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Abstract
Polyunsaturated fatty acids (PUFAs) and eicosanoids are important mediators of inflammation. The functional role of
eicosanoids in metabolic-syndrome-related diseases has been extensively studied. However, their role in neuroinflam-
mation and the development of neurodegenerative diseases is still unclear. The aim of this study was the develop-
ment of a sample pretreatment protocol for the simultaneous analysis of PUFAs and eicosanoids in mouse liver and
brain. Liver and brain samples of male wild-type C57BL/6J mice (11–122 mg) were used to investigate conditions
for tissue rinsing, homogenization, extraction, and storage. A targeted liquid chromatography–negative electrospray
ionization tandem mass spectrometry method was applied to quantify 7 PUFAs and 94 eicosanoids. The final
pretreatment protocol consisted of a 5-min homogenization step by sonication in 650 μL n-hexane/2-propanol
(60:40 v/v) containing 2,6-di-tert-butyl-4-methylphenol at 50 μg/mL. Homogenates representing 1 mg tissue were
extracted in a single step with n-hexane/2-propanol (60:40 v/v) containing 0.1% formic acid. Autoxidation was
prevented by addition of 2,6-di-tert-butyl-4-methylphenol at 50 μg/mL and keeping the samples at 4 °C during
sample preparation. Extracts were dried under nitrogen and reconstituted in liquid chromatography eluent before
analysis. Recovery was determined to range from 45% to 149% for both liver and brain tissue. Within-run and
between-run variability ranged between 7% and 18% for PUFAs and between 1% and 24% for eicosanoids. In liver,
7 PUFAs and 15 eicosanoids were quantified; in brain, 6 PUFAs and 21 eicosanoids had significant differences
within the brain substructures. In conclusion, a robust and reproducible sample preparation protocol for the
multiplexed analysis of PUFAs and eicosanoids by liquid chromatography–tandem mass spectrometry in liver and
discrete brain substructures was developed.
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FA Formic acid
HETE Hydroxyeicosatetraenoic acid
HHT Hydroxyheptadecatrienoic acid
HODE Hydroxyoctadecadienoic acid
HpETE Hydroperoxyeicosatetraenoic acid
iPrOH 2-Propanol
IS Internal standard
LC Liquid chromatography
MeOH Methanol
MS/MS Tandem mass spectrometry
MTBE Methyl tert-butyl ether
PBS Phosphate-buffered saline
PUFA Polyunsaturated fatty acid
SPE Solid-phase extraction

Introduction

Eicosanoids are potent lipid mediators of inflammation,
synthesized from polyunsaturated fatty acids (PUFAs) via
cyclooxygenase (COX), lipoxygenases, and cytochrome
P450. Low-grade inflammation is crucial for the formation
of obesity-linked insulin resistance and fatty liver disease,
leading to peripheral metabolic disease [1, 2], which can
also affect the central nervous system [3, 4]. PUFAs and
eicosanoids play an important role in development and
synaptogenesis [5, 6], regulation of temperature and sleep
[7], synaptic activity, plasticity, and memory acquisition
[8, 9], and protection of the brain against glutamate toxic-
ity and excitotoxic injury [10, 11]. A deficiency in PUFAs
can lead to retarded visual acuity, cognitive impairment, or
cerebellar dysfunction [12, 13]. There is some evidence
that a disrupted eicosanoid metabolism plays a role in neu-
rodegenerative diseases [14]. However, a thorough under-
standing of eicosanoid mechanisms in liver and brain re-
quires a suitable analytical method. Eicosanoid analysis is
challenging because of the very low concentrations (pico-
grams per milliliter) in blood, urine, and tissues, in vitro
metabolism, and autoxidation. For the extraction of PUFAs
and eicosanoids from tissue, an optimized solvent combi-
nation is necessary to cover the whole polarity range of the
metabolites, including the polar prostaglandins and the less
polar PUFAs. Well-established lipid extraction protocols
based on liquid–liquid extraction according to Bligh and
Dyer or Folch [15–18] are limited because of the distribu-
tion of PUFAs and eicosanoids in both the water-rich upper
layer and the chloroform-rich lower layer. Application of
ternary solvent combinations including polar as well as
nonpolar solvents seems to be a way to overcome these
problems [19]. Special requirements for tissue analysis al-
so include the investigation of conditions for a reproduc-
ible homogenization of different tissue structures.
Protocols for the analysis of selected PUFAs or eicosanoids

