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Brain oxylipin concentrations following hypercapnia/
ischemia: effects of brain dissection and dissection time®

Marie Hennebelle,* Adam H. Metherel," Alex P. Kitson,' Yurika Otoki,** Jun Yang,**''
Kin Sing Stephen Lee,**'" Bruce D. Hammock,**'" Richard P. Bazinet,' and Ameer Y. Taha"*

Departments of Food Science and Technology* and Entomology and Nematology,** College of Agriculture
and Environmental Sciences, and Comprehensive Cancer Center,’ur University of California, Davis, Davis, CA;
Department of Nutritional Sciences,T Faculty of Medicine, University of Toronto, Toronto, ON, Canada; and
Food and Biodynamic Laboratory,’ Graduate School of Agricultural Science, Tohoku University, Sendai, Japan

Abstract PUFAs are precursors to bioactive oxylipin metab-
olites that increase in the brain following COy-induced hyper-
capnia/ischemia. It is not known whether the brain-dissection
process and its duration also alter these metabolites. We ap-
plied CO, with or without head-focused microwave fixation
for 2 min to evaluate the effects of COy-induced asphyxia-
tion, dissection, and dissection time on brain oxylipin con-
centrations. Compared with head-focused microwave fixation
(control), CO, followed by microwave fixation prior to dis-
section increased oxylipins derived from lipoxygenase
(LOX), 15-hydroxyprostaglandin dehydrogenase (PGDH),
cytochrome P450 (CYP), and soluble epoxide hydrolase
(sEH) enzymatic pathways. This effect was enhanced when
the duration of postmortem ischemia was prolonged by 6.4 min
prior to microwave fixation. Brains dissected from rats sub-
jected to CO, without microwave fixation showed greater in-
creases in LOX, PGDH, CYP and sEH metabolites compared
with all other groups, as well as increased cyclooxygenase
metabolites. In nonmicrowave-irradiated brains, sEH metab-
olites and one CYP metabolite correlated positively and nega-
tively with dissection time, respectively.Bll This study presents
new evidence that the dissection process and its duration in-
crease brain oxylipin concentrations, and that this is prevent-
able by microwave fixation. When microwave fixation is not
available, lipidomic studies should account for dissection time
to reduce these artifacts.—Hennebelle, M., A. H. Metherel,
A. P. Kitson, Y. Otoki, J. Yang, K. S. S. Lee, B. D. Hammock,
R. P. Bazinet, and A. Y. Taha. Brain oxylipin concentrations
following hypercapnia/ischemia: effects of brain dissection
and dissection time. J. Lipid Res. 2019. 60: 671-682.
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The brain is highly enriched in lipids, which make up
approximately 60% of its dry weight (1, 2). Among them,
PUFAs are important constituents of brain membrane
phospholipids. The main PUFAs in the brain are n-6 ara-
chidonic acid (ARA; 20:4n-6) and n-3 DHA (22:6n-3),
which represent approximately 9% and 15% of total fatty
acids, respectively (3, 4). Other less abundant PUFAs in the
brain include n-6 linoleic acid (LNA; 18:2n-6), dihomo-
v-linolenic acid (20:3n-6), n-3 o-linolenic acid (ALA;
18:3n-3), and EPA (20:5n-3) (5). Irrespective of their
abundance, these PUFAs, along with ARA and DHA, regu-
late several signaling processes within the brain (6-9).

PUFAs are precursors to oxidized metabolites, also known
as oxylipins (10), that are synthesized by cyclooxygenase
(COX) (11, 12), lipoxygenase (LOX) (13, 14), cytochrome
P450 (CYP) (15-17), 15-hydroxyprostaglandin dehydroge-
nase (PGDH) (18, 19), and soluble epoxide hydrolase
(sEH) enzymes (20, 21). In the brain, these enzymes synthe-
size hundreds of oxylipins from a limited number of PUFA
precursors (22-26). Oxylipins regulate multiple physio-
logical processes within the brain, including synaptic trans-
mission (27-29), vasodilation (30, 31), angiogenesis (32),
neuronal morphology (33, 34), blood flow (30), and pro- or
anti-inflammatory signaling (35—40).

Abbreviations: ALA, a-linolenic acid; ARA, arachidonic acid; COX,
cyclooxygenase; CYP, cytochrome P450; DGLA, dihomo-y-linolenic
acid; DiHDPE, dihydroxydocosapentaenoic acid; DIHETE, dihydroxye-
icosatetraenoic acid; DiIHETTE, dihydroxyeicosatrienoic acid; DiHODE,
dihydroxyoctadecadienoic acid; DiHOME, dihydroxyoctadecenoic
acid; EpDPE, epoxydocosapentaenoic acid; EpETrE, epoxyeicosatrie-
noic acid; EpODE, epoxyoctadecadienoic acid; EpOME, epoxyoctadec-
enoic acid; ETE, eicosatetraenoic acid; HEPE, hydroxyeicosapentaenoic
acid; HETTE, hydroxyeicosatrienoic acid; HOTrE, hydroxyoctadecatri-
enoic acid; LNA, linoleic acid; LOQ, limit of quantification; LOX,
lipoxygenase; ODE, octadecadienoic acid; PG, prostaglandin; PGDH,
15-hydroxyprostaglandin dehydrogenase; sEH, soluble epoxide hydro-
lase; SPE, solid-phase extraction; TriHETYE, trihydroxyeicosatrienoic
acid; TriHOME, trihydroxyoctadecenoic acid; TX, thromboxane; VIP,
variable importance in the projection.
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Ischemic brain injury stimulates the release of PUFAs
esterified to brain membrane phospholipids (41, 42). While
the majority of released PUFAs are reesterified into the
membrane (43), a small portion is enzymatically converted
into oxylipins that play a role in the brain’s response to injury
(85, 44). For instance, DHA-derived hydroxylated products
and ARA-derived epoxidized metabolites produced follow-
ing ischemic injury have been reported to exert neuropro-
tective effects by decreasing inflammation and apoptosis
(44-46), inhibiting astrogliosis (36), activating mitochon-
dria (46), promoting angiogenesis, and regulating blood
flow (36, 38). Proinflammatory ARA-derived prostanoids
and HETESs synthesized via the COX and LOX pathways have
been shown to play an important role in the initial immune
response following ischemic brain injury (47-50).

Understanding oxylipin metabolism and signaling in the
brain is important due to their central role in regulating
cerebral function and response to ischemia. The development
of lipidomics (51) involving LC/MS/MS to characterize and
quantify oxylipins (52, 53) has provided a new dimension
to the brain field. Despite greatly improved analytical tools,
one of the main challenges in studying brain oxylipin metabo-
lism is to dissociate the effects of a specific treatment from
artifacts generated during euthanasia that can induce post-
mortem changes in brain oxylipin concentrations (54-56).

