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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disorder characterized by
dementia. Inhibition of soluble epoxide hydrolase (SEH) regulates inflammation involving in
central nervous system (CNS) diseases. However, the exactly mechanism of sEH in AD is still
unclear. In this study, we evaluated the vital role of SEH in amyloid beta (AB)-induced AD

mice, and revealed a possible molecular mechanism for inhibition of SEH in the treatment of
AD. The results showed that the SEH expression and activity were remarkably increased in the
hippocampus of AB-induced AD mice. Chemical inhibition of SEH by TPPU, a selective sEH
inhibitor, alleviated spatial learning and memory deficits, and elevated levels of neurotransmitters
in Ap-induced AD mice. Furthermore, inhibition of SEH could ameliorate neuroinflammation,
neuronal death, and oxidative stress vi/a stabilizing the /n vivo level of epoxyeicosatrienoic acids
(EETS), especially 8,9-EET and 14,15-EET, further resulting in the anti-AD effect through the
regulation of GSK3p-mediated NF-xB, p53, and Nrf2 signaling pathways. These findings revealed
the underlying mechanism of sEH as a potential therapeutic target in treatment of AD.
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Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disorder characterized by
cognitive dysfunction, language impairment, and emotional changes as clinical symptoms
(Tarawneh and Holtzman, 2012). The number of AD patients is about 47 million worldwide
in 2016, which will exceed 131 million by 2050 (Eguchi et al., 2018; Prince et al., 2016).

So far, the clinicopathologic feature of AD is mainly focused on amyloid beta (AB) plaques
and neurofibrillary tangles (Yang et al., 2018). The AP plaques are the extracellular deposit
of AB produced by the cleavage of amyloid precursor protein (APP) (Tanzi et al., 1987),

and the neurofibrillary tangles consist of abnormal filaments of Tau hyperphosphorylation
by glycogen synthase kinase 3 beta (GSK3p) (Mandelkow and Mandelkow, 1998). Recent
evidence has indicated that Ap plaques and neurofibrillary tangles mainly result in synaptic
loss or dysfunction and neuronal death, allowing in the cognitive impairment of AD

(Carter and Lippa, 2001; Shankar and Walsh, 2009). Moreover, Ap activates microglia

and astrocyte to promote the production of pro-inflammatory cytokines, including necrosis
factor-alpha (TNF-a)) and interleukin-6 (IL-6), which induce neuronal damage (Rubio-Perez
and Morillas-Ruiz, 2012; Wang et al., 2015). In addition, Ap plays an important role in
oxidative stress and affect synaptic plasticity and cognitive dysfunction in AD (Butterfield et
al., 2001; Kadowaki et al., 2005). Hence, it is important to develop a new target to prevent
AD by multi-pathogenic process.

Soluble epoxide hydrolase (SEH) is an a/p hydrolase fold protein with a C-terminal
hydrolase and a A-terminal phosphatase function, which is mainly expressed in the cytosol
of tissues, including liver, kidney, lungs, intestine, heart, and brain (Newman et al., 2005).
SEH can hydrolyze epoxyeicosatrienoic acids (EETs) and other epoxy-fatty acids (EpFAS)
to produce their corresponding diols, such as dihydroxyeicosatrienoic acids (DHETS)
(Morisseau and Hammock, 2005), whereby decreasing and eliminating the beneficial effects
of EETs, such as anti-inflammatory and hypotensive effects (Falck et al., 2003; Imig et al.,
1996; Lee et al., 1999; Roman, 2002; Zeldin, 2001). Inhibition of SEH to stabilize the level
of EETs is able to suppress the transcription of nuclear factor kappa B (NF-xB) responsible
for cytokine-mediated inflammation and further inhibit NF-xB-mediated gene transcription,
exerting the anti-inflammatory effect (Campbell, 2000; Node et al., 1999). Recently, several
studies have revealed that sEH is related to hypertension, Parkinson’s disease (PD), non-
alcoholic fatty liver disease (NAFLD), and diabetes (Duflot et al., 2014; Imig, 2016; Kodani
and Morisseau, 2019; Lee et al., 2019). Inhibition of SEH or Ep/ix2 genetic deletion can
protect against MPTP-induced neurotoxicity in striatum (STR) and substantia nigra (SN)
and alleviate MPTP-mediated loss of TH positive cells in SN in PD (Huang et al., 2018; Qin
et al., 2015; Ren et al., 2018). In addition, some of evidence demonstrate that the expression
of sEH is higher in AD patients’ brains (Ghosh et al., 2020; Grinan-Ferre et al., 2020), and
Ephx2 abolishment also improves the symptom of APA/presenilin 1 (PSI) transgenic (Tg)
mice (Lee et al., 2019). However, it is a question worth thinking about whether inhibition

of sEH alleviates neuroinflammation, neuronal death, and oxidative stress in AD, and the
molecular mechanism for the treatment of AD via suppressing SEH. Therefore, we evaluated
the role of SEH in Ap-induced AD mice, and explored its underlying therapeutic mechanism
via chemical inhibition of SEH by TPPU, a selective sEH inhibitor.
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Materials and methods

