
Citation: Norman, J.E.; Nuthikattu,

S.; Milenkovic, D.; Rutledge, J.C.;

Villablanca, A.C. Sex-Specific

Response of the Brain Free Oxylipin

Profile to Soluble Epoxide Hydrolase

Inhibition. Nutrients 2023, 15, 1214.

https://doi.org/10.3390/nu15051214

Academic Editor: Carlo Agostoni

Received: 3 February 2023

Revised: 22 February 2023

Accepted: 25 February 2023

Published: 28 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Sex-Specific Response of the Brain Free Oxylipin Profile to
Soluble Epoxide Hydrolase Inhibition
Jennifer E. Norman 1,* , Saivageethi Nuthikattu 1 , Dragan Milenkovic 2 , John C. Rutledge 1

and Amparo C. Villablanca 1

1 Division of Cardiovascular Medicine, Department of Internal Medicine, University of California,
Davis, CA 95616, USA

2 Department of Nutrition, University of California, Davis, CA 95616, USA
* Correspondence: jenorman@ucdavis.edu

Abstract: Oxylipins are the oxidation products of polyunsaturated fatty acids and have been impli-
cated in neurodegenerative disorders, including dementia. Soluble epoxide hydrolase (sEH) converts
epoxy-fatty acids to their corresponding diols, is found in the brain, and its inhibition is a treatment
target for dementia. In this study, male and female C57Bl/6J mice were treated with an sEH inhibitor
(sEHI), trans-4-[4-(3-adamantan-1-yl-ureido)-cyclohexyloxy]-benzoic acid (t-AUCB), for 12 weeks to
comprehensively study the effect of sEH inhibition on the brain oxylipin profile, and modulation
by sex. Ultra-high-performance liquid chromatography–tandem mass spectrometry was used to
measure the profile of 53 free oxylipins in the brain. More oxylipins were modified by the inhibitor
in males than in females (19 versus 3, respectively) and favored a more neuroprotective profile.
Most were downstream of lipoxygenase and cytochrome p450 in males, and cyclooxygenase and
lipoxygenase in females. The inhibitor-associated oxylipin changes were unrelated to serum insulin,
glucose, cholesterol, or female estrous cycle. The inhibitor affected behavior and cognitive function
as measured by open field and Y-maze tests in males, but not females. These findings are novel and
important to our understanding of sexual dimorphism in the brain’s response to sEHI and may help
inform sex-specific treatment targets.
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1. Introduction

Oxylipins are products of polyunsaturated fatty acids (PUFAs), produced through
oxidation via cytochrome p450 (CYP), lipoxygenase (LOX), and cyclooxygenase (COX) or
non-enzymatic oxidation pathways [1]. Studies have found that oxylipins have a role in
many biological processes and diseases, including inflammation, metabolic diseases, and
cardiovascular diseases [2–7]. Further, evidence supports a role for oxylipins in modulation
of neuroinflammation and neurodegenerative diseases, including dementias [8–12].

Soluble epoxide hydrolase (sEH), is involved in the metabolism of certain oxylip-
ins. Specifically, sEH converts epoxy-fatty acids produced by CYP enzymes into their
corresponding diols, those produced from arachidonic acid are epoxyeicosatrienoic acids
(EpETrEs) and their corresponding diols, dihydroxyeicosatrienoic acids (DiHETrEs) [13].
sEH is found in many tissues, including the brain [14,15]. Within the brain, sEH is found in
many regions and within various cell types, including glial cells, neurons, and vascular
cells [15]. Research on sEH has implicated it as a treatment target for many disease types,
including metabolic, inflammatory, and cardiovascular diseases [13,16–20]. Further, sEH
has been associated with, and the inhibition of its activity has been proposed as a treatment
target for, diseases of the brain, including dementias [9,21–40]. sEH inhibition has been
demonstrated to positively impact modulation of neuronal activity, glial cell activity, cell
survival, neuroinflammation, blood flow, and blood–brain barrier permeability; further,
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it has been suggested that many of these benefits are due to the subsequent increase in
epoxy-fatty acid levels, in particular, the levels of EpETrEs [41–47].

Studies have shown sex differences in sEH expression and activity in multiple tissues,
including the brain [48–50]. In rodents, females have been shown to have lower expression
of sEH in the whole brain and cerebral vessels compared to males, as well as smaller infarct
volumes after middle cerebral artery occlusion (MCAO) [49,50]. In line with this, others
have found that transgenic mice, expressing human sEH in endothelial cells, exhibited
impaired endothelial-dependent vasodilation, and that the effect of induced expression of
sEH was more pronounced in females [47]. These findings have been supported by in vitro
work as well. In endothelial and neuronal cultures, cells derived from males exhibited
higher levels of sEH and were more susceptible to ischemic damage than cells derived from
females [51,52]. Evidence indicates that these sex differences in sEH and their downstream
consequences are due, at least in part, to sex hormones. It has been demonstrated that
17β-estradiol suppresses cerebral sEH expression and that ovariectomy abolishes the sex
differences in infarct size after MCAO [50,53].

Given the sex differences in levels of the sEH enzyme, it would be likely that the
response to deficiency or inhibition of sEH would be sex-dependent, and this is supported
by the literature. Genetic deletion of sEH reduces infarct volumes in males after MCAO,
but has no effect in females [49,50]. Further, we have previously demonstrated a sex-
dependent response of the microvascular transcriptome to sEH inhibition [54]. Thus,
studies investigating the therapeutic potential of targeting sEH need to address males and
females separately and not generalize results from one sex to the other or not attend to
biologic sex.

Although the substrates and products of sEH are often examined, to our knowledge,
the effect of inhibiting sEH on the overall brain free oxylipin composition has not been
investigated. In this study, we therefore sought to characterize the effect of inhibiting
sEH on the free oxylipin profile of the brain. We chose to examine the brain free oxylipin
pool, as these are generally seen as the biologically active form [1]. Further, given the
substantial evidence for sex differences in sEH expression and response to its modulation,
we examined the impact of sEH on the brain free oxylipin profile in each sex separately.
We hypothesized that providing mice with an sEH inhibitor (sEHI) would alter the brain
oxylipin profile towards a neuroprotective, anti-inflammatory profile, which would be
more pronounced in males.

2. Materials and Methods

An overview of the experimental groups and the experimental timeline can be found
in Figure 1. The experimental details follow in the sections below.

Nutrients 2023, 15, x FOR PEER REVIEW 2 of 19 
 

 

has been demonstrated to positively impact modulation of neuronal activity, glial cell 

activity, cell survival, neuroinflammation, blood flow, and blood–brain barrier 

permeability; further, it has been suggested that many of these benefits are due to the 

subsequent increase in epoxy-fatty acid levels, in particular, the levels of EpETrEs [41–47].  

 Studies have shown sex differences in sEH expression and activity in multiple 

tissues, including the brain [48–50]. In rodents, females have been shown to have lower 

expression of sEH in the whole brain and cerebral vessels compared to males, as well as 

smaller infarct volumes after middle cerebral artery occlusion (MCAO) [49,50]. In line 

with this, others have found that transgenic mice, expressing human sEH in endothelial 

cells, exhibited impaired endothelial-dependent vasodilation, and that the effect of 

induced expression of sEH was more pronounced in females [47]. These findings have 

been supported by in vitro work as well. In endothelial and neuronal cultures, cells 

derived from males exhibited higher levels of sEH and were more susceptible to ischemic 

damage than cells derived from females [51,52]. Evidence indicates that these sex 

differences in sEH and their downstream consequences are due, at least in part, to sex 

hormones. It has been demonstrated that 17β-estradiol suppresses cerebral sEH 

expression and that ovariectomy abolishes the sex differences in infarct size after MCAO 

[50,53].  

Given the sex differences in levels of the sEH enzyme, it would be likely that the 

response to deficiency or inhibition of sEH would be sex-dependent, and this is supported 

by the literature. Genetic deletion of sEH reduces infarct volumes in males after MCAO, 

but has no effect in females [49,50]. Further, we have previously demonstrated a sex-

dependent response of the microvascular transcriptome to sEH inhibition [54]. Thus, 

studies investigating the therapeutic potential of targeting sEH need to address males and 

females separately and not generalize results from one sex to the other or not attend to 

biologic sex. 