Head-focused microwave fixation has been utilized as a
method of euthanasia to prevent postmortem changes in
brain lipid metabolism (41, 54, 56-58). Microwave fixation
heat-denatures enzymes involved in lipid metabolism by ap-
plying a focused microwave beam to the top of the animal’s
head. The main advantage of this method is that it fixes
brain metabolites in their current state, avoiding ischemia-
related postmortem changes in oxylipins (55) and other
important PUFA-derived mediators such as 2-arachidonoyl-
glycerol (59) and Marachidonoylethanolamine (60).

Despite the advent of this technique in the 1970s (61-63),
many laboratories continue to use standard CO, euthana-
sia protocols without microwave fixation to study brain
lipid metabolism. CO, asphyxiation induces hypercapnia
(i.e., elevated COy in blood), resulting in increased blood
flow, initially, to various tissues, including the brain (64).
Prolonged hypercapnia leads to ischemia, the cessation of
blood flow to the brain.

Although it is known that CO, euthanasia produces arti-
facts due to hypercapnia/ischemia, no study has investigated
the potential impact of dissecting the brain and the time it
takes to do so on exacerbating these changes. The dissection
process itself involves penetrating the skull and periosteum
layer to remove the brain and may represent a form of blunt-
force trauma (65) that might induce changes in brain oxy-
lipins. The duration of postmortem ischemia was previously
shown to progressively increase brain unesterified PUFA con-
centrations (known as the Bazan effect) (42), and because
unesterified PUFAs are precursors to oxylipins, it is possible
that time-dependent changes in their postmortem concen-
trations correspond to changes in oxylipins.

This study tested the hypothesis that brain oxylipin
concentrations will be affected by the dissection process
and the duration of this process following COs-induced
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hypercapnia/ischemia. Using a targeted lipidomics ap-
proach, we determined the effect of CO, asphyxiation with
or without head-focused microwave fixation on 87 oxylipins
(see supplemental Table SI for a list of compounds and
their abbreviations) and probed for correlations between
dissection time and brain oxylipins. In view of a study show-
ing that some enzymes maintain their activity in organic
solvents used for oxylipin extraction (66), a secondary aim
was to confirm that our extraction protocol involving over-
night incubation of brain homogenates in methanol does
not alter oxylipin concentrations.

METHODS

Animals

One-month-old Long Evans male rats were obtained from
Charles River (Saint-Constant, Canada). The rats were housed
two per cage and were fed a standard rat chow (2018 Teklad
Global 18% protein rodent diet; Envigo, Madison, WI) containing
186 g/kg crude protein, 62 g/kg fat, 5564 g/kg carbohydrates,
35 g/kg crude fiber, 53 g/kg ash, and 110 g/kg moisture for
30 days. The fatty acid composition of the diets, as previously ana-
lyzed, was 18.5% palmitic acid (16:0), 2.8% stearic acid (18:0),
18.5% oleic acid (18:1n-9), 54.8% LNA, and 5.6% ALA (67). All
procedures were performed in accordance with the Canadian
Council on Animal Care and were approved by the University of
Toronto Animal Ethics Committee.

Following 30 days from the time of arrival, the rats were ran-
domized into four groups as shown in Fig. 1. Rats in group 1 (con-
trol, no ischemia; n = 8) were euthanized by head-focused
microwave fixation (13.5 kW for 1.6 s; Cober Electronics Inc.,
Norwalk, CT) and decapitated, and their brains were dissected.
Rats in group 2 (n = 7) were subjected to CO, asphyxiation for
2 min followed by head-focused microwave fixation, decapitation,
and dissection. Rats in group 3 (n = 8) were subjected to CO, as-
phyxiation for 2 min followed by decapitation and a 6.4 + 2.4 min
wait prior to head-focused microwave fixation of the decapitated
head and subsequent brain dissection. The rationale for waiting
6.4 min prior to microwave fixation was to account for the 6.6 +
2.5 min it took us to remove the brains from the rats in group 4
(n = 8), which were subjected to CO, asphyxiation for 2 min fol-
lowed by decapitation and brain dissection. Hence, unlike those
in groups 1-3, rats in group 4 were not subjected to high-energy
microwave fixation. Prior to being euthanized, all rats were
weighed and recorded (means + SDs) as follows: group 1, 332 +
20 g; group 2, 313 + 20 g; group 3, 318 + 20 g; and group 4, 323 +
26 g. There were no statistically significant differences between
the groups by one-way ANOVA (P> 0.05). All excised brains were
flash-frozen in liquid nitrogen and transferred to a —80°C
freezer. Samples were shipped on dry ice from Toronto, Canada to
Davis, CA, where they were stored at —80°C until further analysis.

Dissection time was recorded with a stopwatch. Time was re-
corded for all rats except for one in group 4, which was uninten-
tionally missed.

Oxylipin extraction

Unesterified oxylipins were extracted from whole brain sam-
ples using solid-phase extraction (SPE) as previously described
(52, 68). One brain hemisphere weighing approximately 800 mg
was homogenized for 3 min with a bead homogenizer in 800 pl
methanol extraction solvent containing 0.1% acetic acid, 0.1%
butylated hydroxytoluene, 10 pl antioxidant solution containing
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Fig. 1. Study design. Following 30 days of acclimati-
zation, male Long Evans rats were randomly separated
into 4 groups: group 1, MW + decapitation, in which
rats were subjected to head-focused microwave fixa-
tion (13.5 kW for 1.6 s) prior to dissection (no isch-
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0.2 mg/ml butylated hydroxytoluene, EDTA and triphenylphos-
phine in water-methanol (1:1), and 20 pl surrogate standard solu-
tion containing 500 nM d;;-11,12-epoxyeicosatrienoic acid
(EpETYE), d;;-14,15-dihydroxyeicosatrienoic acid (DiHETrE),
d;-6-keto-prostaglandin (PG) Fy,, d-9-HODE, d,leukotrine B4,
d-PGE,, dithromboxane By, (TXBy), ds-20-HETE, and dg-b-HETE
in methanol. The homogenized samples were kept overnight
at —80°C.

Samples were vortexed and centrifuged at 15,871 g for 10 min
at 4°C the following day. Half of the supernatant was used for the
extraction and was poured into a 60 mg Oasis HLB 3cc SPE col-
umn (Waters, Milford, MA) that was prerinsed with 1 vol ethyl
acetate and 2 vol methanol and preconditioned with 2 vol SPE
buffer containing 5% methanol and 0.1% acetic acid in ultrapure
water (Millipore, Bedford, MA). The columns were then rinsed
twice with SPE buffer before being subjected to 20 min of vacuum
(~20 psi). Oxylipins were eluted with 0.5 ml methanol and 1.5 ml
ethyl acetate in a 2 ml centrifuge tube containing 6 pl 30% glyc-
erol solution in methanol.