in brain or liver tissue for subsequent liquid chromatogra-
phy (LC)–tandem mass spectrometry (MS/MS) analysis
have been published [20–32]. In most cases, homogenized
samples [20–27, 30] or lyophilized samples [30, 31] were
extracted by multiple steps in different organic solvents to
cover a broad polarity range. The last step in sample prep-
aration is often manual desalting by solid-phase extraction
(SPE) [20–23, 25–30, 32]. Little is known about the
preanalytical requirements of eicosanoid analysis in tissue
[33, 34] and defined sample pretreatment protocols; a sys-
tematic investigation of all influencing and disturbing fac-
tors has not yet been done.

The aims of the present study were the development of a
common sample pretreatment protocol for simultaneous
PUFA and eicosanoid extraction from small amounts of
mouse liver and brain tissue and an investigation of the
PUFA and eicosanoid distribution in the distinct liver areas
and brain substructures.

Materials and methods

Chemicals and reagents

The solvents n-hexane, 2-propanol (iPrOH), formic acid
(FA), acetonitrile (ACN), and methanol (MeOH) of
ultrahigh-performance LC/MS grade were purchased from
Biosolve (Valkenswaard, Netherlands). Water was pro-
duced in-house with a Barnstead GenPure System from
Thermo Scientific (Waltham, MA, USA). Methyl tert-butyl
ether (MTBE) of pro analysis quality was obtained from
Carl Roth (Karlsruhe, Germany). 2-Butanol of extra-pure
quality was purchased from Thermo Fisher Scientific
(Waltham, MA, USA). 2,6-Di-tert-butyl-4-methylphenol
(BHT) of gas chromatography quality and EDTA of ACS
reagent grade were purchased from Sigma-Aldrich (St
Louis, MO, USA). Ethyl acetate and chloroform (CHCl3)
of LC grade, zinc sulfate heptahydrate of pro analysis qual-
ity, and phosphate-buffered saline (PBS) of liquid, sterile-
filtered, suitable-for-cell-culture grade were obtained from
Merck Chemica l s (Da rms t ad t , Ge rmany ) . Tr i s
(hydroxymethyl)aminomethane–HCl buffer was obtained
from Bioanalytic (Umkirch, Germany). Unlabeled and
deuterium-labeled PUFA and eicosanoid standards were
purchased from Cayman Chemicals (Ann Arbor, MI,
USA); the detailed information can be found in Table S1.

Mouse sample materials

Liver and brain of male wild-type C57BL/6J mice were re-
moved directly after they had been killed, and brain was rinsed
in PBS. Cortex, cerebellum, hypothalamus, and hippocampus
were dissected carefully and immediately. All samples
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collected were snap-frozen in liquid nitrogen and stored at
−80 °C until further analysis.

Optimization of tissue extraction protocol

Sample rinsing

To remove adhering blood, liver samples (30–70 mg)
were rinsed six to nine times in 1 mL PBS by 30 s
mixing, followed by centrifugation for 5 min at 600g
and 4 °C. The PBS washing solutions were centrifuged
for 10 min at 4 °C and 13,000g. Then 100 μL supernatant
was transferred into a measuring cuvette and 1 mL
tris(hydroxymethyl)aminomethane–HCl buffer solution
was added to determine the free hemoglobin content.
Spectrophotometric analysis was performed in triplicate
according to the method of Harboe [35] with a
SPECORD® 50 PLUS instrument (Analytik Jena, Jena,
Germany). Additionally, to evaluate analyte losses during
sample rinsing, 200 μL PBS supernatant was added to
50 μL internal standard (IS) mix containing deuterated
PUFAs (50 ng/mL) and eicosanoids (5 ng/mL) and
400 μL precipitation solution according to our previously
published protocol [36]. After centrifugation, the superna-
tant was transferred for LC–MS/MS analysis of PUFAs
and eicosanoids.