Materials

TPPU was purchased from R&D Systems, Inc (Minneapolis, USA). The primary antibodies
COX-2, Grp78, IKKB, p-IKKB, p65, p-p65, caspase 9, cleaved-caspase 9, caspase 3,
cleaved-caspase 3, and p-GSK3p (Ser9) were purchased from Cell Signaling Technology
(CST, Danvers, MA, USA). The primary antibodies Tau, p-Tau (Thr205), p-Tau (Ser262), p-
Tau (Ser404), HO-1, GSK3p, and sEH were purchased from ABclonal (Wuhan, China). The
primary antibodies GAPDH, AB, Bax, IL-6, and GFAP were purchased from Proteintech
(Wuhan, China). The primary antibodies Bcl-2, Iba-1, Nrf2, and Keapl were purchased from
Abcam (Cambridge, United Kingdom). AB1_42 (AB) was purchased from Sigma Aldrich (St.
Louis, Missouri, USA).

2.2. Animals and experimental procedure

Male C57BL/6 mice (23-25 g, 8 weeks) were afforded from the Experimental Animal
Center of Dalian Medical University (Dalian, China). All animal experiments were in
accordance with the Institutional Animal Care and Use Committee of Dalian Medical
University. All the animals were kept under a light/dark cycle of 12 h per day at a controlled
temperature of 22-24 °C and 50-60% humidity with water and food ad /ibitum.

Firstly, the mice model of Ap-induced AD was applied to reveal the SEH expression level

in AD mice. Mice were randomly divided into two groups (6 mice/group): the sham

group (only administrated with vehicle) and Ap group. AP was prepared in saline at a
concentration of 400 pmol/2 uL, followed by aggregation via incubation at 37 °C for 7 days.
Mice were anesthetized and placed in a stereotaxic apparatus (ZSDichuang, Beijing, China),
and 2 pL of AP was injected for 2 min into the lateral ventricle coordinates from bregma:
anteroposterior (AP) = — 0.3 mm, mediolateral (ML) = - 1.0 mm, and dorsoventral (DV)

= 2.5 mm. The sham group was administrated with saline (i.p.) described as the treatment

group.

Secondly, the mice model of AB-induced AD was also used to investigate the effect of
chemical inhibition of sEH by a sEH inhibitor TPPU in the course of AD. Mice were
randomly divided into four groups (12 mice/group): the sham group (only administrated
with vehicle), TPPU (4 mg/kg) group, Ap group, and Ap + TPPU (4 mg/kg) group. The
mice model of Ap-induced AD was constructed as the abovementioned method of AB
infusion (i.c.v.). Mice in TPPU group or AR + TPPU group were administrated with TPPU
(4 ma/kg, dissolved in saline, i.p.) for 14 days after 2 days of i.c.v. infusion of saline or Ap.
The sham group was administrated with saline (i.p.) described as the treatment group.

2.3. Morris Water Maze Test

Morris Water Maze (MWM) test was used to evaluate the spatial learning and memory
ability of mice according to previously described (Hou et al., 2019). The behavioral
apparatus included a circular water pool (120 cm diameter, 40 cm height) filled with water
(23 £ 2 °C, 30 cm). The pool was divided into four quadrants, and a cylindrical platform was
located in the middle of a quadrant and placed about 1 cm below the surface of the water.

Food Chem Toxicol. Author manuscript; available in PMC 2022 October 01.
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Mice were placed in the pool facing the wall of four quadrants and given 90 s to find the
platform. If they could not find the platform in this period, they were gently guided to the
platform for 30 s before being removed from the platform. In the spatial navigation trial,
mice were tested in two times every day, lasted for 4 days, and the experimental data from
the 41" day was recorded. In the spatial probe trial, the platform was removed from the pool
at 51 day, the mice were gently released into four quadrants respectively, allowed to swim
freely in the pool for 60 s., and the experimental data from the 5™ day was recorded. The
data for escape latency, the time spent, time ratio, distances, and distance ratio in the target
quadrant, and the number of platform crossings were recorded by video-tracking software
(Huaibei Zhenghua Biological Instrument Equipment Co., Ltd., Suixi, China).