Samples were dried under nitrogen and dissolved in 50 pl
methanol containing 200 nM 1-cyclo-hexyl ureido, 3-dodecanoic
acid and filtered by centrifugation at 15,871 gfor 20 min at 4°C in
Ultrafree-MC PVDF filters (0.1 pm; Millipore). The recovery of
the surrogate standard was determined by dividing the observed
area of a known amount of deuterated standard added to the
brain sample preextraction by the area of equimolar amounts of
the same deuterated standard run on the LC/MS/MS without ex-
traction. Mean standard percentage recoveries for all groups
(combined and individually) are shown in supplemental Table
S2. As shown, the percentage recovery of dg-b HETE, dy;-11,12-
EpETrE, dgleukotrine B4, d-6-keto-PGF,,, d-PGE,, d-9-HODE,
dy1-14,15-DiHETTE, and d,-TXB, was 13, 16, 16, 25, 59, 16, 16, and
22%, respectively.

Effect of overnight storage of extracted samples

To confirm that overnight incubation in extraction solvent did
not alter oxylipin concentrations, we used the remaining brain
samples from a prior study in which the cortex, cerebellum, hip-
pocampus, and brain stem from nonmicrowaved rats had been
removed following CO, asphyxiation, decapitation, and dissec-
tion (n = 3). These remaining samples weighed approximately
500 mg and were homogenized in 400 pl extraction solvent
containing the surrogate standard and antioxidant mixture.
The samples were centrifuged, and the supernatant containing
oxylipins was split into two, one for direct extraction (200 pl) and

fixation prior to dissection (7= 8); and group 4, CO, +
decapitation, in which rats were subjected to CO,-
induced asphyxiation for 2 min and then dissection
(n = 8). The dissection time of group 3 (6.4 min) was
matched to the dissection time of group 4 (6.6 min),
which did not receive head-focused microwave irradia-
tion. All brains were flash-frozen in liquid nitrogen
after dissection. MW, microwave.

the other for overnight incubation (with the brain homogenate)
at —80°C prior to extraction (200 pl). Each extract was subjected
to SPE and LC/MS/MS analysis as described below.

LC/MS/MS

Eighty-seven oxylipins (supplemental Table S1) were analyzed by
ultrahigh-pressure LC/MS/MS as previously described (52, 68)
using an Agilent 1200SL. (Agilent Technologies, Palo Alto, CA)
ultrahigh-pressure LC system connected to a 4000 QTRAP tan-
dem mass spectrometer (Applied Biosystems Instrument Corpo-
ration, Foster, CA) equipped with an electrospray ion source. A
2.1 x 150 mm ZORBAX Eclipse Plus C18 column with a 1.8 pm
particle size was used to separate oxylipins. Calibration curves for
each of the 87 oxylipins analyzed were produced using Cayman
Chemicals (Ann Arbor, MI) standards or synthetic standards
made in Dr. Bruce Hammock’s laboratory.

The autosampler and the column were kept at 4 and 50°C, re-
spectively. The mobile phase A was 0.1% acetic acid in ultrapure
water, and the mobile phase B was acetonitrile-methanol-acetic
acid (84:16:0.1). The flow rate was maintained at 0.25 ml/min for
a total run time of 21 min. Mobile phase B was held at 35% for
0.25 min and then increased to 45% from 0.25 to 1 min, to 55%
from 1 to 3 min, to 65% from 3 to 8.5 min, to 72% from 8.5 to 12.5
min, to 82% from 12.5 to 15 min, and to 95% from 15 to 16.5 min.
This was followed by a 1.5 min hold (at 95% of mobile phase B),
which was decreased to 35% from 18 to 18.1 min and held for 2.9
min. The instrument was operated in negative ESI mode. Parent
and product ions used to identify each oxylipin by multiple reac-
tion monitoring are shown in supplemental Table S1. Peaks were
quantified according to standard curves generated for each oxy-
lipin and corrected for the surrogate standard recovery using
Analyst software version 1.4.2 (Applied Biosystems Instrument
Corporation).

Due to instrument availability at the time, oxylipins obtained
from the brain samples extracted immediately after homogeniza-
tion or after overnight incubation in extraction solvent were ana-
lyzed on a 1290 Infinity ultrahigh-pressure LC coupled to a 6460
QqQ MS/MS system equipped with an electrospray ion source
(Agilent Technologies), using a method adapted from the one
described above. Briefly, oxylipins were separated using a 2.1 x
150 mm ZORBAX Eclipse Plus C18 column with a 1.8 pm particle
size. The mobile phase A consisted of 0.1% acetic acid in ultrapure
water; the mobile phase B of acetonitrile-methanol (80:15) con-
tained 0.1% acetic acid. The gradient program started at 35% B,
increased to 40% B from 0 to 3 min, increased to 48% B from 3 to
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4 min, increased to 60% B from 4 to 10 min, increased to 70% B
from 10 to 20 min, increased to 85% B from 20 to 24 min, held at
85% B from 24 to 24.5 min, increased to 99% B from 24.5 to 24.6
min, held at 99% from 24.6 min to 26 min, decreased to 35% B
from 26 to 26.1 min, and held at 35% B until 28 min.

The flow rate was 0.3 ml/min from 0 to 3 min. It was reduced
to 0.25 ml/min between 3 and 24.6 min, increased to 0.35 ml/
min from 24.6 to 27.3 min, and then decreased to 0.3 ml/min
until 28 min. The volume of injection was 10 pl. In total, 72 me-
tabolites (instead of 87) were quantified with this method because
ALA-derived epoxides and ALA- and DHA-derived dihydroxy
standards were not incorporated into the Agilent QqQ platform
at the time.

The limit of quantification (LOQ) for both ultrahigh-pressure
LC/MS/MS methods was set at three times the lowest detectable
concentration used in the standard curve. Oxylipins with more
than 30% missing values (below LOQ) in at least one group were
not subjected to statistical analysis.

All samples were extracted and run on LC/MS/MS in a blinded
and randomized manner. Sample identity and grouping were re-
vealed prior to statistical analysis.

Sample size justification

The sample size of seven to eight rats per group was based on a
previous experiment comparing brain oxylipin profiles of rats
subjected to COg-induced ischemia to those euthanized with
head-focused microwave fixation (29). This sample size was suffi-
cient to detect significant effects of COginduced ischemia on
brain oxylipin concentrations at a significance level a of 0.05 and
a statistical power (1 — ) of 0.8.

Statistical analysis

Data are expressed as means + SDs. Values below the limit of
detection were imputed by dividing the lowest quantifiable con-
centration on the standard curve by the square root of 2 [LOQ/
sqrt(2)]. Statistical analysis was performed on log-transformed
data because the data were not normally distributed based on the
Shapiro-Wilk normality test.

