipins from
very low-density lipoproteins, Prostaglandins Leukot. Essent. Fatty Acids 79 (6)
(2008) 215-222.

J.W. Newman, T.L. Pedersen, V.R. Brandenburg, W.S. Harris, G.C. Shearer, Effect of
omega-3 fatty acid ethyl esters on the oxylipin composition of lipoproteins in hy-
pertriglyceridemic, statin-treated subjects, Plos One 9 (11) (2014) e111471.

V.J. Hammond, V.B. O’Donnell, Esterified eicosanoids: generation, characterization
and function, Bba-Biomembranes 1818 (10) (2012) 2403-2412.

R. Fischer, A. Konkel, H. Mehling, K. Blossey, A. Gapelyuk, N. Wessel, C. von
Schacky, R. Dechend, D.N. Muller, M. Rothe, F.C. Luft, K. Weylandt, W.H. Schunck,
Dietary omega-3 fatty acids modulate the eicosanoid profile in man primarily via
the CYP-epoxygenase pathway, J. Lipid Res. 55 (6) (2014) 1150-1164.

A.H. Keenan, T.L. Pedersen, K. Fillaus, M.K. Larson, G.C. Shearer, J.W. Newman,
Basal omega-3 fatty acid status affects fatty acid and oxylipin responses to high-dose
n3-HUFA in healthy volunteers, J. Lipid Res. 53 (8) (2012) 1662-1669.

A.H. Morgan, V.J. Hammond, L. Morgan, C.P. Thomas, K.A. Tallman, Y.R. Garcia-
Diaz, C. McGuigan, M. Serpi, N.A. Porter, R.C. Murphy, V.B. O’Donnell,
Quantitative assays for esterified oxylipins generated by immune cells, Nat. Protoc.
5(12) (2010) 1919-1931.

R. Aoyagi, K. Ikeda, Y. Isobe, M. Arita, Comprehensive analyses of oxidized phos-
pholipids using a measured MS/MS spectra library, J. Lipid Res. 58 (11) (2017)
2229-2237.

C. Arnold, M. Markovic, K. Blossey, G. Wallukat, R. Fischer, R. Dechend, A. Konkel,
C. von Schacky, F.C. Luft, D.N. Muller, M. Rothe, W.H. Schunck, Arachidonic acid-
metabolizing cytochrome P450 enzymes are targets of omega-3 fatty acids, J. Biol.
Chem. 285 (43) (2010) 32720-32733.

T. Duflot, T. Pereira, C. Roche, M. Iacob, P. Cardinael, N.E. Hamza, C. Thuillez,
P. Compagnon, R. Joannides, F. Lamoureux, J. Bellien, A sensitive LC-MS/MS
method for the quantification of regioisomers of epoxyeicosatrienoic and dihy-
droxyeicosatrienoic acids in human plasma during endothelial stimulation, Anal.
Bioanal. Chem. 409 (7) (2017) 1845-1855.

A. Dupuy, P. Le Faouder, C. Vigor, C. Oger, J.M. Galano, C. Dray, J.C.Y. Lee,

P. Valet, C. Gladine, T. Durand, J. Bertrand-Michel, Simultaneous quantitative
profiling of 20 isoprostanoids from omega-3 and omega-6 polyunsaturated fatty
acids by LC-MS/MS in various biological samples, Anal. Chim. Acta 921 (2016)
46-58.

C. Gladine, J.W. Newman, T. Durand, T.L. Pedersen, J.M. Galano, C. Demougeot,
0. Berdeaux, E. Pujos-Guillot, A. Mazur, B. Comte, Lipid profiling following intake
of the omega 3 fatty acid DHA identifies the peroxidized metabolites F-4-neuro-
prostanes as the best predictors of atherosclerosis prevention, Plos One 9 (2) (2014)
€89393.

B.S. Levison, R.L. Zhang, Z.N. Wang, X.M. Fu, J.A. DiDonato, S.L. Hazen,
Quantification of fatty acid oxidation products using online high-performance li-
quid chromatography tandem mass spectrometry, Free Radic. Biol. Med. 59 (2013)
2-13.