Homogenization and storage

For tissue homogenization a Mikro-Dismembrator S®
(Sartorius, Göttingen, Germany, 1800 rpm), a Tissue Lyser
II® (Qiagen, Venlo, Netherlands; 2500 rpm), and a UCD-
300-Bioruptor® next-generation system (Diagenode, Liège,
Belgium; 320 W) were compared for both tissue types,
liver and brain. Homogenization was performed in 650 μL
n-hexane/iPrOH (60:40 v/v) containing BHTat 50 μg/mL. As
recommended by the manufacturers, steel balls (three
per 100 mg tissue) were added using the ball mills.
Homogenization was performed in 1.5-mL safe-lock polypro-
pylene tubes for 5 min at 4 °C and at the highest device perfor-
mance setting for all devices (Mikro-Dismembrator S®
1800 rpm, Tissue Lyser II® 2500 rpm, UCD-300-Bioruptor®
320W). The resulting homogenate was examinedmicroscopi-
callywith 20-foldmagnificationwith use of aPrimovertmicro-
scope (Carl Zeiss Microscopy, Jena, Germany). Homogenates
representing 1 mg liver tissue were transferred into a new
1.5-mLsafe-lockpolypropylene tube.Forcomparison,homog-
enates remaining in the homogenization solvent and homoge-
nates dried by gentle evaporation under a nitrogen stream
(10 °C, 5 min) until dryness were stored for 3 and 30 days at
−80°C.Sampleswereextracted inn-hexane/iPrOH(60:40v/v)
for 1 h at 4 °C and 600 rpm with a ThermoMixer (Eppendorf,
Hamburg,Germany). PUFAsandeicosanoidswereanalyzedat

0, 3, and 30 days (three replicates from one pool sample) to
investigate the sample stability.

Extraction conditions

Ten solvent combinations, listed in Table S2, were tested to
optimize the extraction process according to the number and
reproducibility of extracted analytes, manual effort, and feasi-
bility as well as in vitro changes of the eicosanoid composi-
tion. Dried liver aliquots (n = 3) representing 1 mg tissue were
mixed with 600 μL extraction solvent and 50 μL IS mix. The
extraction was performed in a 1.5 mL safe-lock polypropylene
tube with use of a at 600 rpm. The extraction temperature was
evaluated at 4, 20, and 37 °C for one extraction cycle and an
extraction time of 1 h. The number of extraction cycles (one,
two, and three cycles) was investigated at 4 °C and for an
extraction time of 1 h. The cycle time was investigated up to
24 h (one cycle) at 4 °C. Each extraction cycle corresponds to
1 h extraction with fresh solvent; extracts frommultiple cycles
were combined. Addition of BHT (50 μg/mL), EDTA (100
μM), and FA (0.01%, 0.1%, and 1%) was studied. The effect
of tissue amount was compared for aliquots representing 1, 3,
and 5 mg tissue. All experiments were performed with three
replicates of the same liver pool sample.

Recovery and variability

The recovery experiment was performed in the extracted 1 mg
liver and brain samples by comparing the peak areas of the IS
after sample extraction and a blank solution containing the
same amount of IS without extraction. The experiments were
performed with three replicates of one liver pool sampleand
one brain pool sample. For potential matrix interference, the
IS recovery was determined in 5-mg tissue homogenates used
for extraction. Variability was assessed with a homogenized
pooled liver sample. Liver aliquots (1 mg) were extracted
according to the optimized protocol. Within-run variability
was determined by measuring a pooled liver sample ten times
in one run. Between-run variability was calculated by measur-
ing the pooled liver sample on ten consecutive working days.
Coefficients of variation were calculated as the ratio of the
standard deviation to the mean.