Although the substrates and products of sEH are often examined, to our knowledge, 

the effect of inhibiting sEH on the overall brain free oxylipin composition has not been 

investigated. In this study, we therefore sought to characterize the effect of inhibiting sEH 

on the free oxylipin profile of the brain. We chose to examine the brain free oxylipin pool, 

as these are generally seen as the biologically active form [1]. Further, given the substantial 

evidence for sex differences in sEH expression and response to its modulation, we 

examined the impact of sEH on the brain free oxylipin profile in each sex separately. We 

hypothesized that providing mice with an sEH inhibitor (sEHI) would alter the brain 

oxylipin profile towards a neuroprotective, anti-inflammatory profile, which would be 

more pronounced in males. 

2. Materials and Methods 

An overview of the experimental groups and the experimental timeline can be found 

in Figure 1. The experimental details follow in the sections below. 

 

Figure 1. Experimental groups and study timeline: (A) Table of experimental groups detailing sex 

and inhibitor treatment. (B) Timeline of experimental procedures in relation to mouse age. 

2.1. Animals 

Figure 1. Experimental groups and study timeline: (A) Table of experimental groups detailing sex
and inhibitor treatment. (B) Timeline of experimental procedures in relation to mouse age.

2.1. Animals

Research was conducted in conformity with the Public Health Service Policy on Hu-
mane Care and Use of Laboratory Animals and ARRIVE 2.0 guidelines [55] and was
approved by the Institutional Animal Care and Use Committee of the University of Cali-
fornia, Davis (protocol number 20943, approval date 18 April 2019). Mice were housed in
a temperature- and humidity-controlled environment with a 12 h light/dark cycle at the
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University of California, Davis Mouse Biology Program. Female mice were housed with up
to three mice per cage; male mice were housed singly. Activity, water, and food intake were
monitored by vivarium staff to ensure the well-being of the mice.

Male and female C57Bl/6J mice were purchased from Jackson Laboratories (stock
000664). From 20 weeks of age, all mice were fed a commercially available purified diet
(catalog number TD.08485 from Envigo Teklad Diets, Madison, WI, USA), provided ad
libitum. The macronutrient content of the diet was as follows: 13% kcal from fat, 19.1% kcal
from protein, and 67.9% kcal from carbohydrates.

2.2. Soluble Epoxide Hydrolase Inhibitor (sEHI)

One group of male mice (n = 7) and one group of female mice (n = 7) were treated
with the soluble epoxide hydrolase inhibitor (sEHI), trans-4-[4-(3-adamantan-1-yl-ureido)-
cyclohexyloxy]-benzoic acid (t-AUCB, Cayman Chemical, Ann Arbor, MI, USA). The
t-AUCB was provided in the drinking water using polyethylene glycol 400 (PEG400)
(Millipore, Burlington, MA, USA) as a vehicle from 20 weeks of age until sacrifice at
32 weeks of age (Figure 1B). We chose this timeline of treatment and sacrifice to align with
our previous publications regarding sEHI, which found this length of treatment sufficient
to induce changes in the brain microvascular transcriptome [54,56,57]. Consistent with
prior protocols, the final contents of the drinking water were 1% (by volume) PEG400 and
10 mg/L t-AUCB [58,59]. In agreement with others, mice consumed approximately 7 to
7.5 mL of water each day [60]. This resulted in mice consuming approximately 2.5 to
3 mg of t-AUCB per kg per day. For control groups, one group of male mice (n = 7) and
one group of female mice (n = 7) were not treated with t-AUCB. The PEG400 vehicle
was not added to drinking water of these control mice; however, 1% PEG400 is a low
amount and in prior studies has been shown to not have a biological effect [61]. Overall,
there were four experimental groups of mice: (1) male control (those not receiving sEHI),
(2) male + sEHI (treated with sEHI), (3) female control (those not receiving sEHI), and
(4) female + sEHI (treated with sEHI) (Figure 1A).

2.3. Assessment of Estrus Cycle Phase

For all female mice, vaginal lavage with phosphate-buffered saline (PBS) was per-
formed at the end of the study after administration of anesthesia and prior to sacrifice. The
PBS with collected vaginal cells was then applied to a glass slide and allowed to dry. Slides
were stored at room temperature until staining with 0.1% crystal violet. Phase of estrus
cycle was assessed by examining the stained cells using light microscopy. Samples were
categorized as proestrus, estrus, metestrus, or diestrus based on the cell types observed as
previously described [62].

2.4. Tissue Collection

At the end of the study period, mice were fasted for 8 h before being anesthetized
with a combination of Ketamine and Xylazine. Blood was collected by ventricular puncture
under anesthesia, then mice were euthanized. The brain was immediately harvested and
snap-frozen in liquid nitrogen to preserve the lipid profiles and integrity. We estimate the
total time for this process was less than 5 min. Samples remained in frozen storage (at
−80 ◦C) until extraction of the oxylipins.

2.5. Serum Analyses

Serum was separated from whole blood by centrifugation and samples were stored at
−80 ◦C until analysis. Glucose and total cholesterol were measured using enzymatic assays
from Fisher Diagnostics (Middleton, VA, USA). Insulin was determined by electrochemilu-
minescence from Meso Scale Discovery (Rockville, MD, USA). All assays were performed
in triplicate by the University of California Davis Mouse Metabolic Phenotyping Center
(UCD MMPC).
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2.6. Mouse Behavioral and Cognition Testing

We assessed behavior and cognitive function utilizing the open field test and the
Y-maze test. The open field test assesses locomotor activity and anxiety-like behavior
in mice, with increased time in the center of the field being indicative of lower levels of
anxiety [63]. The Y-maze is widely used to assess spatial and learning memory and assesses
the mouse’s active retrograde working memory, by observing how often mice explore the
three arms of the maze in succession [64].

2.6.1. Open Field Test

Mice were adapted to the testing room for 30 min, then placed in the center of a
Columbus Instruments Opto-Varimex 4 for the extent of a 20-min trial. Movement was
measured as x, y, and z bream breaks. The perimeter was defined as the outer 8.4 cm region
of the 43.5 cm box, or ~60% of total surface area. The open field tests were performed by
the UCD MMPC.

2.6.2. Y-Maze

Mice were adapted to testing room for 30 min, then placed in the center of the Y-maze
and were tracked with an overhead camera for the extent of an 8-min trial. An elevated
white plastic Y-maze with three 40 cm arms at 120-degree angles. An alternation score
was computed as the number of times the three arms were sequentially entered. The %
alternation score is the number of alternations divided by maximum alternation triplets.
The Y-maze tests were performed by the UCD MMPC.

2.7. Analysis of the Brain Free Oxylipin Profile

We extracted the free oxylipins from the right hemisphere of brain tissue from each
mouse for analysis and quantification by ultra-high-performance liquid chromatography–
tandem mass spectrometry (UHPLC-MS/MS). The UHPLC-MS/MS measurements were
performed once. All measured oxylipins and internal standards with their abbreviations
can be found in Table S1.

2.7.1. Free Oxylipin Extraction from Brain

Oxylipins were extracted from the right hemisphere of brain tissue as previously
described [65]. Briefly, the tissue was homogenized using a bead homogenizer and zirconia
beads in methanol with butylated hydroxytoluene and acetic acid, spiked with a mixture of
deuterated surrogate standards. Homogenized samples were centrifuged. The supernatant
was loaded onto solid phase extraction columns, the columns were rinsed, and the oxylipins
were eluted with methanol and ethyl acetate. After drying under nitrogen, the oxylipins
were reconstituted in 100 µL methanol.

2.7.2. UHPLC-MS/MS Analysis of Free Oxylipins

Ten µL of the reconstituted free oxylipin extract was analyzed by UHPLC-MS/MS
using an Agilent 1290 Infinity UHPLC system coupled to an Agilent 6460 Triple Quadrupole
mass-spectrometer (Agilent Technologies, Santa Clara, CA, USA), equipped with an Agilent
ZORBAX Eclipse Plus C18 column (2.1 × 150 mm, 1.8 µm particle size; Agilent Technologies,
Santa Clara, CA, USA; Cat #959759-902). The specifics of the UHPLC-MS/MS analyses
were described previously [65]. Optimization parameters and parent and product ion
monitoring pairs are described in Table S2. We have provided the raw mass spectra for the
standard, blank, and a representative sample for 15-HETE in Figure S1.