C. Morisseau, B. Inceoglu, K. Schmelzer, H.J. Tsai, S.L. Jinks, C.M. Hegedus,

B.D. Hammock, Naturally occurring monoepoxides of eicosapentaenoic acid and
docosahexaenoic acid are bioactive antihyperalgesic lipids, J. Lipid Res. 51 (12)
(2010) 3481-3490.

J.W. Newman, G.A. Kaysen, B.D. Hammock, G.C. Shearer, Proteinuria increases
oxylipid concentrations in VLDL and HDL but not LDL particles in the rat, J. Lipid
Res. 48 (8) (2007) 1792-1800.

O. Quehenberger, S. Dahlberg-Wright, J. Jiang, A.M. Armando, E.A. Dennis,
Quantitative determination of esterified eicosanoids and related oxygenated me-
tabolites after base hydrolysis, J. Lipid Res. 59 (12) (2018) 2436-2445.

G. Shearer, W. Harris, T. Pederson, J. Newman, Detection of omega-3 oxylipins in
human plasma and response to treatment with omega-3 acid ethyl esters, J. Lipid
Res. 51 (8) (2010) 2074-2081.

H.L. Jiang, J. Quilley, L.M. Reddy, J.R. Falck, P.Y.K. Wong, J.C. McGiff, Red blood
cells: reservoirs of cis- and trans-epoxyeicosatrienoic acids, Prostaglandins Other
Lipid Mediat. 75 (2005) 65-78.

1. Willenberg, A.I. Ostermann, N.H. Schebb, Targeted metabolomics of the arachi-
donic acid cascade: current state and challenges of LC-MS analysis of oxylipins,
Anal. Bioanal. Chem. 407 (10) (2015) 2675-2683.

N.M. Hartung, M. Mainka, N. Kampschulte, A.I. Ostermann, N.H. Schebb, A strategy
for validating concentrations of oxylipin standards for external calibration,
Prostaglandins Other Lipid Mediat. 141 (2019) 22-24.

J. Folch, M. Lees, G.H.S. Stanley, A simple method for the isolation and purification
of total lipides from animal tissues, J. Biol. Chem. 226 (1) (1957) 497-509.

A.L. Ostermann, M. Muller, I. Willenberg, N.H. Schebb, Determining the fatty acid
composition in plasma and tissues as fatty acid methyl esters using gas chromato-
graphy — a comparison of different derivatization and extraction procedures,


https://doi.org/10.1016/j.prostaglandins.2019.106384
https://doi.org/10.1016/j.prostaglandins.2019.106384
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0005
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0005
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0010
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0010
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0010
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0015
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0015
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0015
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0020
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0020
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0020
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0020
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0025
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0025
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0025
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0030
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0030
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0035
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0035
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0035
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0040
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0040
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0040
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0045
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0045
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0050
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0050
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0050
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0050
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0055
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0055
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0055
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0060
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0060
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0060
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0060
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0065
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0065
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0065
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0070
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0070
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0070
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0070
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0075
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0075
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0075
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0075
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0075
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0080
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0080
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0080
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0080
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0080
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0085
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0085
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0085
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0085
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0085
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0090
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0090
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0090
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0090
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0095
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0095
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0095
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0095
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0100
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0100
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0100
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0105
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0105
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0105
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0110
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0110
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0110
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0115
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0115
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0115
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0120
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0120
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0120
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0125
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0125
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0125
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0130
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0130
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0135
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0135
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0135

A.L Ostermann, et al.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Prostaglandins Leukot. Essent. Fatty Acids 91 (6) (2014) 235-241.

K.M. Rund, A.I. Ostermann, L. Kutzner, J.M. Galano, C. Oger, C. Vigor, S. Wecklein,
N. Seiwert, T. Durand, N.H. Schebb, Development of an LC-ESI(-)-MS/MS method
for the simultaneous quantification of 35 isoprostanes and isofurans derived from
the major n3- and n6-PUFAs, Anal. Chim. Acta 1037 (2018) 63-74.