Multivariate statistical analysis was performed on the log-trans-
formed data using MetaboAnalyst version 3.0 to explore distinct
data clustering among the groups (69, 70). Data were mean-
centered and scaled to SDs. Unsupervised principal component
analysis was performed to identify possible outliers and trends.
Partial leastsquares discriminant analysis was then applied to look at
differences in oxylipin profiles between the groups. The variable
importance in the projection (VIP) was used to determine the
contribution of each metabolite to the difference between the
groups. A VIP value >1 was considered as a significant discrimi-
nant. Validation of the model was performed using R and Q val-
ues derived from a 10-fold cross-validation algorithm and 2,000
permutation tests.

A one-way ANOVA followed by Tukey’s post hoc multiple com-
parison test was used to determine statistical differences in the
log-transformed oxylipin concentration data among the four
groups using GraphPad Prism version 6.05 (GraphPad Software,
Inc., La Jolla, CA). Statistical significance was set at P < 0.05
(two-tailed).

Oxylipins showing a significant difference between groups with
the one-way ANOVA analysis were represented on a heat map us-
ing Euclidean distance and Ward’s clustering analysis in Metabo-
Analyst version 3.0 (69, 70).

Spearman’s correlation was performed on nontransformed
data using GraphPad Prism version 6.05 to determine the correla-
tion between oxylipin concentrations and dissection time in each
of the four groups. It should be noted that the sample size for the
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COy + decapitation group (group 4) was seven instead of eight
because the dissection time was missing from one rat. Statistical
significance was set at P< 0.05 (two-tailed).

A paired ttest was used to compare log-transformed oxylipin
concentrations between samples extracted directly after homoge-
nization or kept overnight at —80°C. Statistical significance was
set at P< 0.05 (one-tailed).

RESULTS

Duration of dissection

One-way ANOVA showed that the duration of brain dis-
section did not differ significantly between the groups. It
took5.3+1.4 (n=8),4.7+1.3(n=7),6.4+24 (n=8), and
6.6 + 2.5 (n =7) min to dissect brains from groups 1-4,
respectively.

Overall oxylipin profile

In total, 55 of the 87 measured oxylipins were detected
and had values above the LOQ in more than 70% of sam-
ples in at least one group. This included 12, 2, 24, 4, 4, and
9 metabolites derived from LNA, dihomo-y-linolenic acid
(DGLA), ARA, ALA, EPA, and DHA, respectively (Table 1).

Multivariate analysis

Unsupervised principal component analysis revealed a
separation of the samples according to their experimental
group and the absence of any outliers (data not shown). To
further explore these differences, a partial least-squares
discriminant analysis was performed. This resulted in a
three-component model with a goodness of prediction Qz
of 0.76 and a goodness of fit R of 0.93 (Fig. 2).

VIP analysis revealed that changes in epoxy, hydroxy,
dihydroxy, and prostanoid oxylipins explained the differ-
ences between the groups. The most discriminant oxylipins
(VIP >1.5) were ARA-derived 15-oxo-eicosatetraenoic
acid (ETE), 14,15- and 11,12-DiHETrE, and 11,12- and
14,15-EpETrE and ALA-derived 15,16-dihydroxyoctadeca-
dienoic acid (DiIHODE). Other metabolites such as ARA-
derived hydroxy compounds (8-, 5-, 9-, and 20-HETE),
dihydroxy compounds [8,9-DiHETYE and 5,15-dihydroxye-
icosatetraenoic acid (DiHETE)], and PGs (PGJ,, PGD;,
PGD,, 6-keto-PGF,,); DHA-derived epoxides [19,20-,
16,17-, and 13,14-epoxydocosapentaenoic acid (EpDPE)]
and dihydroxy compounds [16,17- and 10,11-dihydroxydo-
cosapentaenoic acid (DiHDPE)]; LNA-derived 12,13-
dihydroxyoctadecenoic acid (DiHOME) and 9,12,13- and
9,10,13-trihydroxyoctadecenoic acid (TriHOME); ALA-
derived 15,16-epoxyoctadecadienoic acid (EpODE); and
EPA-derived 8-hydroxyeicosapentaenoic acid (HEPE) also
presented an important contribution to the variance (VIP >1)
explaining the differences between the four groups.

Brain oxylipin concentrations

Table 1 presents oxylipin concentrations in rats ) de-
capitated directly after microwave fixation (group 1); 2)
decapitated after 2 min of CO, asphyxiation followed
by microwave fixation (group 2); 3) subjected to CO,