2.7.3. Data Analysis

Oxylipins with no discernible peaks, or where 50% of all groups had a result of
not detected, were removed from analyses. The oxylipins removed from analyses for
these reasons were: Resolvin E1, 17-HDoHE, 17(18)-EpETE, 14(15)-EpETE, 11(12)-EpETE,
8(9)-EpETE, 14,15-DiHETE, 11,12-DiHETE, 8,9-DiHETE, 15-HEPE, 8-HEPE, LTB3, PGE3,
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8,9-DiHETrE, 20-HETE, LXA4, LTC4, LTE4, 20-OH-LTB4, 20-COOH-LTB4, PGB2, and
13-oxo-ODE. For oxylipins kept in analyses, any non-detects were replaced by 1/5 of the
minimum positive value of that variable to estimate the limit of detection. The peaks for
PGD1 and PGE1 were indistinguishable; therefore, they were combined and are referred to
as PGD/E1. For many samples, PGD2 signals were above the standard curve; the values
were included in the analyses. Some samples were lost due to inadvertent breakage of tubes
during homogenization of the tissue, which resulted in analysis of brain free oxylipins of
n = 6 samples for the male control and male sEHI groups.

2.8. Statistical Analysis

Statistical analyses of EpETrE/DiHETrE ratios, body weight, serum parameters, and
cognitive/behavioral function were performed using Prism (GraphPad Software, San
Diego, CA, USA). Any outliers were determined by ROUT with Q = 1%. Pairwise analyses
between control and sEHI groups were performed using t-test (with Welch’s correction if
variances were not equal) or Mann–Whitney test (if not normally distributed). Significance
was determined at p < 0.05.

Statistical analyses of oxylipins were performed using MetaboAnalyst 5.0 [66,67]. All
pairwise comparisons of oxylipins between control and sEHI groups were performed
on data without transformation using the non-parametric Wilcoxon rank-sum test, since
data were not normally distributed for all oxylipins. We used sparse partial least squares
discriminate analysis (sPLS-DA), which utilizes the selection of the most discriminative
features to classify samples [68], and a hierarchical clustering heatmap to examine all
four groups of mice. sPLS-DA and the hierarchical clustering heatmap were performed
using log-transformed data. The heatmap was clustered using Euclidean distance and
Ward clustering methods. Boxplots were generated using Prism (GraphPad Software, San
Diego, CA, USA). Significance was determined at p < 0.05 based on the raw p-value, when
the FDR p-value was below 0.05 this was also indicated.

Spearman correlation analyses of significant oxylipins with the cognitive/behavioral
function outcomes were conducted using Prism (GraphPad Software, San Diego, CA, USA).
Significance was determined at p < 0.05,

3. Results

To confirm that the sEHI dose was sufficient to inhibit sEH, we compared the sEH
substrate to product ratio of total EpETrE/DiHETrE of sEHI-treated mice to controls
without sEHI for each sex. In both males and females, mice receiving the sEHI had higher
EpETrE/DiHETrE ratios than controls (Figure 2).

Body weight did not differ between mice in the sEHI-treated and control groups in both
males and females (Table 1). Fasting levels of serum insulin, glucose, and cholesterol did not
differ between sEHI-treated and control mice in either sex (Table 1). There were no differences
between the sEHI-treated and control females in estrus cycle phase (data not shown).

Table 1. Bodyweight and serum analytes.

Males Females

Control + sEHI Control + sEHI

Bodyweight (g) 36.19 ± 6.183 36.46 ± 5.384 29.20 ± 4.940 27.75 ± 2.559
Insulin (pg/mL) 230.5 ± 173.6 285.4 ± 142.6 208.2 ± 55.18 332.4 ± 170.4
Glucose (mg/dL) 416.1 ± 108.6 432.7 ± 128.5 282.9 ± 77.08 319.4 ± 117.9

Total Cholesterol (mg/dL) 154.9 ± 33.75 139.4 ± 14.35 89.74 ± 17.29 98.81 ± 13.56
Data shown are mean ± standard deviation.
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Figure 2. Total EpETrE/DiHETrE ratios of brain free oxylipin contents in males and females. The
box extends from the 25th to the 75th percentile, with the middle line indicating the median. The
whiskers extend to the minimum and maximum values, with individual values indicated by black
dots. For definitions of oxylipin abbreviations see Table S1. * p < 0.05.

3.1. Effects of sEHI on the Brain Oxylipin Content in Males

We analyzed the brain free oxylipins of males treated with sEHI as compared to con-
trols (not receiving the inhibitor), using pairwise comparison. There were 19 oxylipins
that differed between these two groups in males. Eleven of these oxylipins were products
of arachidonic acid metabolism (Figure 3), most of which were downstream of LOX en-
zymes, including 5-HETE, 5,15-DiHETE, LTB4, 6-trans-LTB4, LTD4, 11-HETE, 15-HETE, and
8,15-DiHETE. Two arachidonic acid products were downstream of CYP enzymes and di-
rect products of sEH (5,6-DiHETrE and 14,15-DiHETrE), and one (9-HETE) was a product
of non-enzymatic oxidation. Seven oxylipins were products of linoleic acid metabolism
(Figure 4A), most of these were downstream of LOX enzymes, including 9-HODE,
9-oxo-ODE, 13-HODE, 9,10,13-TriHOME, and 9,12,13-TriHOME. Two linoleic acid prod-
ucts were downstream of CYP enzymes and direct products of sEH (9,10-DiHOME and
12,13-DiHOME). One oxylipin was a LOX product of α-linolenic acid metabolism (9-HOTrE)
(Figure 4B). Of the 19 oxylipins significantly changed (p < 0.05) in sEHI-treated males,
the majority were decreased compared to controls, except three (9-HETE, 11-HETE, and
15-HETE).

3.2. Effects of sEHI on the Brain Oxylipin Content in Females

We analyzed the free oxylipin content of the brain in females with and without sEHI
treatment in the same manner as in males. There were three oxylipins that were statistically
different (p < 0.05) between sEHI-treated female mice and controls. All these oxylipins
were products of arachidonic acid metabolism (Figure 5). 12-oxo-ETE, a product of LOX
metabolism, was higher in the sEHI-treated mice than in controls. The two other oxylipins
were both products of COX metabolism, PGF2a and TXB2, and were lower in the sEHI-
treated mice than in controls.

3.3. Comparison of the Effect of sEHI on the Brain Oxylipin Profile in Males and Females

With the aim to compare the impact of sEHI on the brain free oxylipin profile between
males and females, we performed sPLS-DA to assess the separation between groups. The
scores plot of the sPLS-DA demonstrated that both groups of females, with and without
sEHI, clustered with the males receiving the sEHI, while control males without sEHI sepa-
rated from the other three groups (Figure 6A). Loading plots, which show the variables
selected by the sPLS-DA for a given component, can be seen in Figure 6B,C. The top
three variables selected for component one matched the three oxylipins that were signifi-
cantly altered by the sEHI in females, while all ten of the variables selected for component
two were significantly altered by sEHI in males.
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a diagram demonstrating the pathways producing the oxylipins from arachidonic acid. The box
extends from the 25th to the 75th percentile, with the middle line indicating the median. The whiskers
extend to the minimum and maximum values, with individual values indicated by black dots. For
definitions of oxylipin abbreviations see Table S1. LOX: lipoxygenase enzyme; NE: non-enzymatic;
COX: cyclooxygenase enzyme; CYP: cytochrome p450 enzyme; sEH: soluble epoxide hydrolase;
* p < 0.05; ** p < 0.01; # FDR adjusted p < 0.05.
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Figure 4. Oxylipins downstream of linoleic acid and α-linolenic acid altered by sEHI in males. Box-
plots of oxylipins that were significantly different in the brains of male sEHI-treated and control
mice are shown in a diagram demonstrating the pathways producing the oxylipins from linoleic
(A) and α-linolenic (B) acid. The box extends from the 25th to the 75th percentile, with the middle
line indicating the median. The whiskers extend to the minimum and maximum values, with in-
dividual values indicated by black dots. For definitions of oxylipin abbreviations see Table S1.
LOX: lipoxygenase enzyme; CYP: cytochrome p450 enzyme; sEH: soluble epoxide hydrolase;
* p < 0.05; ** p < 0.01; # FDR adjusted p < 0.05.
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Figure 5. Oxylipins altered by sEHI in females. Boxplots of oxylipins that were significantly different
in the brains of sEHI-treated and control female mice are shown in a diagram demonstrating the
pathways producing the oxylipins from arachidonic acid. The box extends from the 25th to the
75th percentile, with the middle line indicating the median. The whiskers extend to the minimum
and maximum values, with individual values indicated by black dots. For definitions of oxylipin
abbreviations see Table S1. LOX: lipoxygenase enzyme; COX: cyclooxygenase enzyme; ** p < 0.01.
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Figure 6. sPLS-DA of the oxylipin profiles of male and female control and sEHI-treated mice:
(A) sPLS-DA plot of female sEHI-treated (color-coded yellow), female control (color-coded red), male
sEHI-treated (color-coded green), and male control (color-coded blue) oxylipin profiles. (B) Loadings
plot for the ten variables included in component one of the sPLS-DA. (C) Loadings plot for the ten
variables included in component two of the sPLS-DA. For definitions of oxylipin abbreviations see
Table S1.