Distribution of PUFAs and eicosanoids in mouse liver
and brain

The experiments were performed with three replicates of one
liver pool sample and one brain pool sample. Awhole mouse
liverwasdissected into left lateral, leftmedial, right lateral, right
medial, and caudate lobes. Tissue samples weighing about
30–70 mg were prepared (n = 8). According to the optimized
protocol, the liver samples were rinsed four times in 1mLPBS
to remove residual blood before homogenization.
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Mouse brain was rinsed in PBS. Subsequently, cerebel-
lum, hypothalamus, cortex, and hippocampus were dissect-
ed. The individual brain substructures of six mice, differing
in size and weight, were pooled (cerebellum 122 mg, hypo-
thalamus 56 mg, cortex 49 mg, and hippocampus 11 mg).
Homogenization was performed in 650 μL n-hexane/
iPrOH (60/40 v/v) containingBHTat 50μg/mL. The solvent
was dried for 5 min by a gentle nitrogen stream at 10 °C.
Dried aliquots representing 1 mg tissue were extracted by
adding 600 μL n-hexane/iPrOH (60/40 v/v) containing
0.1% FA and 50 μL IS solution for . After centrifugation
(10 min, 4 °C, 1000g), the supernatant was transferred into
a new 1.5-mL polypropylene tube, the solvent was evaporat-
ed again under a nitrogen stream until dryness, and was
stored at −80 °C until further analysis. Before analysis, the
dried sample was reconstituted in 500 μL of the starting LC
eluent MeOH/water (62:38 v/v), followed by 30 min mixing
and 10min centrifugation (10,000g) at 4 °C. The supernatant
was transferred into an autosampler vial for LC–MS/MS
analysis.

LC–MS/MS analysis

The targeted LC–MS/MS analyses for quantification of 7
PUFAs and 94 eicosanoids were performed according to our
previously publishedmethod [36]. The LC systemconsisted of
a Prominence ultrafast LC system from Shimadzu (Duisburg,
Germany), with two high-pressure gradient pumps (LC-
20ADXR), an isocratic pump (LC-20AD), a column oven
(CTO-20AC), and a control module (CBM-20A), and an HTS
PAL autosampler from CTC Analyt ics (Zwingen,
Switzerland), which was coupled to a QTRAP® 5500 mass
spectrometer (SCIEX, Framingham,MA,USA) equippedwith
aTurboV™ ionspraysourceoperating innegative ionmode. In
the LC system, an online SPE was implemented. The online
SPE was performed with a Strata-X extraction column
(20 mm × 2.1 mm inner diameter, 25-μm particle size,
Phenomenex, Aschaffenburg, Germany) and MeOH/water/
FA (10:90:0.02 v/v/v) with a flow rate of 3 mL/min for 1 min.
Chromatographic separationwas performed ona core-shell LC
column (Kinetex C18, 100 × 2.1 mm inner diameter, 2.6-μm
particle size, Phenomenex, Aschaffenburg, Germany) with a
flow rate of 0.6 mL/min and the gradient as follows: 0% to
90% eluent B in 8 min [eluent A was water/ACN/FA
(63:37:0.02 v/v/v), eluent B was iPrOH/ACN (50:50 v/v)],
90% eluent B for 2 min, and reequilibration of the columns for
2 min. The column oven was kept at 35 °C.

Statistical analysis

Data were expressed as the mean ± standard deviation. For
statistical data processing, IBM® SPSS® Statistics 20 (IBM
Deutschland, Ehningen, Germany) was used. Student’s t test

was performed for significance testing. Significance levels
were determined on the basis of p < 0.05, p < 0.01, or p <
0.001.

Results

Sample rinsing

Quantitative data regarding the free hemoglobin, PUFA, and
eicosanoid concentrations in the six PBS rinsing fractions of
the liver tissue are presented in Table S3. Only five eicosa-
noids (prostaglandin F2α, 8,9-dihydroxyeicosatrienoic acid
(8,9-DHET), 13-hydroxyoctadecadienoic acid (13-HODE),
15-hydroxyeicosatetraenoic acid (15-HETE), 15-
oxoeicosatetraenoic acid (15-oxo-ETE), and arachidonic acid
(ARA) were detectable in all six rinsing fractions. In fraction
4, the lowest peak areas were found for all the lipidsmeasured.
8,9-DHET, 13-HODE, 15-HETE, and ARA remained stable
in fractions 4–6 at about 0.9–2.1% of the peak areas in the
liver extracts. Since brain tissue had already been rinsed be-
fore dissection into substructures, no additional rinsing step
was necessary before homogenization.