TABLE 1. Brain oxylipin concentrations (pmol/g wet weight)
Group 1: MW + Group 2: CO, + Group 3: COq +
Decapitation MW + Decapitation Decapitation + Group 4: CO, + ANOVA
(n=28) (n=17) MW (n=238) Decapitation (n = 8) (PValue)
LNA-derived metabolites
9-HODE 6.3 +1.9° 5.6 +2.9" 6.4 +2.6" 9.4+14" 0.0059
13-HODE 7.3+9.3" 6.4+1.9" 7.5+ 2.8 10.3 +2.0° 0.025
9-0x0-ODE 5.8+2.2 43+1.6 6.7 +5.4 7.0+3.1 NS
13-0x0-ODE 0.4+0.2" 0.5+ 0.6" 0.6 « 0.5*" 1.3+ 05" 0.0198
12(13)-EpOME 4.0+2.1 3.3+0.7 3.8+1.6 46+23 NS
9(10)-EpOME 2.7+1.0 2.6+ 0.8 25+0.7 3.8+18 NS
12,13-DiIHOME 1.7+ 0.8 2.4+0.5" 2.7+0.5" 3.2+0.9 0.0002
9,10-DIHOME 1.0+0.8° 1.0 £ 0.2*" 1.0+ 0.2° 15+0.4" 0.0127
9,12,13-TriHOME 1.6 0.4 1.5+0.8 1.3+0.3° 29+04" <0.0001
9,10,13-TriHOME 0.3+0.1° 0.3+0.2" 0.3 0.07° 0.5 + 0.09" 0.002
THF diols 0.2 +0.08 0.1 £0.02 0.1 £0.02 0.1+0.04 NS
EKODE 0.7+0.2 0.6 + 0.08 0.7 £0.1 0.7+0.1 NS
DGLA-derived metabolites
15(5)-HETrE 0.3 +0.2° 0.5 +0.6" 0.9 +1.4* 2.3 0.0001
PGD, 0.05 + 0.01° 0.08 +0.1° 0.06 + 0.02" 1.2+0.3 <0.0001
ARA-derived metabolites
5-HETE 0.6 £0.1° 1.7+0.7° 41 £33 5.3+92.5° <0.0001
8-HETE 0.2 +0.04* 0.5+0.2" 2.9+1.7° 3.7+1.7° <0.0001
9-HETE 0.3 +0.2" 0.3+0.1° 1.1+0.8" 1.4+0.8" 0.0003
11-HETE 1.2+1.8" 2.7 + 4.5 6.3 +8.3" 93.7 £ 8.7 <0.0001
19-HETE 0.7+1.0° 43 +6.0" 17.2 +21.4° 108.6 + 70.7° <0.0001
15-HETE 3.4+928" 9.7+11.0° 17.9 + 22.7° 54.2 + 94.9" <0.0001
20-HETE 2.0+1.1° 2.6+ 1.6 5.3 +3.1°¢ 5.7 +92.3° 0.0006
8,15-DiHETE 0.2+0.1 0.1 +0.08 0.2 £0.08 0.3+0.2 NS
5,15-DiHETE 0.04 = 0.03" 0.05 + 0.03 0.03 +0.01° 0.1 +0.06 <0.0001
5-0x0-ETE 43+35 6.4+5.3 10.9 £10.4 55+3.7 NS
15-0x0-ETE 0.3+0.3" 21+1.0° 5.1=+32" 2.3+1.8 <0.0001
8(9)-EpETrE 0.02 + 0.0° 0.04 + 0.02" 0.1 +0.04" 0.3+0.1° <0.0001
11(12)-EpETrE 2.4+1.38 34.8+12.8" 51.8 £ 17.4> 94.1 +62.1° <0.0001
14(15)-EpETrE 2.9 +0.9° 44.2 +18.4" 62.3 + 20.5" 127.8 + 81.6° <0.0001
8,9-DIHETYE 0.08 +0.03" 0.1 £ 0.06*" 0.2+0.1° 0.2+0.1° 0.0002
11,12-DiHETTE 0.2 + 0.06" 0.2 £ 0.05*" 0.4+0.1° 0.4+0.1> <0.0001
14,15-DiIHETE 0.1 +0.05" 0.3 +0.09 0.7 +0.1° 0.6 £0.2° <0.0001
11,12,15-TriHETrE 0.5+0.8" 0.7 +1.1* 1.3+1.3* 1.9+0.9" 0.0095
6-keto-PGF,,, 0.2+0.1° 0.6+1.9" 0.3 +0.8 95.7 +12.5" <0.0001
PGFy, 0.9+1.1° 1.5+3.1° 2.0+ 1.8 13.2+3.1° <0.0001
PGE, 0.4+0.7" 0.4 +0.9" 0.6 £ 0.5" 47+138° <0.0001
PGD, 0.4 +0.4" 1.8 +4.2" 0.8 +1.5" 52.3 +13.8" <0.0001
PGJ, 0.07 + 0.03" 0.1+0.2" 0.08 £ 0.04" 1.7+0.6° <0.0001
TXB, 0.2+0.1° 1.8+ 4.6 0.8 1.4 23.0+9.8 <0.0001
ALA-derived metabolites
9-HOTrE 0.1 £0.05 0.2 £ 0.05 0.2 £ 0.09 0.2 = 0.09 NS
13-HOTE 0.3+0.1° 0.3+0.1*" 0.2 £0.07° 0.5+0.1° 0.0064
15(16)-EpODE 0.7+0.5 0.5+0.2 0.3+0.1 1.0+ 0.9 NS
15,16-DiIHODE 0.6 = 0.2" 0.9 +0.3*" 1.2+0.3" 1.0+0.4" 0.0017
EPA-derived metabolites
8-HEPE 03+0.4 15+1.1 1.8+2.6 1.1+0.7 NS
17(18)-EpETE 0.2+0.2 0.1 +0.08 0.2+0.1 0.2+0.2 NS
11(12)-EpETE 0.06 + 0.1 0.04+0.03 0.08 +0.1 0.2+0.3 NS
17,18-DiHETE 0.6+0.2 0.5 + 0.09 0.6 0.2 0.5+0.1 NS
DHA-derived metabolites
19(20)-EpDPE 1.7+ 0.9" 3.8+1.4" 6.9 +2.8"¢ 17.0 £15.9° <0.0001
16(17)-EpDPE 0.7 0.6" 1.6+ 1.0°" 3.4+1.7° 9.8+7.6° <0.0001
13(14)-EpDPE 0.8+0.7" 1.3+ 0.7*" 3.0 £0.9"¢ 7.4 +6.6° <0.0001
10(11)-EpDPE 1.0 +0.9° 1.6+ 0.5 3.0 £ 1.4 77462 <0.0001
16,17-DiHDPE 0.1+0.1" 0.1 +0.08*" 0.3+0.2" 0.3+0.2" 0.0159
13,14-DiHDPE 0.1+0.1 0.1 £0.05 0.1 +0.06 0.2+0.07 NS
10,11-DiHDPE 0.06 + 0.03 0.07 + 0.02" 0.1 +0.04" 0.2 +0.06 <0.0001
4,5-DiIHDPE 1.6+ 1.0 14+1.0 0.8+0.4 1.2+0.6 NS
17-HDoHE 2.3+1.3 2.9 +9.9° 2.6 +2.4° 13.2+7.7° 0.0002

Data are means + SDs. Data were analyzed using a one-way ANOVA on log-transformed data followed by Tukey’s
multiple comparison test. Different superscript letters identify significant differences between groups for each metabolite.
EKODE, epoxyketooctadecenoic acid; EpETE, epoxyeicosatetraenoic acid; HDoHE, hydroxydocosahexaenoic acid,;

MW, microwave; THF, tetrahydrofuran.

asphyxiation, decapitation, and then microwave fixation of
the decapitated head 6.4 min later (group 3); and 4) de-
capitated after CO, asphyxiation without microwave fixa-
tion (group 4). To simplify the results and interpretation

Dissection alters brain oxylipin concentrations

of the data, our results focus primarily on comparing
groups 2—4, respectively, to control group 1.

Microwave fixation following 2 min of CO, (group 2)
resulted in significant changes in seven LNA, ARA, and
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DHA metabolites compared with control rats killed with
microwave fixation (no CO,). LNA-derived 12,13-DiHOME,
ARA-derived 5-HETE, 14,15-EpETrE, 11,12-EpETrE, 14,15-
diHETTE and 15-ox0-ETE and DHA-derived 19,20-EpDPE
were significantly increased by 1.4- to 20-fold in group 2
relative to group 1. Changes in hydroxy and ketone metabo-
lites suggest the activation of LOX and PGDH pathways,
respectively, whereas epoxy and dihydroxy changes reflect
the activation of CYP and sEH pathways, respectively, fol-
lowing COg-induced hypercapnia/ischemia.

