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Parkinson'’s disease (PD) is characterized as a chronic and progres-
sive neurodegenerative disorder, and the deposition of specific
protein aggregates of a-synuclein, termed Lewy bodies, is evident
in multiple brain regions of PD patients. Although there are sev-
eral available medications to treat PD symptoms, these medica-
tions do not prevent the progression of the disease. Soluble
epoxide hydrolase (sEH) plays a key role in inflammation associ-
ated with the pathogenesis of PD. Here we found that MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-induced neurotoxic-
ity in the mouse striatum was attenuated by subsequent repeated
administration of TPPU, a potent sEH inhibitor. Furthermore, de-
letion of the sEH gene protected against MPTP-induced neurotox-
icity, while overexpression of sEH in the striatum significantly
enhanced MPTP-induced neurotoxicity. Moreover, the expression
of the sEH protein in the striatum from MPTP-treated mice or post-
mortem brain samples from patients with dementia of Lewy bod-
ies (DLB) was significantly higher compared with control groups.
Interestingly, there was a positive correlation between stH
expression and phosphorylation of a-synuclein in the striatum. Oxy-
lipin analysis showed decreased levels of 8,9-epoxy-52,11Z,142-
eicosatrienoic acid in the striatum of MPTP-treated mice, suggest-
ing increased activity of sEH in this region. Interestingly, the
expression of sEH mRNA in human PARK2 iPSC-derived neurons
was higher than that of healthy control. Treatment with TPPU
protected against apoptosis in human PARK2 iPSC-derived dopa-
minergic neurons. These findings suggest that increased activity of
sEH in the striatum plays a key role in the pathogenesis of neuro-
degenerative disorders such as PD and DLB. Therefore, sEH may
represent a promising therapeutic target for a-synuclein-related
neurodegenerative disorders.

epoxyeicosatrienoic acid | ER stress | iPSCs

arkinson’s disease (PD) is the second most common neuro-

degenerative disease after Alzheimer’s disease. Although the
precise pathogenesis of PD is unknown, the pathological hallmark
of PD involves the progressive loss of dopaminergic neurons in
the substantia nigra (SN) (1, 2). In addition, the deposition of
protein aggregates of a-synuclein, termed Lewy bodies, is evident
in multiple brain regions of patients from PD and dementia with
Lewy bodies (DLB) (3-7). Although there are many medications
available to treat symptoms in PD patients, these do not prevent
the progression of the disease, and, to date, no agent with a
disease-modifying or neuroprotective indication for PD has been
approved (8, 9). Therefore, the development of new drugs pos-
sessing disease-modifying and/or neuroprotective properties
is critical.

Accumulating evidence suggests that various inflammatory pro-
cesses play a central role in the pathogenesis of PD (10-13). Studies
using postmortem brain samples have demonstrated the involve-
ment of inflammation, mitochondrial dysfunction, and oxidative

www.pnas.org/cgi/doi/10.1073/pnas.1802179115

stress in affected brain regions in PD patients (14-18). Taken
together, it is likely that antiinflammatory drugs, as well as neu-
roprotective drugs, may mitigate several symptoms in PD patients.

Many epoxy fatty acids (EpFAs) are produced from the corre-
sponding olefin by cytochrome P450 enzymes. Epoxyeicosatrienoic
acids (EETs) and epoxydocosapentaenoic acids (EDPs) are pro-
duced from arachidonic acid and docosahexaenoic acid (DHA),
respectively. EETs, EDPs, and some other EpFAs have potent
antiinflammatory properties. However, these mediators are broken
down into their corresponding diols by soluble epoxide hydrolase
(sEH), and inhibition of SEH enhances the beneficial effects of
EETs (19-22). These potent antiinflammatory effects of EETs
have been reported in multiple animal models (19-21, 23, 24).
Recently, we reported that sEH plays a key role in the depressive
symptoms (25, 26) observed in PD patients (27-29) and DLB
patients (30). Thus, it seems that EETs may play a role in the
pathogenesis of PD (31).