Homogenization and storage

For liver tissues, different homogenate particle sizes were ob-
served depending on the homogenization device. As shown in
Fig.S1,TissueLyser II®producedahomogenatewithaparticle
size of about 40μm.Mikro-Dismembrator S®generated a par-
ticle size of 20μm. The finest homogenate, with 5-μmparticle
size, was obtained with the ultrasonic device UCD-300-
Bioruptor®.For brain tissues, all three homogenizersproduced
a fine dispersion with a particle size smaller than 5 μm. The
addition of BHT at 50 μg/mL during homogenization for
5 min at 4 °C did not significantly affect the results of PUFA
and eicosanoid analysis (data not shown).

In Table S4, the differences between liquid storage and
storage of dried homogenate at −80 °C are expressed as the
relative deviation to time point 0 (direct analysis after homog-
enization). After storage for 3 days, up to 36% higher eicosa-
noid concentrations were observed in the solvent-containing
samples compared with dried samples. Dried samples were
found to be stable for up to 30 days of storage, with the ex-
ception of prostaglandin D3, prostaglandin E3, and 15-oxo-
ETE.

Extraction conditions

The extractions using ten different solvent combinations were
investigated by comparison of peak areas after extraction of
1 mg dried liver homogenate for 1 h at 4 °C. In Table 1, the
peak areas of the detected analytes for n-hexane/iPrOH (60:40
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v/v) extraction are set to 100%, and relative differences in
peak areas of the solvent combinations are provided. The
n-hexane/iPrOH/MeOH (60:20:20 v/v/v), n-hexane/ethyl ac-
etate (60:40 v/v), and n-hexane/ethyl acetate/MeOH (60:20:20
v/v/v) solvent systems proved to be unsuitable because of the
formation of a two-phase system during extraction.
MTBE/iPrOH (60:40 v/v), MTBE/iPrOH/MeOH (60:20:20
v/v/v), and CHCl3/MeOH (50:50 v/v) were unsuitable be-
cause of low extraction of HETEs, epoxyeicosatrienoic acids
(EETs), and PUFAs. Ethyl acetate/iPrOH (60:40 v/v), ethyl
acetate/iPrOH/MeOH (60:20:20 v/v/v), and the two-step
procedure involving 2-butanol/MeOH (75:25 v/v) and
n-hexane/ethyl acetate (75:25 v/v) showed a high variability
for oxo-ETEs and EETs. The best extraction solvent for repro-
ducible extraction with low variability for PUFAs, and espe-
cially for the DHETs, HETEs, and HODEs, was n-hexane/
iPrOH (60:40 v/v). No influence of the extraction solvent on
the background noise of the mass transitions during LC–MS/
MS was observed (Fig. S2).

The investigation of extraction conditions for n-hexane/
iPrOH (60:40 v/v) revealed a tendency for lower PUFA
and eicosanoid concentrations with increased extraction
temperatures of 20 and 37 °C compared with 4 °C
(Table S5a). A single extraction of 1 mg homogenate using
650 μL n-hexane/iPrOH (60:40 v/v) at 4 °C for 1 h was
found to be sufficient for the extraction of PUFAs and
eicosanoids and showed high reproducibility (Table S5b).
PUFA concentrations were not affected by longer extrac-
tion time or multiple extraction cycles and remained at
(100 ± 10)%. After three repetitive extraction cycles with
fresh solvent for 1 h at 4 °C, elevated concentrations
of eicosanoids formed by autoxidation, for example,

12-oxo-ETE (+105%) and 14,15-EET (+177%), were ob-
served. A prolonged extraction time of 24 h did not im-
prove the extraction compared with 1 h, with few excep-
tions, for example, 12-oxo-ETE (+47%), and 14,15-EET
(−34%).

The additives, such as BHT, EDTA, and FA, were stud-
ied for prevention of autoxidation and improvement of
extraction (Table S5c). The addition of BHT at 50 μg/
mL, serving as an antioxidant, did not show any signifi-
cant changes during a single extraction cycle of 1 h with
n-hexane/iPrOH (60:40 v/v) at 4 °C. A slight but not
significant increase in signal intensity was observed on
addition of 100 μM EDTA. The addition of FA during ex-
traction results in an increased concentration of most metabo-
lites. Significantly higher concentrations for prostaglandins
(up to 152%), especially hydroperoxyeicosatetraenoic acids
(HpETEs) (up to +469%), and EETs (up to +464%), were
observed on addition of 1% FA to n-hexane/iPrOH (60:40
v/v). The influence of additives is exemplarily shown for
extraction of PUFAs, HpETEs, and EETs in Fig. 1. The
IS was not affected by the additives and did not show
similar signal enhancement on FA addition (data not
shown).