S.H. Hwang, H.J. Tsai, J.Y. Liu, C. Morisseau, B.D. Hammock, Orally bioavailable
potent soluble epoxide hydrolase inhibitors, J. Med. Chem. 50 (16) (2007)
3825-3840.

L. Kutzner, K.M. Rund, A.I. Ostermann, N.M. Hartung, J.-M. Galano, L. Balas,

T. Durand, M.S. Balzer, S. David, N.H. Schebb, Development of an optimized LC-MS
method for the detection of specialized pro-resolving mediators in biological sam-
ples, Front. Pharmacol. 10 (2019) 169.

G.-y. Chen, Q. Zhang, Comprehensive analysis of oxylipins in human plasma using
reversed-phase liquid chromatography-triple quadrupole mass spectrometry with
heatmap-assisted selection of transitions, Anal. Bioanal.Chem. 411 (2) (2019)
367-385.

A.1. Ostermann, P. Waindok, M.J. Schmidt, C.Y. Chiu, C. Smyl, N. Rohwer,

K.H. Weylandt, N.H. Schebb, Modulation of the endogenous omega-3 fatty acid and
oxylipin profile in vivo - a comparison of the fat-1 transgenic mouse with C57BL/6
wildtype mice on an omega-3 fatty acid enriched diet, Plos One 12 (9) (2017)
€0184470.

M.H. Sarafian, M. Gaudin, M.R. Lewis, F.P. Martin, E. Holmes, J.K. Nicholson,
M.E. Dumas, Objective set of criteria for optimization of sample preparation pro-
cedures for ultra-high throughput untargeted blood plasma lipid profiling by ultra
performance liquid chromatography-mass spectrometry, Anal. Chem. 86 (12)
(2014) 5766-5774.

Y. Satomi, M. Hirayama, H. Kobayashi, One-step lipid extraction for plasma lipi-
domics analysis by liquid chromatography mass spectrometry, J. Chromatogr. B
1063 (2017) 93-100.

K. Jurowski, K. Kochan, J. Walczak, M. Baranska, W. Piekoszewski, B. Buszewski,
Comprehensive review of trends and analytical strategies applied for biological
samples preparation and storage in modern medical lipidomics: state of the art,
Trac-Trend Anal. Chem. 86 (2017) 276-289.

D.G. Sitnikov, C.S. Monnin, D. Vuckovic, Systematic assessment of seven solvent
and solid-phase extraction methods for metabolomics analysis of human plasma by
LC-MS, Sci. Rep. 6 (2016) e38885.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

[48]

Prostaglandins and Other Lipid Mediators 146 (2020) 106384

S.K. Perera, L.R. Fedor, Acid-catalyzed and base-catalyzed dehydration of pros-
taglandin-E2 to prostaglandin-A2 and General-Base-catalyzed isomerization of
prostaglandin-A2 to prostaglandin-B2, J. Am. Chem. Soc. 101 (24) (1979)
7390-7393.

A.L Ostermann, I. Willenberg, N.H. Schebb, Comparison of sample preparation
methods for the quantitative analysis of eicosanoids and other oxylipins in plasma
by means of LC-MS/MS, Anal. Bioanal. Chem. 407 (5) (2015) 1403-1414.

J. Rivera, N. Ward, J. Hodgson, 1.B. Puddey, J.R. Falck, K.D. Croft, Measurement of
20-hydroxyeicosatetraenoic acid in human urine by gas chromatography-mass
spectrometry, Clin. Chem. 50 (1) (2004) 224-226.

AL Ostermann, T. Greupner, L. Kutzner, N.M. Hartung, A. Hahn, J.P. Schuchardt,
N.H. Schebb, Intra-individual variance of the human plasma oxylipin pattern: low
inter-day variability in fasting blood samples versus high variability during the day,
Anal. Methods 10 (40) (2018) 4935-4944.

J.F. Mead, Membrane lipid-peroxidation and its prevention, J. Am. Oil Chem. Soc.
57 (12) (1980) 393-397.

G.S. Wu, R.A. Stein, J.F. Mead, Autoxidation of fatty-acid monolayers adsorbed on
silica-gel. 2. Rates and products, Lipids 12 (11) (1977) 971-978.