2.4. Determination of MDA, GSH, and T-SOD

The levels of MDA, glutathione (GSH), and total superoxide dismutase (T-SOD) in the
frontal cortex were determined by corresponding kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to their instructions.

2.5. Western Blot

2.6.

2.7.

The hippocampal samples of mice were washed twice with PBS, added an appropriate
amount of lysis RIPA buffer containing protease and phosphatase inhibitors, and then the
lysates were centrifuged at 12000 g at 4 °C for 10 min. The supernatants were collected for
western blot analysis after protein concentrations were determined by BCA Protein Assay
Kit (Beyotime Institute of Biotechnology, Hangzhou, China). The equal amount of protein
was separated by 10%-12% SDS-PAGE gel and transferred to polyvinylidenedifluoride
(PVDF) membranes. After blocking v/athe incubation of 5% skim milk for 1 h at 37

°C, membranes were incubated with specific primary antibodies overnight at 4 °C. The
membranes were conjugated with appropriate secondary antibodies at 37 °C for 2 h. The
protein bands were detected by enhanced chemiluminescence (ECL). Image J software
(Rawak Software Inc., Germany) was used to quantitate protein expression level.

Immunohistochemistry staining

Mouse brains were fixed with 4% paraformaldehyde, and 20% and 30% sucrose solution
for 24 h, successively. Hippocampus samples were cut into 10 um thick sections (Leica,
Germany) for the immunohistochemistry and immunofluorescence assay. The sections were
blocked with 10% goat serum at 37 °C for 1.5 h, and then were conjugated with primary
antibodies Iba-1 (1:100) and AB (1:500) at 4 °C overnight. After the sections was washed
with PBS for three times, they were incubated with a horseradish peroxidase-conjugated
secondary antibody at 37 °C for 30 min, and then stained with DAB kit (Beyotime,
Shanghai, China).

Immunofluorescence staining

The sections were blocked with 10% goat serum in 0.3% Triton-100/PBS at 37 °C for 1.5 h,
and then were incubated with the primary antibody GFAP (1:100) at 4 °C overnight. After
the sections was washed with PBS for three times, they were conjugated to the secondary
antibody ALEX Fluor 594 at 37 °C for 1.5 h. Added a small amount of DAPI (Beyotime,

Food Chem Toxicol. Author manuscript; available in PMC 2022 October 01.
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China) to cover the tissue sections and leaved them at room temperature for 3-5 min.
Absorbed DAPI staining solution and rinsed the slices with PBS for 5 min each time for
three times.

2.8. TUNEL staining

The terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL)
assay was performed by using an in situ cell death detection kit (Roche, Mannheim,
Germany) following the manufacturer’s instruction. Briefly, the brain sections were washed
with 0.85% NaCl and PBS, and then fixed in 4% formaldehyde for 15 min. After being
washed with PBS, the sections were treated with proteinase K solution for 15 min. After
another PBS wash, the sections were covered with the TUNEL reaction mixture and
incubated for 1 h. By terminating the reaction by three washes with PBS, the sections were
examined and photographed using a fluorescence microscope (Leica, Wetzlar, Germany).

2.9. LC-MS/MS analysis

The levels of dopamine (DA), dihydroxyphenylacetic acid (DOPAC), homovanillic

acid (HVA), 5-hydroxytryptamine (5-HT), 5-hydroxyindole acetic acid (5-HIAA),
norepinephrine (NE), 8,9-EET, 11,12-EET, 14,15-EET, 8,9-DHET, 11,12-DHET, and 14,15-
DHET in the hippocampus were determined by LC-MS/MS based on the previous methods
(Liu et al., 2019; Zhao et al., 2020). Hippocampus tissues were weighed, homogenized

in the ice-water bath, and then centrifuged at 20000 g for 20 min. The supernatant was
collected, and then analyzed using a multiple reaction monitoring (MRM) method and an
AB Sciex Qtrap® 5500 LC-MS/MS system (Foster City, CA, USA). The levels of DA,
DOPAC, HVA, 5-HT, 5-HIAA, NE, 8,9-EET, 11,12-EET, 14,15-EET, 8,9-DHET, 11,12-
DHET, and 14,15-DHET were calculated based on themselves standard curves.

2.10. Statistical analysis

All data were analyzed using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA,
USA). The Data were presented as means + SEM. The statistical analyses were performed
by two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc testing. Difference
was considered significant at p < 0.05.