Microwave fixation following a 6.4 min wait after 2 min
of COginduced asphyxiation and decapitation (group 3)
significantly increased the same 7 metabolites that were in-
creased in group 2, as well as 14 additional ARA-, ALA-, and
DHA-derived metabolites from the LOX, CYP, and sEH
pathways, relative to group 1. The additional metabolites
were ARA-derived 8-HETE, 9-HETE, 11-HETE, 12-HETE,
20-HETE, 8(9)-EpETrE, 8,9-DIHETYE, and 11,12-DiHETYE;
ALA-derived 15,16-DiHODE; and DHA-derived 16,17-Ep-
DPE, 13,14-EpDPE, 10,11-EpDPE, and their dihydroxy
metabolites 16,17-DiHDPE and 10,11-DiHDPE. The 21
metabolites that changed in group 3 differed significantly
from group 1. Specifically, ARA metabolites increased by
3- to 28-fold, the one ALA metabolite increased by 2-fold,
and DHA metabolites increased by 1.7- to 4.9-fold. No sig-
nificant differences were detected between groups 2 and 3
in the seven metabolites that increased relative to group 1.

Group 4 rats, which were subjected to 2 min of CO, and
decapitated without microwave fixation, showed an in-
crease in 40 metabolites, which differed significantly from
group 1 and, in some cases, groups 2 and 3. Compared
with microwave-irradiated controls (group 1), group 4 rats
showed a 1.4- to 3-fold increase in LNA-derived 9- and
13-HODE, 13-oxo0-octadecadienoic acid (ODE), 12,13-
DiHOME, 9,12,13-TriHOME, and 9,10,13-TriHOME; a 14-
and 24-fold increase in DGLA-derived 15(S)-hydroxyeicosa-
trienoic acid (HETrE) and PGDy; and a 1.7-fold increase in
both ALA-derived 13-hydroxyoctadecatrienoic acid (HOTTE)
and 15,16-DiHODE. Almost all detected ARA and DHA
metabolites increased in group 4 compared with group 1.
ARA-derived hydroxy compounds (HETEs) increased by
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@ Group 4: CO, + decapitation

@ Group 1: MW + decapitation
@® Group 2: CO, + MW + decapitation
@ Group 3: CO, + decapitation + MW

Fig. 2. Partial least-squares discriminant analyses
comparing oxylipin concentrations between the dif-
ferent experimental groups. The analysis resulted in a
three-component model (Q2 = 0.76; R = 0.93). The
MW + decapitation control group is represented in
red (group 1), the COy + MW + decapitation group is
represented in dark blue (group 2), the CO, + decapi-
tation + MW group is represented in light blue (group 3),
and the CO, + decapitation group is represented in
green (group 4). MW, microwave.

3- to 155-fold, epoxy metabolites (11,12- and 14,15-EpETrE)
increased by 39- and 58-fold, dihydroxy (DiHETEs and
DiHETrEs) and trihydroxy [11,12,15-trihydroxyeicosatrie-
noic acid (TriHETrE)] metabolites increased by 2.5- to
6-fold, and COX-derived prostanoids and TXB, increased
by 12- to 131-fold. Of the two detected epoxy ketones,
15-0x0-ETE increased by 7.7-fold. DHA-derived hydroxy,
epoxy, and dihydroxy compounds increased by 3- to 14-fold
in group 4 compared with group 1.

All metabolites that increased in groups 2 and 3 relative
to controls were also statistically increased in group 4 com-
pared with group 1, although the magnitude of change
compared with group 1 was much greater in group 4. In
many cases, group 4 LNA, ARA, and DHA metabolites dif-
fered significantly from groups 2 or 3 (Table 1).

Heat map and cluster analysis

Hierarchical cluster analysis using Ward’s algorithm
showed that metabolites within the CO, + decapitation
group (group 4) clustered together and presented higher
concentrations than the other groups (horizontal axis
of Fig. 3), consistent with the one-way ANOVA findings
(Table 1). Group 1 metabolites clustered together and
showed the lowest concentration relative to the other three
groups. Groups 2 and 3 tended to cluster together at inter-
mediate concentrations between groups 1 and 4.

With regard to metabolite clustering (vertical axis of
Fig. 3), CYP-derived epoxy metabolites and their respective
diols derived from the sEH pathway tended to cluster to-
gether (vertical axis of Fig. 3), reflecting possible functional
coupling of CYP and sEH enzymes.

Correlation between brain oxylipins and dissection time

A correlation analysis was performed between all 55 de-
tected brain metabolites and the time of dissection in each
group to determine whether postmortem dissection time
influences brain oxylipin concentrations.

There was a significant correlation between 13,14-DiH-
DPE concentration and dissection time in group 1 (r= —
0.7857; P = 0.0279; data not shown). No other significant
associations between oxylipin concentrations and dissection



| ARA-derived 14(15)-EpETr

|| DHA-derived 13(14)-EpDPE 2
DHA-derived 10(11)-EpDP

ARA-derived 11(12)-EpETr Groups:

. Group 1: MW + decapitation

Gl

ed 19(20)-EpDPE 1
ed 16(17)-EpDP

DHA-deri
DHA

. Group 2: CO, + MW + decapitation

[

ARA-derived 20-HETE || Group 3: CO, + decapitation + MW
ARA-derived 8(9)-EpETrE

ARA-derived 5-HETE 1 . Group 4: CO, + decapitation
ARA-derived 8-HETE

ARA-derived 9-HETE 2

ARA- derived 8,9-DIHETrE

DHA-derived 16,17-DiHDPE 3

AlA-derived 15,16-DIHODE
LNA-derived 12,13-DIHOME
DHA-derived 10,11-DiHDPE

[1

ARA-derived 15-ox0-ETE

ARA-derived 14,15-DIHETrE

ARA-derived 11,12-DIHETrE

i

LNA-derived 9,10-DiHOME
LNA-derived 9,12,13-TriHOME
LNA-derived 9,10,13-TriHOME
AlA-derived 13-HOTrE

LNA-derived 13-HODE

LNA-derived 9-HODE
ARA-derived 11,12,15-TriHETrE
ARA-derive PGF,,

ARA-derive PGE,

ARA-derived 11-HETE

ARA-derived 12-HETE
LNA-derived 13-oxo-ODE
ARA-derived 15-HETE
DGLA-derived 15(S)-HETrE
ARA-derived 6-keto-PGF,,
ARA-derived PGJ,
DGLA-derived PGD,

: ms"un

ARA-derive TXB,
ARA-derive PGD,
ARA-derived 5,15-DIHETE
DHA-derived 17-HDoHE

Fig. 3. Heat map representing metabolites that differed significantly among the groups based on one-way ANOVA. The color scale
from —3 to 3 represents the zscore, which was calculated by dividing the difference between the metabolite concentration value and the metabo-
lite group mean by the overall SD. A positive zscore reflects increased metabolite concentrations (i.e., increased red color intensity); a negative
zscore reflects decreased metabolite concentrations (i.e., decreased blue color intensity). The colors on top of the heat map are the color
codes for each group (group 1, red; group 2, dark blue; group 3, light blue; and group 4, green). Their position shows how the groups cluster
together, as determined by hierarchical clustering using Ward’s algorithm. Group 4 had the highest oxylipin concentrations, whereas group 1
had the lowest concentrations. Group 2 and group 3 clustered together with intermediate oxylipin concentrations. On the right side of the
heat map are the metabolites themselves and their precursor fatty acid (e.g., ARA-derived 11-HETE). Metabolites in purple are derived from the
COX pathway, those in orange are derived from the LOX pathway, those in pink are derived from the CYP pathway, and those in black are derived
from the sEH pathway. The clustering of the PUFA-derived metabolites is depicted on the left side of the heat map. MW, microwave.

time were observed in groups 1 and 2, which were both
subjected to microwave fixation prior to decapitation. In
group 3, ARA-derived 8,9-EpETTE concentration was posi-
tively correlated to the time the brains were left decapi-
tated on the bench prior to dissection (r = 0.7381; P =
0.0458; data not shown). No other significant correlations
were detected in this group.