We chose to further analyze the relationship between response to sEHI and sex using
a hierarchical clustering heatmap. In the heatmap, the male control mice cluster separately
from all other groups, while the male sEHI-treated, as well as female control and sEHI-
treated, mice were not distinctly separated by the clustering analysis (Figure 7). It can
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also be seen that three oxylipins (9-HETE, 11-HETE, and 15-HETE) defined the male
control group cluster and were lower in concentration as compared to the other groups.
These three oxylipins were also found to be significantly increased by sEHI in males by
pairwise comparisons.
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Figure 7. Hierarchical clustering heatmap of male and female control and sEHI-treated mice. The
heatmap shows the relative concentrations of all measured oxylipins for the female sEHI-treated
(color-coded yellow), female control (color-coded red), male sEHI-treated (color-coded green), and
male control (color-coded blue) brain samples, with each column representing an individual sample.
Throughout the heatmap, higher concentrations of the oxylipins are shown by shades of red and
lower concentrations of oxylipins are shown by shades of blue. The black box highlights the clustering
of control males together. The red box highlights three oxylipins that impact this clustering and are
lower in control males. For definitions of oxylipin abbreviations see Table S1.
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A summary of the concentrations of each oxylipin analyzed in males and females,
with and without the inhibitor, can be found in Table S3.

3.4. sEHI Effects on Behavior and Cognition in Male and Female Mice

We assessed behavior and cognitive function by the open field test and Y-maze test
and only observed an effect of sEHI in male mice. Male mice treated with sEHI spent a
greater percentage of time in the center of the open field test when than control male mice
(Figure 8A). There was no difference between sEHI-treated and control female mice in the
percent of time spent in the center of the open field test (Figure 8B). We saw no statistically
significant differences between sEHI-treated mice and control mice in performance on the
Y-maze test. There was a trend toward an increase in percent alternating triplets in sEHI-
treated male mice compared to male controls, but it did not reach statistical significance
(p = 0.0827) (Figure 8E). There was no difference between groups in females (Figure 8F).
There was no difference in total distance traveled in both the open field test and the Y-maze
test between the sEHI-treated and control groups in males or females (Figure 8C,D,G,H).
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Figure 8. Behavioral and cognitive testing of sEHI-treated and control male and female mice. The
percentage of time spent in the center of the open field test is shown for males (A) and females (B).
The total distance traveled is shown for the open field test for males (C) and females (D). The percent
alternating triplets during the Y-maze test is shown for males (E) and females (F). The total distance
traveled is shown for the Y-maze for males (G) and females (H). The box extends from the 25th to the
75th percentile, with the middle line indicating the median. The whiskers extend to the minimum
and maximum values, with individual values indicated by black dots. * p < 0.05.

To further explore the relationship between the oxylipins and measures of behavior
and cognitive function, we performed correlation analyses. As we only observed changes
to behavior and cognitive function in males, we focused on the data from males, and
oxylipins that were significantly altered by sEHI in males. We found a significant nega-
tive correlation between the percent time spent in the center on the open field test and
9-HOTrE (r = −0.6163, p = 0.0376), LTB4 (r = −0.599, p = 0.0433), 5,6-DiHETrE (r = −0.6532,
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p = 0.0252), and 14,15-DiHETrE (r = −0.6014, p = 0.0428) (Figure S2). We found that
the percent alternating triplets in the Y-maze test negatively correlated with 13-HODE
(r = −0.8182, p = 0.0019), 9,10-DiHOME (r = −0.6532, p = 0.0252), and 9,12,13-TriHOME
(r = −0.6573, p = 0.0238) and positively correlated with 9-HETE (r = 0.5944, p = 0.0457) and
11-HETE (r = 0.5944, p = 0.0457) (Figure S3).

4. Discussion

This study is the first comprehensive assessment of the brain oxylipin profile, and
how it is impacted by inhibition of sEH in both sexes. Oxylipins are bioactive products
of PUFA oxidation and have been demonstrated to play a role in neurological function,
neuroinflammation, and neurodegenerative diseases, including dementias [8,11,12]. In
addition, inhibition of sEH has been investigated as a potential therapeutic target for a wide
range of neurological disorders, including dementias [13,21,22,26,30,31,34–37]. Therefore,
the impact of sEHI on the comprehensive profile of oxylipins is an important area of
study to further understand how this treatment might be beneficial in neurodegenerative
diseases such as dementia, a major global killer of men and women. Importantly, we
investigated sex differences, which are all too often overlooked and could provide insight
into sex-specific treatments. By measuring the free oxylipin content of the brain with and
without sEHI in males and females, we report an important novel finding; sEHI impacts the
brain oxylipins of males differently, with a distinct pattern, and to a greater extent than in
females. We discuss our findings in the context of prior work in the field, and implications
for mechanisms, cognition, and therapeutics.

4.1. Implications of Oxylipins Altered by sEHI in Males

We observed lower levels of the sEH products 5,6-DiHETrE, 14,15-DiHETrE,
9,10-DiHOME, and 12,13-DiHOME in sEHI-treated male mice compared to controls. These
differences were to be expected and provide evidence that our inhibitor treatment was
sufficient to inhibit sEH activity. Interestingly, 5,6-DiHETrE and 14,15-DiHETrE levels were
negatively correlated with behavior indicative of reduced anxiety in the open field test, and
9,10-DiHOME levels were negatively correlated with memory function as measured by the
Y-maze test. The DiHETrEs are the less biologically active metabolites of EpETrEs, and have
been shown to have multiple protective effects in the brain, including anti-inflammatory
effects, modulation of neuronal activity, regulation of blood flow, and improvement of cell
survival for neurons and glial cells [41]. Further, serum levels of 12,13-DiHOME were pre-
viously shown to associate with white matter hyperintensities, an indicator of subcortical
ischemic vascular damage [40]. Therefore, reductions in DiHETrE and DiHOME levels are
a neuroprotective shift in the oxylipin profile.

We also observed differences in oxylipins not directly produced by sEH in male mice
treated with the inhibitor. Most of these changes also appeared to be neuroprotective.
15-HETE is one of the oxylipins increased in the sEHI-treated group. 15-HETE is important
for angiogenesis and recovery after MCAO and ischemia and has been shown to be present
in lower levels in the brains of mice in an Alzheimer’s disease (AD) model [69–72]. Several
oxylipins were lower in the sEHI-treated male brains compared to controls and have been
previously found to be associated with brain injury or neurodegeneration: 5-HETE, LTB4,
LTD4, and 9-HODE. 5-HETE was previously shown to be higher in the cerebrospinal fluid
(CSF) of traumatic brain injury patients as compared to controls [73]. Brain levels of LTB4
have been associated with neuroinflammation and cognitive decline and were found to be
increased in the CSF of AD patients [74,75]. In the current study, we also demonstrated that
LTB4 levels were negatively correlated with behavior indicative of reduced anxiety in the
open field test. LTD4 has been demonstrated to increase microglial activation, as well as
facilitate amyloid β accumulation and cognitive impairment [76]. 9-HODE has previously
been associated with white matter hyperintensities and reduced grey matter volume [10].
Thus, many of the differences seen in the brain oxylipin profiles of sEHI-treated and control
male mice indicate a more neuroprotective oxylipin profile in the sEHI-treated mice.
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4.2. Implications of Oxylipins Altered by sEHI in Females

In females, only three oxylipins were altered by sEHI treatment. None of these are
a direct product of sEH; although, we did see a significant increase in the total EpE-
TrE/DiHETrE ratio. The lack of significant changes in any of the individual products of
sEH may be due to already low levels of sEH in females as reported previously [49,50]. The
oxylipins found to be different between sEHI-treated and control mice were PGF2a, TXB2,
and 12-oxo-ETE. PGF2a and TXB2 were decreased in mice receiving the inhibitor, while
12-oxo-ETE was increased. The existing literature suggests that reduced PGF2a levels may
contribute to the neuropathology of dementias. PGF2a levels are reduced in the plasma
and CSF of patients with AD and positively correlate with Mini-Mental State Examination
scores [9,75]. Additionally, brain tissue from AD patients has a reduced capacity for the
synthesis of PGF2a as compared to controls [77]. On the other hand, a reduction in TXB2
levels appears to be neuroprotective. TXB2 levels have been demonstrated to be higher
in the brains of individuals with AD-like dementia, than in controls [78]. Additionally,
patients with elevated levels of circulating TXB2 were found to have worse prognoses
after stroke [79]. We were unable to find literature on the role of 12-oxo-ETE in the brain.
Therefore, there were fewer changes in the free oxylipin composition of female sEHI-treated
mice as compared to males, and the potential functional and mechanistic consequences are
less clear than in males, partly due to the small number of oxylipins changed.