3. Results

3.1 The skEH expression level and activity were increased in the AD mice

Recently, some of studies demonstrated that the SEH expression level was higher than

that of healthy individuals both in the brain of AD patients and in the hippocampus of
SAMP8 and 5xFAD mice (Ghosh et al., 2020; Grinan-Ferre et al., 2020). However, the
SEH activity has not been reported in AD mice and patients, therefore, we constructed an
AD mice model induced by AP to investigate the SEH expression level and activity. As
shown in Fig. 1A and B, the sEH expression level in the hippocampus of AD mice was
nearly twofold increase of normal mice. EETS, their corresponding diols DHETS, and their
ratio of DHETS/EETSs are important indexes to reflect the sEH activity, therefore, we used
LC-MS/MS to study the content of EETs and DHETS in hippocampus of AD mice. The
contents of 8,9-EET and 14,15-EET were significantly decreased in the hippocampus of

Food Chem Toxicol. Author manuscript; available in PMC 2022 October 01.
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AD mice except 11,12-EET, and those of 8,9-DHET, 11,12-DHET, and 14,15-DHET in the
hippocampus of AD mice was significantly increased (Fig. 1C). The ratios of DHETSs and
their corresponding epoxides EETS, including 8,9-DHET/8,9-EET, 11,12-DHET/11,12-EET,
and 14,15-DHET/14,15-EET, were all increased in AD mice (Fig. 1D-F). This finding
suggested that sEH played a role in the AD pathology.

Inhibition of sEH by TPPU alleviated spatial learning and memory deficits in AB-

induced AD mice

3.2.
mice

3.3.

To explore the effect of SEH against AD, TPPU, a selective sEH inhibitor, was used to
investigate the influence of spatial learning and memory deficits in Ap-induced AD mice.
Compared with the sham group, AD mice took longer to reach the platform (Fig. 2B and

H), while inhibition of SEH by TPPU significantly reduced the escape time of AD mice (Fig.
2B and H). After the 90 s training session with a platform, the platform was removed to
evaluate the time, time ratio, distance, distance ratio, and number of platform crossings in
target quadrant of AD mice during 60 s exploring session, the swimming trajectory mice was
recorded and depicted in Fig. 2I. As shown in Fig. 2C-G and I, AD mice spent less time

in the target quadrant compared with that of the sham group, while the result was reversed
after specific inhibition of SEH by TPPU. The similar results, including time ratio, distances,
distance ratio, and number of platform crossings in the target quadrant, were observed (Fig.
2D-G) These findings all suggested that inhibition of SEH by TPPU could alleviate spatial
learning and memory deficits in Ap-induced AD mice.

Inhibition of sEH by TPPU alleviated loss of neurotransmitters in Ap-induced AD

The levels of three neurotransmitters with their metabolites, such as DA and its metabolites
DOPAC and HVA, 5-HT and its metabolite 5-HIAA, and NE, were determined by LC-
MS/MS analysis (Fig. 3). AB treatment led to the decrease of levels of DA (p = 0.0058),
DOPAC (p=0.0266), HVA (p=0.0001), 5-HT (p = 0.0316), 5-HIAA (p=0.0015), and NE
(p=0.0112) compared with the sham group, while TPPU treatment supressed the decrease
of the Ap-induced abovementioned neurotransmitters, except for 5-HT and NE. This result
revealed that inhibition of SEH by TPPU could ameliorate loss of neurotransmitters.

Inhibition of sEH by TPPU alleviated neuroinflammation in AB-induced AD mice

Neuroinflammation results in the production of cytotoxic substances to aggravate A
aggregation and Tau pathology, allowing in the development of AD (Ahmad et al., 2019;
Liu et al., 2014), therefore, we investigated the inhibition effect of SEH on microglia,
astrocyte, and inflammatory NF-xB signaling pathway. Firstly, we used Iba-1 and GFAP,
the markers of microglia and astrocyte, respectively, to inspect the effect of TPPU on the
activation of microglia and astrocyte (Fig. 4A-E). As shown in Fig. 4A-E, AP treatment
promoted the activation of microglia stained by Iba-1 and astrocyte stained by GFAP

in the dorsal, CA1, CA3, and DG of the hippocampus compared with the sham group,
whereas inhibition of SEH by TPPU significantly suppressed the activation of these two
kinds of cells. Meanwhile, expression levels of I1ba-1 and GFAP were both up-regulated in
the hippocampus of Ap-induced AD mice (Fig. 4F and G), and this result was reversed
by inhibition of sEH with TPPU. Furthermore, AP treatment increased expression levels

Food Chem Toxicol. Author manuscript; available in PMC 2022 October 01.
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of proteins involved in NF-xB signaling pathway, including COX-2, IL-6, p-p65/p65, and
p-IKKB/IKKB, in the hippocampus. To the contrary, administration of TPPU significantly
down-regulated expression levels of the aforementioned proteins. This result fully revealed
that inhibition of SEH could effectively alleviate neuroinflammation in Ap-induced AD
mice.