Finally, the amount of homogenate was increased from
1 to 5 mg to improve the detection of less abundant eicos-
anoids. Signal suppression was observed with increasing
amounts of extracted liver tissue, exemplarily shown for
thromboxane B2 (TxB2) in Fig. 2. The signal of the IS
(TxB2-d4) decreased with increasing tissue amount.
Simultaneously, the analyte (TxB2) signal increased, but
was not proportional to the increase in tissue amount
(Fig. 2a). However, this effect is not apparent regarding
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Fig. 1 Comparison of polyunsaturated fatty acids (a) and
eicosatetraenoic acids (ETEs), 11,12-epoxyeicosatrienoic acid (11,12-
EET), 12-hydroxyeicosapentaenoic acid (12-HEPE), and 12-
hydroxyheptadecatrienoic acid (12-HHT) (b) in mouse liver extracted
with n-hexane/2-propanol (iPrOH) (60:40 v/v) with the addition of 2,6-
di-tert-butyl-4-methylphenol (BHT), EDTA, and formic acid CHCl3 (FA)
and extracted with cholorform/methanol (CHCl3 MeOH) without

additives. Changes are presented as relative to the extraction with n-hex-
ane/iPrOH (60:40 v/v) without additives, which was set as 100% (dashed
line). ARA arachidonic acid, DHGLA dihomo-γ-linolenic acid, DHA
docosahexaenoic acid, EPA eicosapentaenoic acid, HpETE
hydroperoxyeicosatetraenoic acid, LA linoleic acid,α-/γ-LA α-/γ-
linolenic acid.
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the area ratio of TxB2 to TxB2-d4 (Fig. 2b). A proportional
slope was observed for the area ratio. Nevertheless, signal
suppression was observed for all ISs in the range between
29% and 74% in extracts of 5 mg compared with 1 mg of
the same liver tissue. Because of the limited availability of
distinct tissue and the observed effect of ion suppression,
we recommend the extraction of 1 mg tissue. The final
conditions for sample pretreatment are summarized in
Fig. 3.

Recovery and variability

The relative IS recovery in extracted samples of 1 mg
liver and brain compared with a blank solution is given
in Table 2. The IS recovery was 45–146% for liver and
45–149% for brain. Within-run and between-run variabil-
ity ranged between 7% and 18% for PUFAs and between
1% and 24% for eicosanoids. The between-run variability
was 7–13% for PUFAs and 1–24% for eicosanoids.

Increasing the tissue amount to 5 mg resulted in higher
matrix interferences with decreased IS signals (data not
shown).

Distribution of PUFAs and eicosanoids in mouse liver
and brain

The region-specific PUFA and eicosanoid distributions of
mouse liver (n = 6) and brain (n = 6) were investigated with
the newly developed tissue pretreatment protocol. In liver, 7
PUFAs and 15 eicosanoids were quantified, showing a uni-
form tissue distribution as given in Table S6. Mainly ARA-
derived 12-hydroxyheptadecatrienoic acid (HHT), HETEs,
DHETs, and HpETEs were identified. The eicosapentaenoic
acid-derived metabolite 12-hydroxyeicosapentaenoic acid and
the linoleic acid LA-derived metabolites 9-HODE and 13-
HODE were also detected (Table S7). The most prominent
eicosanoids were 12-HETE and 9-HODE. The 12-HETE con-
centration was fourfold to 16-fold higher than the
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Fig. 3 Final sample preparation and extraction protocol for the liquid
chromatography–tandem mass spectrometry (LC–MS/MS) analysis of
polyunsaturated fatty acids and eicosanoids in soft tissue. BHT 2,6-di-

tert-butyl-4-methylphenol, FA formic acid, iPrOH 2-propanol, IS internal
standard, SPE solid-phase extraction
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concentrations of the other HETEs detected. The concentra-
tion of 9-HODE was twice as high as that of 13-HODE.
Thromboxanes and prostaglandins were not detected (Fig.
4a).