4.3. Sex Differences in the Response of the Brain Oxylipin Profile to sEHI

The sPLS-DA scores plot of the oxylipin content showed that male control and sEHI-
treated groups were distinct, while the control and sEHI-treated female groups overlapped.
Further, the hierarchical clustering heatmap demonstrated that the male sEHI-treated and
control groups clustered separately, while sEHI-treated and control females did not. This
would indicate that sEHI has a larger effect on the brain free oxylipin content of males as
compared to females. Interestingly, none of the oxylipins altered by sEHI were common
between females and males. The oxylipins that were altered in males were primarily
downstream of LOX and CYP enzymatic activity, while the oxylipins altered in females
were downstream of the LOX and COX. Others have demonstrated that sEH expression
is higher in males, and that genetic deletion of sEH had a greater impact on reducing the
consequences of cerebral ischemia in males than in females [49,50]. Thus, the sex differences
in our study are supported by previous findings of the consequences of blocking sEH in
the brain. In addition, the greater impact of inhibiting sEH in males could be explained by
higher levels of the enzyme present at baseline in males.

Our data suggest that treatment with sEHI shifts the brain oxylipin profile of males
to be similar to that of females. In the sPLS-DA plot, the male control mice were distinct
from the female mice, while the sEHI-treated male mice overlapped with both control and
sEHI-treated females. Further, in the hierarchical clustering heatmap, only control males
were distinctly clustered together. Within the heatmap, three of the oxylipins (9-HETE,
11-HETE, and 15-HETE) were visibly lower in the male control mice compared to all other
groups. These three oxylipins were also found to be significantly increased by the sEHI
in pairwise comparison. We previously demonstrated that these three oxylipins were
higher in the brains of female mice than in male mice and were not affected by dietary
sucrose content [65]. Although little is known about the functions of 9-HETE and 11-HETE,
we saw a positive correlation between levels of 9-HETE and 11-HETE with memory as
measured by the Y-maze test in males. Further, 15-HETE has been demonstrated to be
neuroprotective [69–72]. Therefore, sEHI has a greater impact on the oxylipin profile of the
brain in male mice, in part by shifting it to be more similar to that of female mice, thereby
favoring less neurodegeneration.

4.4. Sex Differences in the Cognitive and Behavioral Outcomes with sEHI

The more robust response of males to the sEHI was also reflected in the results of
the cognitive and behavioral tests of our study. We saw that, in males, sEHI-treated mice
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spent a greater amount of time in the center of the open field test, indicating a reduction
in anxiety behavior [63], while no effect of sEHI was seen in females. In agreement with
our findings, sEHI has previously been reported to increase the time spent in the center
of the open field test in males [80]. We also saw a trend towards an increase in percent
alternating triplets on the Y-maze test, suggesting improved working memory [64], in
males; however, these changes were not observed in females. In agreement with our
findings, an improvement in Y-maze test performance in a mouse model of AD when sEH
was genetically deleted has been reported previously [39]. The sex of the mice studied
was not specified; therefore, it is not possible to compare our sex differences findings to
these results. Others have demonstrated that various sEHI compounds improve memory
as measured by other cognitive function tests in the context of multiple disease models;
however, these studies either only studied males, or combined males and females into
one group [35–37,80–85]. Therefore, to our knowledge, our study is the first to describe sex
differences in the effects of sEHI on murine behavior and memory.

4.5. Potential Mechanisms of sEHI Effects on Brain Oxylipins

Although four of the oxylipins altered by sEHI in males are direct products of sEH
(5,6-DiHETrE, 14,15-DiHETrE, 9,10-DiHOME, and 12,13-DiHOME), the majority of the
oxylipins that we found to differ between sEHI-treated mice and controls in males and
females were not. This brings into question the mechanism behind the effect of sEHI on
these other oxylipins. One possibility is that there are indirect effects of sEHI exerted
through levels of its substrates and products. For example, EpETrEs have been shown to
block the nuclear translocation of NFκB, which reduces expression of 5-LOX and COX-
2 [13]. Many of the oxylipins that we found to be lower in the sEHI-treated male mice
are downstream of 5-LOX. Additionally, PGF2a and TXB2, which were decreased in sEHI-
treated females, are downstream of COX-2. Furthermore, knockout of sEH has been shown
to increase the levels of 9-HETE, 11-HETE, and 15-HETE in plasma [86]. This supports our
results and provides evidence that our findings are unlikely to be due to off-target effects;
although, further research is needed. Therefore, the mechanism by which sEHI alters the
level of oxylipins that are not direct substrates or products of sEH remains an important
area for further study.

5. Conclusions

This study addressed a previously unexplored area of research—the response of the
brain oxylipin profile to sEHI and the sex specificity in this response. We demonstrate
that the oxylipin profile of the brain in males is impacted by sEHI to a greater extent
than that of females. The changes induced by sEHI shift the brain oxylipin profile of
males to be more similar to that of females and towards neuroprotection. Further, we
show that this shift is associated with an improvement in behavior and memory in males.
The dramatically different number of oxylipins impacted by sEHI between the sexes
highlights the importance of research in both sexes. Further research addressing sex as
a biologic variable may help to identify sex-specific treatment targets and strategies for
neurodegenerative diseases such as dementia.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu15051214/s1, Table S1: List of measured oxylipins and internal
standards with abbreviations. Table S2: Optimization parameters and parent and product ion
monitoring pairs. Table S3: Summary of the concentrations of each oxylipin analyzed in males and
females. Figure S1: Raw mass spectra for 15-HETE. Figure S2: Spearman correlation of open field
percent time in center with significant oxylipins in males. Figure S3: Spearman correlation of Y-maze
percent alternating triplets with significant oxylipins in males.

Author Contributions: Conceptualization, J.C.R. and A.C.V.; Methodology, S.N. and A.C.V.; Valida-
tion, J.E.N. and S.N.; Formal Analysis, J.E.N.; Investigation, S.N.; Resources, J.C.R. and A.C.V.; Data
Curation, J.E.N. and S.N.; Writing—Original Draft Preparation, J.E.N.; Writing—Review and Editing,

https://www.mdpi.com/article/10.3390/nu15051214/s1
https://www.mdpi.com/article/10.3390/nu15051214/s1


Nutrients 2023, 15, 1214 14 of 17

J.E.N., S.N., D.M. and A.C.V.; Visualization, J.E.N.; Supervision, D.M., J.C.R. and A.C.V.; Project
Administration, S.N.; Funding Acquisition, J.C.R. and A.C.V. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by an award from the Nora Eccles Treadwell Foundation, grant
number A20-0111, the Richard A. and Nora Eccles Harrison Endowed Chair in Diabetes Research
(J.C.R.), and the Frances Lazda Endowed Chair in Women’s Cardiovascular Medicine (A.C.V.).

Institutional Review Board Statement: The animal study protocol was approved by the University
of California, Davis, Institutional Animal Care and Use Committee (IACUC) (protocol number 20943,
approved on 18 April 2019).

Data Availability Statement: The data presented in this study are available in Table S3.