3.4. Inhibition of SEH by TPPU alleviated neuronal death via inhibition of apoptosis in
AB-induced AD mice

Neuronal apoptosis plays an essential pathogenic role for AB-mediated AD. In the present
study, cell apoptosis was determined by TUNEL staining. As depicted in Fig. 5A, compared
with the sham group, Ap-induced AD mice showed significant increasing in TUNEL-
positive staining cells, while few apoptotic cells were observed in the hippocampus of AB-
induced AD mice after administration of TPPU. Inhibition of sEH by TPPU might prevent
apoptosis of hippocampal neuron cells caused by Ap. Moreover, the results of western
blot also indicated that administration of TPPU significantly down-regulated expression
levels of Bax, cleaved-caspase 3/caspase 3, cleaved-caspase 9/caspase 9, and p53, while
up-regulated Bcl-2 expression level (Fig. 5B and C). These results revealed that inhibition
of sEH alleviated Ap-induced apoptosis of hippocampal neuron cells via suppressing p53
signaling pathway.

3.5. Inhibition of sEH by TPPU alleviated oxidative and endoplasmic reticulum stresses in
AB-induced AD mice

Oxidative and endoplasmic reticulum (ER) stresses can be caused by a variety of free
oxygen radicals and have been implicated in the pathogenesis of AD, thus, we evaluated

the effect of inhibition of SEH on Ap-induced oxidative and endoplasmic reticulum stress.
AP treatment decreased levels of GSH and T-SOD in mice, while increased MDA level
(Fig. 6A-C). However, the positive results were detected in Ap-induced AD mice after
administration of TPPU (Fig. 6A—C), which demonstrated that inhibition of SEH might
alleviate Ap-induced oxidative stress. Furthermore, the results of western blot suggested that
expression levels of Grp78 and Keapl were increased (Fig. 6D), while expression levels of
HO-1 and Nrf2 were decreased in Ap-induced AD mice (Fig. 6D). Administration of TPPU
resulted in the down-regulation of expression levels of Grp78 and Keapl and up-regulation
of expression levels of HO-1 and Nrf2, which indicated the protective effect on oxidative
and ER stresses by sEH inhibition in Ap-induced AD mice.

3.6. Inhibition of sSEH by TPPU alleviated AB aggregation and the hyperphosphorylation
of Tau in Ag-induced AD mice

In order to detect the effect of TPPU on AP aggregation and the hyperphosphorylation of
Tau, immunohistochemistry and western blot were also used in present study. As shown in
Fig. 7A, the formation of Ap plaques was significantly increased in AD mice compared with
the sham mice, whereas TPPU treatment could suppress the AR aggregation, which result
was further supported by western blot (Fig. 7B and C). In addition, administration of TPPU
significantly suppressed phosphorylation levels of Ap-induced Tau protein (Fig. 7B and C),
such as p-Tau (Thr205), p-Tau (Ser262), and p-Tau (Ser404). The aforementioned results

Food Chem Toxicol. Author manuscript; available in PMC 2022 October 01.
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demonstrated that inhibition of sEH alleviated AP aggregation and the hyperphosphorylation
of Tau in Ap-induced AD mice.

3.7. Inhibition of SEH by TPPU suppressed GSK3p signaling pathway via stabilizing the
level of EETs in AB-induced AD mice.

LC-MS/MS was applied for the determination of EETs and DHETS. TPPU treatment
significantly raised endogenous levels of 8.9-EET (8.56 + 1.10 pmol/g) and 14,15-EET (7.97
+ 0.72 pmol/g) in Ap-induced AD mice, and their corresponding diols 8.9-DHET and 11,12-
DHET significantly decreased to 1.44 + 0.29 and 4.26 + 0.19 pmol/g in Ap-induced AD
mice after administration of TPPU, respectively (Fig. 8A). The ratio of DHETSs and EETs
can reflect the sEH activity, therefore, we analyzed the ratio of EETs and its corresponding
metabolites. As shown in Fig. 8A, compared with the sham group, i.c.v. administration of
AB significantly increased the ratios of 8,9-DHET with 8,9-EET (p< 0.0001), 11,12-DHET
with 11,12-EET (p=0.0014), and 14,15-DHET with 14,15-EET (p < 0.0001), whereas
TPPU treatment significantly reversed the abovementioned results.