K.M. Rund, D. Heylmann, N. Seiwert, S. Wecklein, C. Oger, J.-M. Galano, T. Durand,
R. Chen, F. Gueler, J. Fahrer, J. Bornhorst, N.H. Schebb, Formation of trans-epoxy
fatty acids correlates with formation of isoprostanes and could serve as biomarker
of oxidative stress, Prostaglandins Other Lipid Mediat. (2019) e106334.

European Medical Agency, Guideline on Bioanalytical Method Validation, EMEA/
CHMP/EWP/192217/2009 Rev. 1 Corr. 2, (2011).

U.S. Department of Health and Human Services Food and Drug Administration,
Guidance for Industry: Bioanalytical Method Validation, (2001).

A.L. Ostermann, N.H. Schebb, Effects of omega-3 fatty acid supplementation on the
pattern of oxylipins: a short review about the modulation of hydroxy-, dihydroxy-,
and epoxy-fatty acids, Food Funct. 8 (7) (2017) 2355-2367.

A.IL Ostermann, A.L. West, K. Schoenfeld, L.M. Browning, C.G. Walker, S.A. Jebb,
P.C. Calder, N.H. Schebb, Plasma oxylipins respond in a linear dose-response
manner with increased intake of EPA and DHA: results from a randomized con-
trolled trial in healthy humans, Am. J. Clin. Nutr. 109 (5) (2019) 1251-1263.
N.M. Salem, Y.H. Lin, T. Moriguchi, S.Y. Lim, N. Salem Jr, J.R. Hibbeln, Distribution
of omega-6 and omega-3 polyunsaturated fatty acids in the whole rat body and 25
compartments, Prostag. Leukotr. Ess. Fatty Acids 100 (2015) 13-20.


http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0135
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0140
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0140
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0140
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0140
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0145
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0145
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0145
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0150
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0150
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0150
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0150
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0155
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0155
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0155
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0155
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0160
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0160
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0160
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0160
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0160
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0165
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0165
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0165
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0165
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0165
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0170
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0170
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0170
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0175
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0175
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0175
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0175
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0180
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0180
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0180
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0185
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0185
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0185
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0185
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0190
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0190
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0190
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0195
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0195
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0195
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0200
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0200
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0200
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0200
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0205
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0205
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0210
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0210
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0215
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0215
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0215
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0215
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0220
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0220
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0225
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0225
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0230
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0230
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0230
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0235
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0235
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0235
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0235
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0240
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0240
http://refhub.elsevier.com/S1098-8823(19)30135-2/sbref0240

Supplementary Information

Targeting esterified oxylipins by LC-MS — Effect of sample preparation on

oxylipin pattern

Annika I. Ostermann’, Elisabeth Koch', Katharina M. Rund, Laura Kutzner, Malwina Mainka,

Nils Helge Schebb*

Chair of Food Chemistry, Faculty of Mathematics and Natural Sciences, University of
Wuppertal, Gaustral’e 20, Wuppertal, Germany
*Corresponding author: nils@schebb-web.de

"Authors contributed equally

Detailed information on the characterization of sample preparation for the determination of total

oxylipins

1 Lipid and oxylipin extraction from plasma (prior hydrolysis)

Extraction efficiencies using LLE and protein precipitation procedures were evaluated using
aqueous bovine serum albumin (BSA) solution (50 mg/mL in phosphate buffered saline (PBS))
spiked with either alkali-stable deuterated oxylipins standards (internal standards (IS) for
oxylipin quantification) or fatty acid lipids. Moreover, oxylipin profiles in 100 pyL of human
plasma with selected LLE and protein precipitation protocols were evaluated.

Three LLE procedures were tested: Extraction with i) ethyl acetate and n-hexane (EA/nHex,
75125, v/v), ii) chloroform and methanol (CHCIs/MeOH, 2/1, v/v) [1] and iii) methyl tert-butyl
ether and methanol (MTBE/MeOH, 3/1, v/v) [2] (see S| Table S1 for detailed procedures). Lipid
extracts were evaporated in a vacuum concentrator (1 mbar, 30 °C; Christ, Osterode am Harz,
Germany). For protein precipitation, plasma was extracted with a fourfold excess (100 uL
sample + 400 L organic solvent) of methanol (MeOH), acetonitrile (ACN), ethanol (EtOH),
methanol/acetonitrile (MeOH/ACN, 3/2, v/v), or iso-propanol (iProp). Samples were frozen
at -80 °C for at least 30 min and centrifuged (4 °C, 10 min, 20 000 x g).