Acknowledgments: We thank Jennifer Rutkowsky, Nikita Patel, Anthony Pam, Taarini Hariharan,
Nejma Wais, Ryan Vinh, Corey Buckley, Carmina Alves, and Ritz Tolentino for technical assistance
in this project. We are grateful for the technical support and services provided to our research by the
University of California Davis Mouse Metabolic Phenotyping Center Administrative; Animal Care,
Surgery, and Pathology; Endocrinology and Metabolism; and Energy Balance, Exercise, and Behavior
Cores (funded by U24DK092993). Additionally, we thank the laboratory of Ameer Taha at UC Davis for
performance of the brain oxylipin and fatty acid extractions and measurements on a recharge basis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gabbs, M.; Leng, S.; Devassy, J.G.; Monirujjaman, M.; Aukema, H.M. Advances in Our Understanding of Oxylipins Derived from

Dietary PUFAs. Adv. Nutr. 2015, 6, 513–540. [CrossRef] [PubMed]
2. Pauls, S.D.; Du, Y.; Clair, L.; Winter, T.; Aukema, H.M.; Taylor, C.G.; Zahradka, P. Impact of Age, Menopause, and Obesity on

Oxylipins Linked to Vascular Health. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 883–897. [CrossRef] [PubMed]
3. Nayeem, M.A. Role of Oxylipins in Cardiovascular Diseases. Acta Pharmacol. Sin. 2018, 39, 1142–1154. [CrossRef] [PubMed]
4. Caligiuri, S.P.B.; Aukema, H.M.; Ravandi, A.; Lavallée, R.; Guzman, R.; Pierce, G.N. Specific Plasma Oxylipins Increase the Odds

of Cardiovascular and Cerebrovascular Events in Patients with Peripheral Artery Disease. Can. J. Physiol. Pharmacol. 2017, 95,
961–968. [CrossRef]

5. Caligiuri, S.P.B.; Parikh, M.; Stamenkovic, A.; Pierce, G.N.; Aukema, H.M. Dietary Modulation of Oxylipins in Cardiovascular
Disease and Aging. Am. J. Physiol. Heart Circ. Physiol. 2017, 313, H903–H918. [CrossRef]

6. Tourdot, B.; Ahmed, I.; Holinstat, M. The Emerging Role of Oxylipins in Thrombosis and Diabetes. Front. Pharmacol. 2014, 4, 176. [CrossRef]
7. Gleim, S.; Stitham, J.; Tang, W.H.; Martin, K.A.; Hwa, J. An Eicosanoid-Centric View of Atherothrombotic Risk Factors. Cell. Mol.

Life Sci. 2012, 69, 3361–3380. [CrossRef]
8. Shinto, L.H.; Raber, J.; Mishra, A.; Roese, N.; Silbert, L.C. A Review of Oxylipins in Alzheimer’s Disease and Related Dementias

(ADRD): Potential Therapeutic Targets for the Modulation of Vascular Tone and Inflammation. Metabolites 2022, 12, 826. [CrossRef]
9. Borkowski, K.; Pedersen, T.L.; Seyfried, N.T.; Lah, J.J.; Levey, A.I.; Hales, C.M.; Dammer, E.B.; Blach, C.; Louie, G.; Kaddurah-

Daouk, R.; et al. Association of Plasma and CSF Cytochrome P450, Soluble Epoxide Hydrolase, and Ethanolamide Metabolism
with Alzheimer’s Disease. Alzheimers Res. Ther. 2021, 13, 149. [CrossRef]

10. Shinto, L.; Lahna, D.; Murchison, C.F.; Dodge, H.; Hagen, K.; David, J.; Kaye, J.; Quinn, J.F.; Wall, R.; Silbert, L.C. Oxidized
Products of Omega-6 and Omega-3 Long Chain Fatty Acids Are Associated with Increased White Matter Hyperintensity and
Poorer Executive Function Performance in a Cohort of Cognitively Normal Hypertensive Older Adults. J. Alzheimers Dis. 2020,
74, 65–77. [CrossRef]

11. Devassy, J.G.; Leng, S.; Gabbs, M.; Monirujjaman, M.; Aukema, H.M. Omega-3 Polyunsaturated Fatty Acids and Oxylipins in
Neuroinflammation and Management of Alzheimer Disease. Adv. Nutr. 2016, 7, 905–916. [CrossRef] [PubMed]

12. Tassoni, D.; Kaur, G.; Weisinger, R.S.; Sinclair, A.J. The Role of Eicosanoids in the Brain. Asia Pac. J. Clin. Nutr. 2008, 17 (Suppl. 1),
220–228.

13. Wagner, K.M.; McReynolds, C.B.; Schmidt, W.K.; Hammock, B.D. Soluble Epoxide Hydrolase as a Therapeutic Target for Pain,
Inflammatory and Neurodegenerative Diseases. Pharmacol. Ther. 2017, 180, 62–76. [CrossRef] [PubMed]

14. Enayetallah, A.E.; French, R.A.; Thibodeau, M.S.; Grant, D.F. Distribution of Soluble Epoxide Hydrolase and of Cytochrome P450
2C8, 2C9, and 2J2 in Human Tissues. J. Histochem. Cytochem. Off. J. Histochem. Soc. 2004, 52, 447–454. [CrossRef]

15. Sura, P.; Sura, R.; Enayetallah, A.E.; Grant, D.F. Distribution and Expression of Soluble Epoxide Hydrolase in Human Brain.
J. Histochem. Cytochem. Off. J. Histochem. Soc. 2008, 56, 551–559. [CrossRef] [PubMed]

16. Verma, K.; Jain, S.; Paliwal, S.; Paliwal, S.; Sharma, S. A Clinical Perspective of Soluble Epoxide Hydrolase Inhibitors in Metabolic
and Related Cardiovascular Diseases. Curr. Mol. Pharmacol. 2022, 15, 763–778. [CrossRef]

17. Imig, J.D.; Cervenka, L.; Neckar, J. Epoxylipids and Soluble Epoxide Hydrolase in Heart Diseases. Biochem. Pharmacol. 2022, 195, 114866.
[CrossRef] [PubMed]

http://doi.org/10.3945/an.114.007732
http://www.ncbi.nlm.nih.gov/pubmed/26374175
http://doi.org/10.1161/ATVBAHA.120.315133
http://www.ncbi.nlm.nih.gov/pubmed/33380172
http://doi.org/10.1038/aps.2018.24
http://www.ncbi.nlm.nih.gov/pubmed/29877318
http://doi.org/10.1139/cjpp-2016-0615
http://doi.org/10.1152/ajpheart.00201.2017
http://doi.org/10.3389/fphar.2013.00176
http://doi.org/10.1007/s00018-012-0982-9
http://doi.org/10.3390/metabo12090826
http://doi.org/10.1186/s13195-021-00893-6
http://doi.org/10.3233/JAD-191197
http://doi.org/10.3945/an.116.012187
http://www.ncbi.nlm.nih.gov/pubmed/27633106
http://doi.org/10.1016/j.pharmthera.2017.06.006
http://www.ncbi.nlm.nih.gov/pubmed/28642117
http://doi.org/10.1177/002215540405200403
http://doi.org/10.1369/jhc.2008.950659
http://www.ncbi.nlm.nih.gov/pubmed/18319271
http://doi.org/10.2174/1874467214666210920104352
http://doi.org/10.1016/j.bcp.2021.114866
http://www.ncbi.nlm.nih.gov/pubmed/34863976


Nutrients 2023, 15, 1214 15 of 17

18. Wagner, K.M.; Yang, J.; Morisseau, C.; Hammock, B.D. Soluble Epoxide Hydrolase Deletion Limits High-Fat Diet-Induced
Inflammation. Front. Pharmacol. 2021, 12, 778470. [CrossRef]

19. Imig, J.D. Epigenetic Soluble Epoxide Hydrolase Regulation Causes Endothelial Dysfunction. Acta Physiol. Oxf. Engl. 2019,
225, e13203. [CrossRef]

20. He, J.; Wang, C.; Zhu, Y.; Ai, D. Soluble Epoxide Hydrolase: A Potential Target for Metabolic Diseases. J. Diabetes 2016, 8, 305–313. [CrossRef]
21. Shan, J.; Hashimoto, K. Soluble Epoxide Hydrolase as a Therapeutic Target for Neuropsychiatric Disorders. Int. J. Mol. Sci. 2022,

23, 4951. [CrossRef]
22. Ren, Q. Soluble Epoxide Hydrolase Inhibitor: A Novel Potential Therapeutic or Prophylactic Drug for Psychiatric Disorders.

Front. Pharmacol. 2019, 10, 420. [CrossRef] [PubMed]
23. Hashimoto, K. Role of Soluble Epoxide Hydrolase in Metabolism of PUFAs in Psychiatric and Neurological Disorders. Front.

Pharmacol. 2019, 10, 36. [CrossRef] [PubMed]
24. Borsini, A. The Role of Soluble Epoxide Hydrolase and Its Inhibitors in Depression. Brain Behav. Immun.—Health 2021, 16, 100325.