GSK3p is an important serine/threonine kinase involving AB-mediated neuron cell
apoptosis, Tau phosphorylation, chronic inflammation, and oxidative stress (Hernandez et
al., 2013; Kettunen et al., 2015), meanwhile EETSs can significantly regulate its activity
(Wang et al., 2018; Zhao et al., 2020), therefore, we also determined the inhibition effect

of sEH through GSK3p signaling pathway. As shown in Fig. 8B and C, the phosphorylated
level of GSK3p was significantly decreased (p = 0.0003) in Ap-induced AD mice, while
administration of TPPU significantly improved (p = 0.0088) its phosphorylated level. These
results verified that inhibition of SEH suppressed GSK3p signaling pathway v7a stabilizing
levels of EETs in Ap-induced AD mice.

4. Discussion

In this study, AB (i.c.v.) was used to construct a model of AD mice to investigate the effect
of inhibition of SEH with TPPU on AD mice. The sEH expression level and activity were
increased in AB-induced AD mice. /n vivo experimental results indicated that inhibition

of sEH by TPPU could alleviate spatial learning and memory deficits in Ap-induced

mice in the training and probe sessions (with a platform or without a platform) of the

MWM test. Furthermore, inhibition of SEH would increase levels of neurotransmitters in the
hippocampus of Ap-induced AD mice, including DA, DOPAC, HVA, 5-HT, 5-HIAA, and
NE. It could also attenuate the AB-mediated neuroinflammation and neuronal apoptosis via
suppressing the activation of microglia and astrocyte involved in NF-xB and p53 signaling
pathways, respectively. In addition, chemical inhibition of SEH supressed oxidative and

ER stresses through the Keap1-Nrf2 cascade, and prevented the formation of AP plaque

and hyperphosphorylation of Tau protein. It was worth noting that endogenous levels of
EETSs were significantly increased in AB-induced AD mice after administration of TPPU,
especially 8,9-EET and 14,15-EET, allowing in the inactivation of GSK3. These findings
suggested that inhibition of SEH could stabilize levels of EETSs, resulting in the anti-AD
effect through the regulation of GSK3p-mediated NF-xB, p53, and Nrf2 signaling pathways,
which indicated that SEH might be a therapeutic target of AD.
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AD is a neurodegenerative disorder mainly characterized by A plaques and Tau
hyperphosphorylation further causing neuronal death, neuroinflammation, and oxidative
stress (Butterfield et al., 2001; Mandelkow and Mandelkow, 1998; Shankar and Walsh,
2009; Wang et al., 2015). sEH is a bifunctional enzyme with a A~terminal phosphatase
region and a C-terminal hydrolase domain (Newman et al., 2005). Because its C-terminal
hydrolase rapidly metabolizes or inactivates EETs to produce DHETS, sEH has become an
important topic to investigate the biological role of EpFAs, especially EETs (Morisseau and
Hammock, 2005). A study by Grifidan-Ferré et al. demonstrated that the sEH level was higher
than that of healthy individuals both in the brain of AD patients and in the hippocampus

of AD mice (Grinan-Ferre et al., 2020), and Ghosh et al., also found a nearly twofold
increase of sEH protein in postmortem AD brains compared to control brains (Ghosh et

al., 2020). The similar result was observed in the activated astrocytes of the hippocampus

of APAPSImice (Hung et al., 2019; Lee et al., 2019). Consistent with previous studies,

the overexpression of SEH was found in the hippocampus of AB-induced AD mice (Fig.

1A and B), which was further supported by the decrease of EETs and increase of DHETS

in the hippocampus of AD mice (Fig. 1C). Recently, Ren et al. reported that inhibition of
SsEH or Ephx2 genetic deletion was able to ameliorate the pathogenesis of PD and other
neurodegenerative diseases (Ren et al., 2018). Grifian-Ferré and co-workers found that two
SEH inhibitors AS-2586114 and UB-EV-52 could improve cognitive impairment in two
kinds of AD mice models: SAMP8 and 5xFAD (Grinan-Ferre et al., 2020), moreover,
Ephx2 genetic depletion improved nesting building ability, learning, and memory of AD-like
behaviors in the APPIPSI Tg mice as well (Lee et al., 2019). In our study, we found that
chemical inhibition of sEH by TPPU enhanced levels of neurotransmitters (Fig. 3), and
alleviated spatial learning and memory impairments and progression of AD pathology (Fig.
2). Therefore, it is worth to further study the underlying mechanism of sEH in AD. Some of
evidence has indicated that sEH is able to stabilize the level of EETs, and further suppresses
the GSK3p activity, allowing in the protective effect against pulmonary fibrosis and renal
injury (Deng et al., 2017; Zhao et al., 2020). In this study, the SEH activity was increased