Recovery of oxylipins was calculated via external calibration. Lipid samples were evaporated,
derivatized to fatty acid methyl esters and analyzed via GC-FID [2]. For LLE, recovery of fatty

acids was calculated against the directly derivatized lipid standard and for protein precipitation



against a lipid standard which was diluted with iso-propanol and PBS before evaporation and

derivatization.

2 Hydrolysis conditions

Experiments were carried out using lipid extracts obtained following LLE or protein precipitation
with iso-propanol (see above). Dried lipid extracts obtained from LLE were dissolved in 400 uL
iso-propanol. For hydrolysis, 100 yL water and 300 uL 1.5 M potassium hydroxide (KOH) in
MeOH/water (75/25, v/v) were added and hydrolyzed for 30 min at 60 °C

Supernatants from protein precipitation were hydrolyzed at 60 °C using KOH in methanol/water
(75/25; v/v) and optimization steps comprised sample volume and base concentration during
hydrolysis as well as hydrolysis time.

After hydrolysis samples were put on ice and neutralized (pH = 6) with diluted acetic acid

(HOAC) prior further extraction.

3 Solid phase extraction (SPE) protocol for free oxylipins from hydrolyzed samples
After neutralization, hydrolyzed samples were diluted with 2000 yL 0.1 M aqueous disodium
hydrogen phosphate buffer (NaoHPO,) adjusted to pH 6.0 with HOAc. pH in the samples was
checked and adjusted to 6 before extraction of oxylipins by SPE on Bond Elut Certify Il columns
(200 mg, 3 mL, 47-60 um particles, Agilent Technologies, Waldbronn, Germany) as described
[3] or with a modified protocol using same solvents and buffers on Oasis MAX cartridges
(60 mg, 3 mL, 30 um particles, Waters, Eschborn, Germany).

Epoxidation of PUFA using silica based cartridges was investigated by extracting 100 uL of a
methanolic standard solution containing IS (20 nM) and ARA (0.7 mM) with the final protocol
(see below). Trans- and cis-epoxy-PUFA concentrations were determined [4] and compared

to a diluted standard which was analyzed directly.
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correlates with formation of isoprostanes and could serve as biomarker of oxidative stress,
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Table S1: Overview over the liquid-liquid extraction procedures.

CHCI;/MeOH [1] and CHCI;/MeOH + HOAc

MTBE/MeOH [2]
and MTBE/(MeOH+HOACc) #

EA/nHex
and EA/nHex + HOAc

Sample
100 pL 50 mg/mL BSA in PBS
+ 10 pL deuterated oxylipin standard (1 pmol) or
+ 10 L lipid standard (10 nmol)

+ Antiox*

Sample
100 pL 50 mg/mL BSA in PBS
+ 10 pL deuterated oxylipin standard (1 pmol) or
+ 10 pL lipid standard (10 nmol)

+ Antiox*

Sample
100 pL 50 mg/mL BSA in PBS
+ 10 pL deuterated oxylipin standard (1 pmol) or
+ 10 pL lipid standard (10 nmol)

+ Antiox*

Vortex sample

Vortex sample

Vortex sample

+ CHCI;/MeOH (2/1, v/v) [+ HOAC] to a final sample
dilution of 20:1

+ 300 uL MeOH [+ HOAC]

+ 750 uL EA/nHex (75/25, v/v) [+ HOAC]

Vortex sample

Vortex sample

Vortex sample for 5 min

Centrifugation (room temp., 10 min, 4000 x g)

+ 600 uL MTBE

Centrifugation (4 °C, 2 min, 20 000 x g)