In mouse brain compared with liver, we found a
different PUFA and eicosanoid distribution as shown
in Fig. 4. Mainly the ARA-derived COX metabolites
TxB2, prostaglandins, 12-HHT, HETEs, 11,12-EET,
HpETEs, and 12-oxo-ETE, the eicosapentaenoic acid-
derived metabolite 12-hydroxyeicosapentaenoic acid,
the linoleic acid-derived metabolites 9-HODE, and
13-HODE, and the dihomo-γ-linolenic acid-derived
metabolite prostaglandin F1α (Table S7) were found.
Region-specific eicosanoid distributions were identi-
fied in brain tissues, as shown in Fig. 5 for selected
analytes. Whereas ARA and docosahexaenoic acid
(DHA) were the main PUFAs in all four brain regions
studied, the major prostaglandins in cortex, hypothal-
amus, and hippocampus were prostaglandin F2α and

pros tag landin D2. In cont ras t , the cerebe l lum
contained only prostaglandin F2α. The other eicosa-
noid concentrations, such as those of HETEs and
HODEs, significantly differed within the brain re-
gions. As shown in Table S7, they differed by up to
40-fold. 12-HETE was the prominent HETE in the
brain, present at fourfold to tenfold higher concentra-
t ions than 5-HETE, 11-HETE, and 15-HETE.
Compared with the concentrations of 12-HETE in
the cerebellum and the hypothalamus, the concentra-
tions were two to three times higher in the hippocam-
pus and the cortex. The cerebellum contained the low-
est amounts of 12-HHT, fourfold to sixfold lower than
in the hypothalamus, the hippocampus, and the cor-
tex. The concentrations of HODEs were twofold to
fourfold lower in the brain compared with the liver.
The concentration of 9-HODE was twice that of 13-
HODE in all brain areas, showing the highest concen-
trations in the cortex. Similar concentrations in all
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brain regions and the liver were found for 12-oxo-
ETE, 5-HpETE, and 15-HpETE.

Quantitative data for PUFAs and eicosanoids in mouse liv-
er and the distribution in the mouse cortex, cerebellum, hypo-
thalamus, and hippocampus of 16-week-old male wild-type
controls on a C57BL/6J background (n = 6) are provided in
Table S7.

Discussion

PUFAs and eicosanoids are biologically active lipid mediators
that play a critical role in different pathological processes,
such as (neuro)inflammation and degeneration. Little is
known about the region-specific distribution of PUFAs and
eicosanoids in liver and brain. However, previous blood anal-
yses identified very low eicosanoid/PUFA abundance and en-
zymatic and autoxidative in vitro formation as being the main
challenges in sample pretreatment [37]. These issues also ap-
ply to tissue sample preparation.

Optimization of tissue extraction protocol

The presence of PUFAs and eicosanoids in blood requires
rinsing of the tissue, especially of the well-perfused liver.
We observed that washing the liver tissue four times with 1
mL PBS removed adhering blood without significant tissue
PUFA and eicosanoid loss. However, the prostaglandin F2α
and 15-oxo-ETE concentrations in the rinsing solution in-
creased continuously, indicating potential cell damage and
oxidation. Furthermore, homogenization of tissue can activate
eicosanoid synthesis in vitro. Tissue sonification revealed a
very small particle size and particle size distribution of the
homogenate without signs of PUFA activation independent
of BHT addition. However, to avoid in vitro lipid peroxida-
tion, the addition of BHT during pretreatment and subsequent
storage at −80 °C is recommended.We compared ten different
solvent combinations over the expected polarity range for
their PUFA and eicosanoid extraction. The highest eicosanoid
count was detected with use of ethyl acetate/iPrOH/MeOH
(60:20:20 v/v/v) and the two-step method including first
2-butanol/MeOH (75:25 v/v) extraction and second
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n-hexane/ethyl acetate (75:25 v/v) extraction. However, tech-
nical problems in phase separation, greater manual effort, and
the formation of oxidized and peroxidized metabolites such as
oxo-ETEs and EETs prevented further application of these
solvent combinations. The n-hexane/iPrOH (60:40 v/v) sol-
vent combination showed good phase separation and resulted
in low variability for the PUFA and eicosanoid extraction,
especially for prostaglandins, DHETs, HETEs, and HODEs.
These results confirm previous findings [38, 39]. We showed
that a single extraction cycle, with n-hexane/iPrOH (60:40
v/v) at 4 °C for 1 h, resulted in sufficient extraction efficiency
while having low potential for autoxidation because of the
shorter extraction time. The shorter extraction time, as op-
posed to that for the commonly applied overnight tissue
PUFA and eicosanoid extraction [40], is due to the efficient
homogenization and the resulting large surface area of the
homogenate. Acidification by FA addition improves the ex-
traction of the less polar eicosanoids ETEs and EETs [20, 22,
40–42]. A lower pH leads to reduced protein binding, and the
free carboxylic acid form allows improved extraction into the
organic solvent [41]. However, greater acidification may lead
to eicosanoid alteration [43], and therefore an extremely low
pH should be avoided [33]. To benefit from the decreased
protein binding and the enhanced extraction of the nonionized
forms, we recommend merely a slight acidification by adding
0.1% FA, which corresponds to pH 2.6.