in AD mice (Fig. 1), and chemical inhibition of SEH enhanced /in vivo levels of EETs

in AD mice (Fig. 8), leading to the inhibition of GSK3p, which firstly revealed the vital
relationship of sEH and GSK3p in AD.

GSK3p, a ubiquitously expressed and constitutively active serine-threonine kinase, involves
the regulation of many key cell biology pathways (Lauretti et al., 2020; Lee et al.,

2006; Ly et al., 2013), such as inflammation, neuronal death, oxidative stress, Af, and

Tau metabolism and toxicity. GSK3p is found hyperactive in the brain of AD patients

and compelling evidence supports its contribution to AD pathology (Leroy et al., 2007).

Its activation can facilitate the production of TNF-a and IL-1p and 6, and activate

classical inflammation pathway -- NF-xB pathway v7a regulating the phosphorylation of
p65 (Koistinaho et al., 2011). In this study, we found that inhibition of SEH by TPPU
displayed the anti-AD effect via suppressing GSK3p-mediated NF-xB activation and
neuroinflammatory gene expression (Iba-1, COX-2, GFAP, and IL-6) (Fig. 4). Besides,
GSK3p involves the neuronal apoptosis and oxidative stress in the pathology of AD. GSK3p
can direct bond to the activation domain-1 and basic domain of p53 (Watcharasit et al.,
2003), promote its phosphorylation, and activate its transcriptional activity (Turenne and
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Price, 2001). Furthermore, inhibition of GSK3p by LiCl, a GSK3p inhibitor, is able to
regulate the transcriptional action of p53 via sharply decreasing p53-dependent target genes
Mdm2, p21, and Bax mRNA levels (Watcharasit et al., 2003). Agreed with the previous
report, p53-dependent apoptosis was observed in our study, represented as up-regulation
expression levels of p53, Bax, and cleaved-caspases 3 and 9 after Ap treatment (Fig. 5).
However, inhibition of SEH by TPPU suppressed GSK3p-mediated p53 apoptotic signaling
pathway in AB-induced AD mice. Xiang et al. reported that LiCl increased SOD and

GSH levels, decreased the MDA level in AD mice, the mechanism of which suppressed
GSK3p activity and consequently enhanced Nrf2 and HO-1 expression levels (Xiang et

al., 2020). In line with the aforementioned, inhibition of SEH by TPPU decreased the
MDA levels, increased GSH and T-SOD activities and HO-1 expression v/a activating
GSK3p-Nrf2-Keapl cascade in AD mice. In conclusion, inhibition of SEH alleviated AD
involved in GSK3p signaling pathway via stabilizing /n vivo levels of EETS.

5. Conclusion

In summary, we revealed the close correlation of the sEH expression level and activity with
AD. We used the model of Ap-induced AD mice to investigate the vital role and molecular
mechanism of sEH in AD. Chemical inhibition of SEH by TPPU could significantly alleviate
spatial learning and memory deficits, and elevate /7 vivo levels of neurotransmitters DA,
DOPAC, HVA, 5-HT, 5-HIAA, and NE, in Ap-induced AD mice. Furthermore, its inhibition
could ameliorate neuroinflammation, neuronal apoptosis, and oxidative stress via stabilizing
levels of EETS, especially 8,9-EET and 14,15-EET, further resulting in the anti-AD effect
through the regulation of GSK3p-mediated NF-xB, p53, and Nrf2 signaling pathways.
These findings suggested that SEH could be regarded as a potential target for effective
treatment of AD.
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Fig. 1.

The sEH expression level and activity were increased in Ap-induced AD mice AD mice.
(A) The sEH expression levels in normal and AD mice. (B) Quantitative data of SEH. Data
represent mean = SEM, n = 6. (C) The content of 8,9-EET, 11,12-EET, 14,15-EET, and
their corresponding diols 8,9-DHET, 11,12-DHET, and 14,15-DHET in the hippocampus
of normal and AD mice. Data represent mean £ SEM, n = 6. (D-F) The ratio of 8,9-DHET/
8,9-EET (D), 11,12-DHET/11,12-EET (E), and 14,15-DHET/14,15-EET (F) in normal and
AD mice. Data represent mean £ SEM, n = 6.
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Fig. 2.