[CrossRef] [PubMed]
25. Pu, Y.; Yang, J.; Chang, L.; Qu, Y.; Wang, S.; Zhang, K.; Xiong, Z.; Zhang, J.; Tan, Y.; Wang, X.; et al. Maternal Glyphosate Exposure

Causes Autism-like Behaviors in Offspring through Increased Expression of Soluble Epoxide Hydrolase. Proc. Natl. Acad. Sci.
USA 2020, 117, 11753–11759. [CrossRef]

26. Shen, Y.; Peng, W.; Chen, Q.; Hammock, B.D.; Liu, J.; Li, D.; Yang, J.; Ding, J.; Wang, X. Anti-Inflammatory Treatment with a
Soluble Epoxide Hydrolase Inhibitor Attenuates Seizures and Epilepsy-Associated Depression in the LiCl-Pilocarpine Post-Status
Epilepticus Rat Model. Brain. Behav. Immun. 2019, 81, 535–544. [CrossRef] [PubMed]

27. Swardfager, W.; Hennebelle, M.; Yu, D.; Hammock, B.D.; Levitt, A.J.; Hashimoto, K.; Taha, A.Y. Metabolic/Inflammatory/Vascular
Comorbidity in Psychiatric Disorders; Soluble Epoxide Hydrolase (SEH) as a Possible New Target. Neurosci. Biobehav. Rev. 2018,
87, 56–66. [CrossRef] [PubMed]

28. Yu, D.; Liang, N.; Zebarth, J.; Shen, Q.; Ozzoude, M.; Goubran, M.; Rabin, J.S.; Ramirez, J.; Scott, C.J.M.; Gao, F.; et al. Soluble
Epoxide Hydrolase Derived Linoleic Acid Oxylipins, Small Vessel Disease Markers, and Neurodegeneration in Stroke. J. Am.
Heart Assoc. 2023, 12, e026901. [CrossRef]

29. Hasumi, K.; Suzuki, E. Impact of SMTP Targeting Plasminogen and Soluble Epoxide Hydrolase on Thrombolysis, Inflammation,
and Ischemic Stroke. Int. J. Mol. Sci. 2021, 22, 954. [CrossRef]

30. Yeh, C.-F.; Chuang, T.-Y.; Hung, Y.-W.; Lan, M.-Y.; Tsai, C.-H.; Huang, H.-X.; Lin, Y.-Y. Soluble Epoxide Hydrolase Inhibition
Enhances Anti-Inflammatory and Antioxidative Processes, Modulates Microglia Polarization, and Promotes Recovery after
Ischemic Stroke. Neuropsychiatr. Dis. Treat. 2019, 15, 2927–2941. [CrossRef]

31. Yeh, C.-F.; Chuang, T.-Y.; Hung, Y.-W.; Lan, M.-Y.; Tsai, C.-H.; Huang, H.-X.; Lin, Y.-Y. Inhibition of Soluble Epoxide Hydro-
lase Regulates Monocyte/Macrophage Polarization and Improves Neurological Outcome in a Rat Model of Ischemic Stroke.
Neuroreport 2019, 30, 567–572. [CrossRef]

32. Wu, C.-H.; Shyue, S.-K.; Hung, T.-H.; Wen, S.; Lin, C.-C.; Chang, C.-F.; Chen, S.-F. Genetic Deletion or Pharmacological Inhibition
of Soluble Epoxide Hydrolase Reduces Brain Damage and Attenuates Neuroinflammation after Intracerebral Hemorrhage.
J. NeuroInflamm. 2017, 14, 230. [CrossRef]

33. Lee, J.; Dahl, M.; Grande, P.; Tybjaerg-Hansen, A.; Nordestgaard, B.G. Genetically Reduced Soluble Epoxide Hydrolase Activity
and Risk of Stroke and Other Cardiovascular Disease. Stroke 2010, 41, 27–33. [CrossRef]

34. Pallàs, M.; Vázquez, S.; Sanfeliu, C.; Galdeano, C.; Griñán-Ferré, C. Soluble Epoxide Hydrolase Inhibition to Face Neuroinflam-
mation in Parkinson’s Disease: A New Therapeutic Strategy. Biomolecules 2020, 10, 703. [CrossRef]

35. Jarne-Ferrer, J.; Griñán-Ferré, C.; Bellver-Sanchis, A.; Vázquez, S.; Muñoz-Torrero, D.; Pallàs, M. A Combined Chronic Low-Dose
Soluble Epoxide Hydrolase and Acetylcholinesterase Pharmacological Inhibition Promotes Memory Reinstatement in Alzheimer’s
Disease Mice Models. Pharmaceuticals 2022, 15, 908. [CrossRef] [PubMed]

36. Griñán-Ferré, C.; Codony, S.; Pujol, E.; Yang, J.; Leiva, R.; Escolano, C.; Puigoriol-Illamola, D.; Companys-Alemany, J.; Corpas, R.;
Sanfeliu, C.; et al. Pharmacological Inhibition of Soluble Epoxide Hydrolase as a New Therapy for Alzheimer’s Disease. Neurother.
J. Am. Soc. Exp. Neurother. 2020, 17, 1825–1835. [CrossRef]

37. Ghosh, A.; Comerota, M.M.; Wan, D.; Chen, F.; Propson, N.E.; Hwang, S.H.; Hammock, B.D.; Zheng, H. An Epoxide Hydrolase
Inhibitor Reduces Neuroinflammation in a Mouse Model of Alzheimer’s Disease. Sci. Transl. Med. 2020, 12, eabb1206. [CrossRef]

38. Nelson, J.W.; Young, J.M.; Borkar, R.N.; Woltjer, R.L.; Quinn, J.F.; Silbert, L.C.; Grafe, M.R.; Alkayed, N.J. Role of Soluble Epoxide
Hydrolase in Age-Related Vascular Cognitive Decline. Prostaglandins Other Lipid Mediat. 2014, 113–115, 30–37. [CrossRef] [PubMed]

39. Lee, H.-T.; Lee, K.-I.; Chen, C.-H.; Lee, T.-S. Genetic Deletion of Soluble Epoxide Hydrolase Delays the Progression of Alzheimer’s
Disease. J. Neuroinflamm. 2019, 16, 267. [CrossRef] [PubMed]

40. Yu, D.; Hennebelle, M.; Sahlas, D.J.; Ramirez, J.; Gao, F.; Masellis, M.; Cogo-Moreira, H.; Swartz, R.H.; Herrmann, N.; Chan, P.C.;
et al. Soluble Epoxide Hydrolase-Derived Linoleic Acid Oxylipins in Serum Are Associated with Periventricular White Matter
Hyperintensities and Vascular Cognitive Impairment. Transl. Stroke Res. 2019, 10, 522–533. [CrossRef]

41. Kuo, Y.-M.; Lee, Y.-H. Epoxyeicosatrienoic Acids and Soluble Epoxide Hydrolase in Physiology and Diseases of the Central
Nervous System. Chin. J. Physiol. 2022, 65, 1–11. [CrossRef]

http://doi.org/10.3389/fphar.2021.778470
http://doi.org/10.1111/apha.13203
http://doi.org/10.1111/1753-0407.12358
http://doi.org/10.3390/ijms23094951
http://doi.org/10.3389/fphar.2019.00420
http://www.ncbi.nlm.nih.gov/pubmed/31105566
http://doi.org/10.3389/fphar.2019.00036
http://www.ncbi.nlm.nih.gov/pubmed/30761004
http://doi.org/10.1016/j.bbih.2021.100325
http://www.ncbi.nlm.nih.gov/pubmed/34514442
http://doi.org/10.1073/pnas.1922287117
http://doi.org/10.1016/j.bbi.2019.07.014
http://www.ncbi.nlm.nih.gov/pubmed/31306773
http://doi.org/10.1016/j.neubiorev.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29407524
http://doi.org/10.1161/JAHA.122.026901
http://doi.org/10.3390/ijms22020954
http://doi.org/10.2147/NDT.S210403
http://doi.org/10.1097/WNR.0000000000001248
http://doi.org/10.1186/s12974-017-1005-4
http://doi.org/10.1161/STROKEAHA.109.567768
http://doi.org/10.3390/biom10050703
http://doi.org/10.3390/ph15080908
http://www.ncbi.nlm.nih.gov/pubmed/35893732
http://doi.org/10.1007/s13311-020-00854-1
http://doi.org/10.1126/scitranslmed.abb1206
http://doi.org/10.1016/j.prostaglandins.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25277097
http://doi.org/10.1186/s12974-019-1635-9
http://www.ncbi.nlm.nih.gov/pubmed/31847859
http://doi.org/10.1007/s12975-018-0672-5
http://doi.org/10.4103/cjp.cjp_80_21