Vortex Sample for 1.5 min

Collect organic phase

Transfer supernatant to new glass tube

Add 300 pL 0.15 M NH,Ac

Vortex sample

+ 0.2 fold vol. 0.73% NaCl of crude extract

Centrifugation (4 °C, 5 min, 3500 xg)

Vortex sample

Collect upper organic phase

Centrifugation (room temp., 5 min, 4000 x g)

Remove upper aqueous phase

Wash lower organic phase two times with low
volumes of upper phase pure solvent
(CHCI3;:MeOH:0.58% NaCl 3:48:47)

Rewash lower aqueous phase with 300 uL
MTBE and combine organic phases

Repeat extraction with another 750 uL
extraction solvent

CHCI; = chloroform; MeOH = methanol; MTBE =
methyl tert butyl ether; EA = ethyl acetate, nHex
= n-hexane; NaCl = sodium chloride, NH,Ac =
ammonium acetate

*BHT and EDTA (0.2 mg/mL each) with sEHi (t-
AUCB) and indomethacin (100 uM each) in
MeOH/water (50/50, v/v))

# While for CHCI;/MeOH and EA/nHex the total
extraction solvent was acidified, for
MTBE/MEOH only the methanol was acidified.

[1] Folch J, Lees M, Stanley GHS, A Simple Method for the Isolation and Purification of Total Lipides from Animal Tissues, J Biol Chem 226 (1) (1957) 497-509.
[2] Ostermann Al, Muller M, Willenberg |, Schebb NH, Determining the fatty acid composition in plasma and tissues as fatty acid methyl esters using gas chromatography - a comparison of

different derivatization and extraction procedures, Prostaglandins Leukot. Essent. Fatty Acids 91 (6) (2014) 235-241.
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acid lipids from BSA solution (100 pL, 50 mg/mL in PBS) following LLE with (A) EA/nHex (75/25, v/v), (B) CHCI;/MeOH (2/1, v/v) and (C) MTBE/MeOH
(2/1, v/v) (SI Table S1) with varying amount of HOAc in the extraction solvent (mean + SD; n=4). For oxylipin analysis, samples were evaporated,
reconstituted and analyzed with LC-MS. Lipid extracts were evaporated, derivatized to fatty acid methyl esters and analyzed via GC-FID [2]. Recovery of
fatty acids was calculated against a directly derivatized lipid standard. Concentration of acid was selected based on the results for extraction of
deuterated oxylipin standards.

[2] Ostermann Al, Muller M, Willenberg I, Schebb NH, Determining the fatty acid composition in plasma and tissues as fatty acid methyl esters using gas chromatography - a
comparison of different derivatization and extraction procedures, Prostaglandins Leukot. Essent. Fatty Acids 91 (6) (2014) 235-241.
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Fig. S4 LLE of plasma using acidified and non-acidified extraction solvents. Shown are (l) recoveries of deuterated oxylipin standards from

plasma (100 uL) and relative concentrations and relative areas of representative (II) OH-PUFA and (lll) Ep- and DiH-PUFA as well as isoP following LLE
with (A) EA/nHex (75/25, v/v), (B) CHCI;/MeOH (2/1, v/v) and (C) MTBE/MeOH (2/1, v/v) (mean + SD; n=3). Lipid extracts after LLE were evaporated to
dryness and dissolved in 400 uL iso-propanol. Hydrolysis was carried out following addition of 100 uL water and 300 yL 1.5 M KOH in methanol/water
(75/25, v/v) for 30 min at 60 °C. After neutralization, free oxylipins were extracted by SPE (on Bond Elut Certify || material) from the hydrolyzed sample
and analyzed with LC-MS. Relative concentrations and areas in (ll) and (lll) were calculated against extraction with acidified solvents.
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*Due to insufficient recovery of internal standard, 5(R,S)-5-F,-isoP should not be quantified and is only shown for demonstration.
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Fig. S5 Extraction of lipids from plasma using protein precipitation. Shown are (A) recoveries of deuterated oxylipin standards and (B)
relative concentrations of a representative set of analytes in plasma (100 pL) following protein precipitation with 400 yL methanol (MeOH), ethanol
(EtOH), acetonitrile (ACN), methanol/ acetonitrile (3/2, v/v, MeOH/ACN) or iso-propanol (iProp) (mean + SD; n=4) and base hydrolysis (300 uL 5.5 M
NaOH (aq); 30 min, 60°C). Free oxylipins were extracted by SPE (on Bond Elut Certify || material) from the hydrolyzed sample and analyzed with LC-MS.
Relative plasma oxylipin concentrations were calculated against iProp.
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Fig. S6 Effect of sample drying techniques during SPE (before elution) on the determined plasma oxylipin profile: Bond Elut Certify Il cartridges. Shown