In group 4, which did not receive microwave irradiation
following 2 min of CO, + decapitation, the duration of dis-
section was positively correlated to the ARA-derived dihy-
droxy metabolites 14,15-DiHETrE (r= 0.9286; P= 0.0067),
11,12-DiHETrE (r= 0.8571; P=0.0238), 8,9-DIHETYE (r=
0.8571; P = 0.0238), and 8,15-DiHETE (r = 0.8929; P =
0.0123), as well as LNA-derived 12,13-DiHOME (r= 0.8571;
P=10.0238) and 9,10-DIHOME (r=0.7857; P=0.048) (Fig. 4).
Dissection time was also inversely correlated to the con-
centration of EPA-derived 8-HEPE (r= —0.929; P=0.0067)
in this group (Fig. 4).

Overnight incubation in extraction solvent did not affect
oxylipin concentrations in nonmicrowaved brains

To confirm that the overnight incubation of brain ho-
mogenates in extraction solvent did not alter oxylipin
concentrations, we compared oxylipin concentrations in
nonmicrowaved “rest-of-brain” homogenates (see Methods)
kept overnight at —80°C prior to extraction or extracted
directly after homogenization (from the same brain sam-
ple; n = 3). As shown in Fig. 5, no significant changes in
oxylipin concentrations were observed between the two
extraction protocols.

Summary of findings

Compared with microwave-irradiated controls, CO,-
induced hypercapnia/ischemia (2 min) followed by micro-
wave fixation increased the concentration of nine oxylipins
linked to the LOX, CYP, sEH, and PGDH pathways (group 2).
This effect was enhanced when the duration of ischemia
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Fig. 4. Significant Spearman’s correlation between oxylipin concentrations and dissection time in the CO, + decapitation group (group 4;
n="7). As outlined in Methods, the sample size was seven instead of eight because the duration of dissection was not collected for one rat.

was prolonged by decapitating the brain and applying
microwave irradiation approximately 6 min later (group 3),
as evidenced by the increase in 14 additional oxylipins
(total of 21 oxylipins that changed). Brains dissected fol-
lowing CO¢induced hypercapnia/ischemia without micro-
wave fixation (group 4) showed significant increases in 40
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oxylipins compared with group 1, including COX-derived
prostanoids and TXB,. In group 4, 20 of these metabolites
also differed significantly from groups 2 and 3. The dissec-
tion time in group 4 was positively correlated to changes in
sEH-derived diols and negatively to one epoxy EPA metab-
olite from CYP. Incubating nonmicrowave-irradiated brain
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Fig. 5. Brains (500 mg) obtained from nonmicrowave-irradiated

rats were homogenized in 400 pl extraction solvent containing anti-
oxidants and surrogate standard. The brain samples used were re-
maining parts following the removal of the cortex, cerebellum,
hippocampus, and brainstem for oxylipin analysis in a separate
study (29). Homogenized samples were split into two: one sample
was extracted directly, while the other was kept overnight at —80°C
(with the brain homogenate) prior to extraction. Oxylipins de-
rived from (A) LNA, (B) ARA, and (C) EPA, DHA, and DGLA were
detected and quantified. Log-transformed data were analyzed by a
paired ttest. Data are means + SDs. There were no significant dif-
ferences between the means (P> 0.05).

homogenates in methanol overnight at —80°C did not alter
oxylipins compared with brains extracted immediately after
homogenization.

DISCUSSION

This study shows that the time for brain removal is im-
portant and that variable time results in variable oxylipin
concentrations. Compared with microwave-irradiated con-
trols, COginduced hypercapnia/ischemia increased brain
concentrations of PUFA-derived oxylipins linked to the
LOX, CYP, sEH, and PGDH pathways in rats dissected after
microwave fixation (group 2). This effect was enhanced
when ischemia was sustained by decapitation (group 3).
Dissecting brains from rats subjected to hypercapnia/isch-
emia without microwave fixation resulted in the greatest
increase in oxylipins synthesized by LOX, CYP, sEH, and
PGDH enzymes, as well as increased COX metabolites
(group 4). In these nonmicrowave-fixated rats, dissection
time correlated with several oxylipins.

Unlike a previous study (71), we did not observe a signifi-
cant increase in COX metabolites in rats subjected to mi-
crowave irradiation after 2 min of CO;, (group 2) compared
with control rats, which received microwave irradiation but
not COy (group 1). This could be due to differences in the
duration of CO, asphyxiation. Trepanier et al. (71) applied
5 min of CO, prior to microwave fixation and decapitation,
whereas our rats were subjected to 2 min of CO, prior to
microwave fixation and decapitation.

COX metabolites did not change in group 3 either, al-
though the decapitated heads were left on the bench for
6.4 min at room temperature prior to microwave fixation.
Farias etal. (54) reported an increase in brain COX metabolite
concentrations when the decapitated head was maintained
at 37°C for 5 min, suggesting a likely effect of temperature
and the duration of decapitation [as Trepanier et al. (71)
reported] on brain COX metabolite concentrations.

In group 3, the magnitude of changes in LOX, CYP, and
sEH oxylipins, specifically ARA-derived epoxy (EpETTE),
hydroxy (HETE), and dihydroxy (DiHETTE) metabolites,
DHA-derived epoxy (EpDPE) and dihydroxy (DiHDPE)
metabolites, LNA-derived 12,13-DiHOME metabolites, and
ALA-derived 15,16-DiHODE metabolites, was much higher
compared with groups 1 and 2. This suggests an indepen-
dent effect of prolonged hypercapnia/ischemia caused by
decapitation on LOX-, CYP-, and sEH-derived oxylipins,
because the rats in group 3 were subjected to microwave
fixation after COy asphyxiation and leaving the decapitated
heads on the bench for 6.4 min.