Nutrients 2023, 15, 1214 16 of 17

42. Tian, Y.; Yuan, X.; Wang, Y.; Wu, Q.; Fang, Y.; Zhu, Z.; Song, G.; Xu, L.; Wang, W.; Xie, M. Soluble Epoxide Hydrolase Inhibitor
Attenuates BBB Disruption and Neuroinflammation after Intracerebral Hemorrhage in Mice. Neurochem. Int. 2021, 150, 105197.
[CrossRef] [PubMed]

43. Wu, J.; Zhao, Y.; Fan, Z.; Chen, Q.; Chen, J.; Sun, Y.; Jiang, X.; Xiao, Q. Soluble Epoxide Hydrolase Inhibitor Protects against
Blood-Brain Barrier Dysfunction in a Mouse Model of Type 2 Diabetes via the AMPK/HO-1 Pathway. Biochem. Biophys. Res.
Commun. 2020, 524, 354–359. [CrossRef] [PubMed]

44. Kuo, Y.-M.; Hsu, P.-C.; Hung, C.-C.; Hu, Y.-Y.; Huang, Y.-J.; Gan, Y.-L.; Lin, C.-H.; Shie, F.-S.; Chang, W.-K.; Kao, L.-S.; et al. Soluble
Epoxide Hydrolase Inhibition Attenuates Excitotoxicity Involving 14,15-Epoxyeicosatrienoic Acid-Mediated Astrocytic Survival
and Plasticity to Preserve Glutamate Homeostasis. Mol. Neurobiol. 2019, 56, 8451–8474. [CrossRef] [PubMed]

45. Hung, T.-H.; Shyue, S.-K.; Wu, C.-H.; Chen, C.-C.; Lin, C.-C.; Chang, C.-F.; Chen, S.-F. Deletion or Inhibition of Soluble Epoxide
Hydrolase Protects against Brain Damage and Reduces Microglia-Mediated Neuroinflammation in Traumatic Brain Injury.
Oncotarget 2017, 8, 103236–103260. [CrossRef]

46. Wu, H.-F.; Yen, H.-J.; Huang, C.-C.; Lee, Y.-C.; Wu, S.-Z.; Lee, T.-S.; Lin, H.-C. Soluble Epoxide Hydrolase Inhibitor Enhances
Synaptic Neurotransmission and Plasticity in Mouse Prefrontal Cortex. J. Biomed. Sci. 2015, 22, 94. [CrossRef]

47. Zhang, W.; Davis, C.M.; Edin, M.L.; Lee, C.R.; Zeldin, D.C.; Alkayed, N.J. Role of Endothelial Soluble Epoxide Hydrolase in
Cerebrovascular Function and Ischemic Injury. PloS ONE 2013, 8, e61244. [CrossRef]

48. Pinot, F.; Grant, D.F.; Spearow, J.L.; Parker, A.G.; Hammock, B.D. Differential Regulation of Soluble Epoxide Hydrolase by
Clofibrate and Sexual Hormones in the Liver and Kidneys of Mice. Biochem. Pharmacol. 1995, 50, 501–508. [CrossRef]

49. Davis, C.M.; Fairbanks, S.L.; Alkayed, N.J. Mechanism of the Sex Difference in Endothelial Dysfunction after Stroke. Transl. Stroke
Res. 2013, 4, 381–389. [CrossRef]

50. Zhang, W.; Iliff, J.J.; Campbell, C.J.; Wang, R.K.; Hurn, P.D.; Alkayed, N.J. Role of Soluble Epoxide Hydrolase in the Sex-Specific Vascular
Response to Cerebral Ischemia. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 2009, 29, 1475–1481. [CrossRef]

51. Gupta, N.C.; Davis, C.M.; Nelson, J.W.; Young, J.M.; Alkayed, N.J. Soluble Epoxide Hydrolase: Sex Differences and Role in
Endothelial Cell Survival. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 1936–1942. [CrossRef] [PubMed]

52. Fairbanks, S.L.; Young, J.M.; Nelson, J.W.; Davis, C.M.; Koerner, I.P.; Alkayed, N.J. Mechanism of the Sex Difference in Neuronal
Ischemic Cell Death. Neuroscience 2012, 219, 183–191. [CrossRef] [PubMed]

53. Koerner, I.P.; Zhang, W.; Cheng, J.; Parker, S.; Hurn, P.D.; Alkayed, N.J. Soluble Epoxide Hydrolase: Regulation by Estrogen and
Role in the Inflammatory Response to Cerebral Ischemia. Front. Biosci. J. Virtual Libr. 2008, 13, 2833–2841. [CrossRef] [PubMed]

54. Nuthikattu, S.; Milenkovic, D.; Norman, J.E.; Rutledge, J.; Villablanca, A. The Brain’s Microvascular Response to High Glycemia
and to the Inhibition of Soluble Epoxide Hydrolase Is Sexually Dimorphic. Nutrients 2022, 14, 3451. [CrossRef]

55. The ARRIVE Guidelines 2.0. Available online: https://arriveguidelines.org/arrive-guidelines (accessed on 29 August 2022).
56. Nuthikattu, S.; Milenkovic, D.; Norman, J.E.; Rutledge, J.; Villablanca, A. Inhibition of Soluble Epoxide Hydrolase Is Protective

against the Multiomic Effects of a High Glycemic Diet on Brain Microvascular Inflammation and Cognitive Dysfunction. Nutrients
2021, 13, 3913. [CrossRef]

57. Nuthikattu, S.; Milenkovic, D.; Norman, J.E.; Rutledge, J.; Villablanca, A. High Glycemia and Soluble Epoxide Hydrolase in
Females: Differential Multiomics in Murine Brain Microvasculature. Int. J. Mol. Sci. 2022, 23, 13044. [CrossRef] [PubMed]

58. Poli, G.; Corda, E.; Martino, P.A.; Dall’ara, P.; Bareggi, S.R.; Bondiolotti, G.; Iulini, B.; Mazza, M.; Casalone, C.; Hwang, S.H.; et al.
Therapeutic Activity of Inhibition of the Soluble Epoxide Hydrolase in a Mouse Model of Scrapie. Life Sci. 2013, 92, 1145–1150. [CrossRef]

59. Roche, C.; Besnier, M.; Cassel, R.; Harouki, N.; Coquerel, D.; Guerrot, D.; Nicol, L.; Loizon, E.; Remy-Jouet, I.; Morisseau, C.;
et al. Soluble Epoxide Hydrolase Inhibition Improves Coronary Endothelial Function and Prevents the Development of Cardiac
Alterations in Obese Insulin-Resistant Mice. Am. J. Physiol. Heart Circ. Physiol. 2015, 308, H1020–H1029. [CrossRef]

60. Gui, Y.-J.; Yang, T.; Liu, Q.; Liao, C.-X.; Chen, J.-Y.; Wang, Y.-T.; Hu, J.-H.; Xu, D.-Y. Soluble Epoxide Hydrolase Inhibitors, t-AUCB,
Regulated MicroRNA-1 and Its Target Genes in Myocardial Infarction Mice. Oncotarget 2017, 8, 94635–94649. [CrossRef]

61. Hermansky, S.J.; Neptun, D.A.; Loughran, K.A.; Leung, H.W. Effects of Polyethylene Glycol 400 (PEG 400) Following 13 Weeks of
Gavage Treatment in Fischer-344 Rats. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 1995, 33, 139–149. [CrossRef] [PubMed]

62. McLean, A.C.; Valenzuela, N.; Fai, S.; Bennett, S.A.L. Performing Vaginal Lavage, Crystal Violet Staining, and Vaginal Cytological
Evaluation for Mouse Estrous Cycle Staging Identification. J. Vis. Exp. JoVE 2012, 67, e4389. [CrossRef]

63. Kraeuter, A.-K.; Guest, P.C.; Sarnyai, Z. The Open Field Test for Measuring Locomotor Activity and Anxiety-Like Behavior.
Methods Mol. Biol. Clifton NJ 2019, 1916, 99–103. [CrossRef]

64. Hölter, S.M.; Garrett, L.; Einicke, J.; Sperling, B.; Dirscherl, P.; Zimprich, A.; Fuchs, H.; Gailus-Durner, V.; Hrabě de Angelis, M.;
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