Inhibition of SEH by TPPU alleviated spatial learning and memory deficits in Ap-induced
AD mice assessed by the Morris water maze (MWM) test. (A) The flow chart of
experiments. (B) The escape latency of mice in 90 s training session with a platform. (C-G)
The effect of inhibition of SEH on times (C), time ratio (D), distances (E), distance ratio

(F), and number of platform crossings (G) in target quadrant during 60 s probe session
without a platform. (H) The representative swimming trajectory of mice during 90 s training
session with a platform. (1) The representative swimming trajectory of mice during 60 s
probe session without a platform. Data represent mean £ SEM, n = 12.
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Inhibition of SEH by TPPU alleviated loss of neurotransmitters in Ap-induced AD mice.
(A-F) The effect of TPPU treatment on neurotransmitters DA (A), DOPAC (B), HVA (C),
5-HT (D), 5-HIAA (E), and NE (F) in Ap-induced AD mice. Data represent mean + SEM, n
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Representative immunohistochemistry images for GFAP in the dorsal (A), CAl (B), CA3
(C), and DG (D) of the hippocampus. (E) Representative immunohistochemistry images for
IBA-1 in the dorsal, CA1, CA3, and DG of the hippocampus. (F) Inhibition of sEH by TPPU

suppressed NF-xB signaling pathway involved in COX-2, Iba-1, IL-6, GFAP, p-p65, p65,

p-1IKKB, and IKKB. (G) Quantitative data of COX-2, Iba-1, IL-6, GFAP, p-p65/p65, and

p-IKKB/IKKB. Data represent mean = SEM, n = 3.
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Fig. 5.

In?ﬂbition of sEH by TPPU alleviated apoptosis of neurocyte in AB-induced AD mice.

(A) Representative immunohistochemistry images for apoptosis of neurocyte in the
hippocampus assayed by TUNEL. (B) Inhibition of SEH by TPPU suppressed p53 signaling
pathway involved in Bcl-2, Bax, cleaved-caspase 3, caspase 3, cleaved-caspase 9, caspase 9,
and p53. (C) Quantitative data of Bax/Bcl-2, cleaved-caspase 3/caspase 3, cleaved-caspase
9/caspase 9, and p53. Data represent mean + SEM, n = 3.
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Fig. 6.
Inhibition of SEH by TPPU alleviated oxidative stress and endoplasmic reticulum stress

in Ap-induced AD mice. (A-C) TPPU treatment alleviated the increase of MDA (A) and
the decrease of GSH (B) and T-SOD (C) in AB-induced AD mice. Data represent mean +
SEM, n = 6. (D) Inhibition of SEH by TPPU suppressed Nrf2 signaling pathway involved in
Grp78, HO-1, Nrf2, and Keapl. (E-I) Quantitative data of Grp78 (E), HO-1 (F), Nrf2 (G),
Keapl (H), and Nrf2/Keapl (I). Data represent mean + SEM, n = 3.
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Fig. 7.

Inﬁibition of sEH by TPPU alleviated Ap aggregation and the hyperphosphorylation of
Tau in Ap-induced AD mice. (A) Representative immunohistochemistry images for Ap
aggregation in the the dorsal, CA1, CA3, and DG of the hippocampus. (B) TPPU treatment
down-regulated levels of Ap and p-Tau. (C) Quantitative data of Ap, p-Tau (Thr205)/Tau,
p-Tau (Ser262)/Tau, and p-Tau (Ser404)/Tau. Data represent mean £ SEM, n = 3.
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Fig. 8.

Inhibition of sEH by TPPU alleviated the increase of SEH expression level and suppressed
GSK3p signaling pathway via stabilizing the level of EETs in AB-induced AD mice. (A)
The effect of TPPU treatment on 8,9-EET, 11,12-EET, 14,15-EET, their corresponding diols
8,9-DHET, 11,12-DHET, and 14,15-DHET, 8,9-DHET/8,9-EET, 11,12-DHET/11,12-EET,
and 14,15-DHET/14,15-EET in Ap-induced AD mice. Data represent mean £ SEM, n =
6-7. (B) TPPU treatment suppressed the level of p-GSK3p in AB-induced AD mice. (C)
Quantitative data of p-GSK3p/GSK3p. Data represent mean £ SEM, n = 3.
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