The marked increase in LOX, CYP, sEH, PGDH, and
COX metabolites in group 4 compared with others could
be attributed to the dissection process of physically remov-
ing the brains from the cranium. The dissection of the
brain may be similar to blunt-force trauma. Although lim-
ited evidence is available to support this assertion (72), the
mechanical penetration of the skull and periosteum layer
encapsulating the brain is known to provoke a trauma-like
event (65) that could induce oxylipin metabolic enzymes.
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In humans, LOX-derived HETEs and thromboxane-derived
metabolites were increased or detected in the cerebrospi-
nal fluid of trauma patients compared with controls (73).

It is also possible that these changes are due to a cryo-
genic effect of flash-freezing the dissected and nonmicro-
wave-fixed brains (group 4) in liquid nitrogen. Flash-freezing
decapitated brains or entire rats in liquid nitrogen has been
shown to increase cyclic AMP, ATP, lactic acid, and other
metabolites involved in brain energy metabolism compared
with microwave-irradiated rats (61, 62, 74). Consistent with
these observations, Golovko and Murphy (55) showed a sig-
nificant increase in COX-derived prostanoids after flash-
freezing dissected brains in liquid nitrogen compared with
microwave irradiation. Trepanier et al. (71) also showed a
significant increase in COX metabolites after subjecting rats
to 5 min of COy ischemia and placing the decapitated brains
on dry ice for an additional 5 min prior to dissection.
Golovko and Murphy (58) also reported increases in
COX metabolites within 30 s of COyinduced brain isch-
emia and freezing the brains in liquid nitrogen, compared
to microwave-irradiated controls. The mechanism link-
ing rapid cooling to brain oxylipin metabolism is not
understood, but similar to the dissection process, it likely
involves multiple metabolic cascades, including the activa-
tion of receptor-mediated PUFA turnover pathways (75).
This needs to be investigated in future studies.

Dissection time was positively correlated with LNA- and
ARA-derived dihydroxy products of sEH (14,15-DiHETTE,
11,12-DiHETrE, 8.9-DiHETrE, 8,15-DiHETE, 12,13-Di-
HOME, and 9,10-DiHOME) and inversely with one EPA-
derived epoxy metabolite of CYP (8-HEPE) in the CO, +
decapitation group only (group 4). This correlation sug-
gests that the duration of dissection specifically and pro-
portionally alters LNA-, ARA-, and EPA-derived oxylipins
synthesized by CYP and sEH enzymes in nonmicrowave-
irradiated brains. This could add to the variability in studies
that do not use microwave fixation, which is why it may be
worthwhile to control for dissection time when a high-
energy microwave is not available.

Some oxylipin extraction protocols, including ours, in-
volve overnight incubation of homogenized samples in or-
ganic solvent at —80°C because this is thought to optimize
oxylipin extraction from tissues (29, 68). Prolonged incu-
bation in an extraction mixture containing acetone-saline
(2:1; viv) at room temperature has been reported to in-
crease the concentration of PGs and TXB, in nonmicro-
waved brains, suggesting that COX or other lipid metabolic
enzymes might be active in extraction solvents such as ace-
tone (55). In the present study, oxylipins were extracted in
methanol solvent (containing 0.1% acetic acid, deuterated
surrogate standard, and antioxidants) for 24 h at —80°C.
To ensure that prolonged incubation in methanol did not
produce artifacts, particularly in group 4, we performed
the SPE immediately or 24 h after homogenizing the brain
samples in methanol containing acetic acid, antioxidant
mix, and deuterated surrogate standards (see Methods).
No changes in oxylipin concentrations were observed fol-
lowing overnight incubation in extraction solvent (at —80°C)
compared with immediate extraction, suggesting that
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enzymes were not activated by prolonged incubation in the
methanol containing acetic acid and antioxidant mix. Our
findings also indicate that overnight incubation in solvent
does not necessarily optimize oxylipin extraction as previ-
ously thought.

A limitation of this study is that the potential contribu-
tion of blood oxylipins to measured brain values was not
studied. Blood accounts for approximately 2% of brain vol-
ume, which means that changes in brain oxylipins due to
hypercapnia/ischemia dissection and/or freezing in liquid
nitrogen could be attributed in part to oxylipin changes in
blood vessels supplying the brain. Another limitation is the
low percentage recovery (13-59%) of the surrogate quanti-
tation standards used to control for losses in brain oxylipin
extraction (supplemental Table S2, second column depict-
ing mean percent recovery in “All Samples”). This could
partly explain the high within-group variability (Table 1).

A low and comparable percentage recovery has been re-
ported for deuterated surrogate standards extracted from
brain and other tissues, likely due to losses during the SPE
step (76). Although better methods are needed to improve
oxylipin recovery from tissue matrices, losses in oxylipins in
the SPE step are likely proportionally reflected in the surro-
gate. However, increasing surrogate standard and metabolite
recovery might improve the precision associated with oxy-
lipin quantitation and reduce the variability. Notably, the
variability in the data are also due to the experimental design.
It was higher, for instance, in the CO, + decapitation group
compared with the microwave group, as expected.

Previous studies have attributed the effects of hypercap-
nia/ischemia to some ARA- and DHA-derived metabolites
(54, 71). This study shows that several PUFA metabolites,
including those derived from LNA, DGLA, and ALA, are
also involved in the response to hypercapnia/ischemia and
dissection. This is consistent with our recent study showing
increased oxylipins derived from multiple PUFA precur-
sors in various brain regions following hypercapnia/isch-
emia/dissection (29). Collectively, these findings suggest
that LNA, DGLA, and ALA are involved in the response to
ischemia-related brain injury similar to ARA and DHA, de-
spite accounting for less than 2% of brain total fatty acids.

EPA metabolites did not differ significantly between the
groups, likely because they were measured in whole brain
rather than specific brain regions. In our previous study,
EPA metabolites changed in the hippocampus and brain-
stem but not in the cortex and cerebellum following hyper-
capnia/ischemia, suggesting regional specificity of changes
in EPA-derived oxylipins (29).

In summary, this study showed that hypercapnia/isch-
emia increases brain oxylipin concentrations and that this
effect is further enhanced when the head is decapitated
and when the brain is dissected and flash-frozen in liquid
nitrogen. Dissection time also correlated with changes in
several brain oxylipins, whereas overnight incubation in
methanol extraction solvent had minimal effects. While
our findings reaffirm the importance of using microwave
irradiation to prevent artifacts linked to these postmortem
processes (54, 55, 57, 71), it also identifies decapitation,
dissection, dissection time, and potentially flash-freezing as



important factors that affect brain oxylipin concentrations
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dependent of hypercapnia and postmortem ischemia. In

studies that do not use microwave fixation, these confound-
ers may introduce artifacts that must be considered when
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terpreting between-group differences or lack thereof.
icrowave fixation overcomes these challenges.ll
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