are relative plasma concentrations of a representative set of analytes following drying of samples with (A) nitrogen positive pressure and (B) vacuum (-200 mbar) for different
time intervals (mean = SD; n=3). Relative concentrations were calculated against the mean of the concentration following 30 s of drying. In (C) a comparison of drying with
vacuum and nitrogen positive pressure is shown. Relative concentrations were calculated against drying with vacuum for 30 s. (D) shows the concentrations of cis and trans
epoxy-PUFA in human plasma dried for either 30 s or 20 min prior to elution. For sample preparation, lipids were extracted from 100 pyL plasma using 400 pL iso-propanol.
Hydrolysis was carried out following addition of 300 yL 1.5 M KOH in methanol/water (75/25, v/v) for 30 min at 60 °C. After neutralization, free oxylipins were extracted via
SPE from the hydrolyzed sample and analyzed with LC-MS.
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Fig. S7 Reproducibility using Bond Elut Certify Il and
Oasis MAX SPE for hydrolyzed plasma samples. Shown are
individual concentrations of hydroxy-PUFA and epoxy- and dihydroxy-
PUFA. Four different operators prepared and analyzed a triplicate set
of samples on three consecutive days with the final hydrolysis
protocol (100 uL plasma, 400 pL iso-propanol, hydrolysis for 30 min
at 60 °C with 100 pL 0.6 M KOH methanol/water (75/25, v/v)) on
Bond Elut Certify 1l (left, silica-based) and Oasis MAX (right,
polymeric based) cartridges. Before elution, samples were dried with
vacuum (-200 bar) for 30 s (Bond Elut) or 2 min (Oasis MAX). Shown
are individual sample concentrations of a representative set of
oxylipins.
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Fig. S8 Upscaling of plasma volume. For sample preparation, lipids were extracted from 100 or 200 uyL plasma with iso-propanol (ratio

sample+iso-propanol of 1+2 to 1+4). Hydrolysis was carried out following addition of KOH in methanol/water (75/25, v/v; final KOH concentration in sample
0.1 M) for 30 min at 60 °C. After neutralization, free oxylipins were extracted via SPE (on Bond Elut Certify || material) from the hydrolyzed sample and

analyzed with LC-MS. Shown are relative concentrations of a representative set of analytes against sample preparation with 100 puL plasma and 400 uL
iso-propanol (mean x SD; n=3).

Using 200 pL plasma and 800 uL iso-propanol (200/800), recovery rate of ?H,-6-keto-PGF,, was insufficient (< 40%). For the other setups, recovery rates
of internal standards were acceptable and no differences were observed between the different experimental protocols.

While 100 pL plasma were sufficient to cover a broad spectrum of hydroxy-, epoxy- and dihydroxy-PUFA, only one isoP (5(R,S)-5-F,-IsoP) could routinely
be quantified. Only an increase of the sample volume to 200 yL in combination with a higher injection volume (10 pL instead of 5 pL) resulted in the

quantification of one additional isoP (8-iso-PGF,,) which, however, was concomitant with reduced concentrations of other oxylipin classes (hydroxy- or
epoxy-PUFA).
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Fig. S9 Conversion of PGE, to PGB, during hydrolysis. PGE, was spiked to 100 yL plasma (final concentration in sample 50 nM). Samples were

prepared according to the final protocol. Recoveries were calculated against a diluted PGE, standard and egimolar conversion of PGE, to PGB, was
assumed. Shown is mean conversion + SD (n=3) on three days. Note: Following hydrolysis of a PGD, standard (spiked to plasma), no PGJ, formation was
observed.
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