For the optimized extraction protocol presented in Fig. 4,
the IS recovery was determined to be 45–146% for liver tissue
and 45–149% for brain tissue. Within-run and between-run
variability ranging between 1% and 24%, demonstrated good
method reproducibility and robustness. Increasing the amount
of processed tissue to 5 mg resulted in higher matrix interfer-
ences and decreased IS signals. However, to a certain extent,
the different signal intensities of the analyte and IS can be
compensated by use of the area ratios of the analyte to the IS.

Distribution of PUFAs and eicosanoids in mouse liver
and brain

The PUFA and eicosanoid content in liver and brain (cerebel-
lum, hypothalamus, hippocampus, and cortex) was investigat-
ed by LC–MS/MS with the newly developed tissue pretreat-
ment protocol. In the liver, 7 PUFAs and 15 eicosanoids were
identified, showing similar distributions in all liver fractions.
ARA was found to be the primary PUFA and peroxygenase-
derived eicosanoids (HETEs, HODEs) were the most abun-
dant eicosanoids. We confirmed previous findings that de-
scribed the highest abundance for ARA and docosahexaenoic
acid(DHA) in the brain [44] and a differing fatty acid distri-
bution between the brain substructures [45].

Significantly higher amounts of prostaglandins, especially
prostaglandin F2α, were observed in all four brain substruc-
tures compared with the liver. Similar findings were reported

for cow brains compared with cow livers [22]. The main en-
zyme catalyzing these reactions is COX, which occurs in three
isoforms. Different regional distributions of COX-1 and
COX-2 in specific brain regions have been reported [46–49].
COX-2 expression differ significantly between the brain sub-
structures, showing the highest expression in the cortex and
the lowest expression in the cerebellum [26, 48, 49]. These
findings may explain the lower concentrations of COX-2-
related eicosanoids in the cerebellum.

In mice, we confirmed previous results from cow brain and
liver tissue [22], with lower 9-HODE and 13-HODE brain
tissue concentrations compared with liver tissue concentra-
tions. Primarily 9-HODE, but not 13-HODE, induces proin-
flammatory cytokine expression [40], which may have a pro-
inflammatory effect in the brain.

Conclusion

The tissue pretreatment protocol we established is suitable for the
investigation of PUFA and eicosanoid distribution by LC–MS/
MS in small amounts of soft tissue. The protocol allows simul-
taneous and reproducible analysis of a broad range of PUFAs and
eicosanoids, while preventing autoxidation during sample prep-
aration. In a first study of mouse liver and brain, we observed
high regional heterogeneity in the PUFA and eicosanoid distri-
bution within the brain substructures investigated, but not within
the liver sections. This stresses the importance of a region-
specific investigation into changes of PUFA and eicosanoid me-
tabolism to increase understanding of the physiological and path-
ophysiological changes during neuroinflammatory and neurode-
generative processes. The application of the protocol for brain
and liver can be easily adapted to other soft tissue. The limitations
of the protocol, however, are the numerous steps and the great
manual effort. Before application in larger studies, automation of
the extraction process should be considered.
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