Significance

Parkinson'’s disease (PD) is a chronic and progressive movement
disorder; however, the precise mechanisms of its etiology re-
main largely unknown. Soluble epoxide hydrolase (sEH) plays a
key role in the inflammation associated with PD pathogenesis.
The sEH inhibitor or deletion of the sEH gene protected against
MPTP-induced neurotoxicity in mouse brain. Furthermore, ex-
pression of the sEH protein (or mRNA) was higher in the
striatum of MPTP-treated mice, patients with dementia of
Lewy bodies (DLB), and neurons from iPSCs of a PD patient
with PARKIN mutations. Interestingly, treatment with sEH in-
hibitor protected against apoptosis in human PARK2 iPSC-derived
dopaminergic neurons. Our findings indicate that sEH inhibitors or
epoxy fatty acids mimics may be promising prophylactic or ther-
apeutic drugs for PD.
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The purpose of this study was to examine the role of sEH in the
pathogenesis of PD. First, we examined the effects of TPPU [1-
triftuoromethoxyphenyl-3-(1-propionylpiperidin-4-yl)urea], a po-
tent sEH inhibitor (25, 32, 33), on dopaminergic neurotoxicity,
endoplasmic reticulum (ER) stress, and oxidative stress in the
mouse striatum after repeated administration of MPTP (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine). Second, using sSEH knockout
(KO) mice, we examined the role of SEH in dopaminergic neu-
rotoxicity, ER stress, and oxidative stress in the striatum from
MPTP-treated mice. Third, we measured the protein expression of
sEH in the striatum of MPTP-treated mice. We also performed
oxylipin analysis of the striatum from MPTP-treated mice.
Fourth, we measured the protein expression of sEH, the do-
pamine transporter (DAT), tyrosine hydrogenase (TH), and
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other PD-related proteins (a-synuclein and phosphorylated
a-synuclein) in postmortem brain samples from DLB patients,
as well as age-matched control subjects. Finally, using induced
pluripotent stem cells (iPSCs), we examined whether sEH
appeared to play a role in the pathogenesis of one case of
familial PARK2 PD with mutations in the PARKIN (34).

Results

MPTP-Induced Neurotoxicity Was Attenuated After Subsequent
Repeated Administration of TPPU. First, we examined the effects
of MPTP on dopaminergic neurotoxicity in the mouse striatum and
SN. For immunohistochemistry of DAT and TH, mice were per-
fused 7 d after MPTP injection (SI Appendix, Fig. S1A4). All doses of
MPTP caused significant reductions of DAT and TH density in the
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Fig. 1.

Effects of TPPU on MPTP-induced neurotoxicity in the mouse brain. (4) Schedule of treatment and brain collection. (B-D) Effects of TPPU (0.3, 1.0, or

3.0 mg/kg, PO) attenuated reductions of DA and its metabolites (DOPAC and HVA) in the striatum after repeated administration of MPTP. Data are shown as
mean + SEM (n = 7 or 8). **P < 0.01, ***P < 0.001 compared with vehicle + MPTP group. (E and F) Typical immunohistochemistry of DAT and TH in the
striatum. (G and H) The data of DAT and TH immunoreactivity in the striatum. Data are shown as mean + SEM (n = 6). **P < 0.01, ***P < 0.001 compared with
control group. (/) Typical immunofluorescence of TH-positive cells in the SN. (J) TH immunoreactivity in the SN. Data are shown as mean + SEM (n = 6). ***P <
0.001 compared with control group. Detailed statistical analysis data are in S/ Appendix, Table S1.
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striatum and TH-positive cell number in the SN compared
with control mice (SI Appendix, Fig. S1 B-D). Therefore,
MPTP (10 mg/kg) was used for subsequent experiments.

We examined the effects of TPPU on MPTP-induced dopa-
minergic neurotoxicity in the striatum. After repeated injections
of saline or MPTP, vehicle or TPPU (0.3, 1.0, or 3.0 mg/kg) was
administered orally to mice. Subsequently, vehicle or TPPU was
administered orally to mice from day 2 to day 7 (Fig. 14). Mice
were killed by decapitation on day 8 for measurement of dopamine
(DA) and its metabolites [DOPAC (3,4-dihydroxyphenylacetic
acid) and HVA (homovanillic acid)]. Repeated administration of
TPPU (3 mg/kg, twice daily, PO) significantly attenuated the
reduction of DA, DOPAC, and HVA in the striatum after MPTP
injection, although TPPU alone did not alter the levels of these
markers (Fig. 1 B-D).

Next, we performed immunohistochemistry of DAT and TH in
the striatum and SN of mouse brain samples. Repeated adminis-
tration of MPTP significantly reduced DAT and TH immunore-
activity in the striatum (Fig. 1 E-H) and the number of TH-positive

cells in the SN (Fig. 1 I and J). Interestingly, MPTP-induced
neurotoxicity in the striatum and SN was significantly attenuated
after subsequent repeated administration of TPPU.

Deletion of the sEH Gene Protected Against MPTP-Induced Neurotoxicity.
To investigate the role of sEH in MPTP-induced neurotoxicity in the
striatum, wild-type and sEH-KO mice received repeated injections of
MPTP (Fig. 24). Seven days after the administration of MPTP, mice
were killed for HPLC analysis or immunohistochemistry. Repeated
administration of MPTP caused the reduction of DA and its me-
tabolites (DOPAC and HVA) in the striatum of wild-type mice,
although MPTP did not alter tissue levels of DA or its metabolites in
the striatum of KO mice (Fig. 2 B-D). In addition, MPTP-induced
reductions of DAT and TH in the striatum and SN were not
detected in SEH KO mice (Fig. 2 E-J). Moreover, MPTP-
induced increased expression of OX42 (microglial activa-
tion) in the striatum was significantly attenuated in the sEH
KO mice (Fig. 2 K and L). These results suggest a key role of
sEH in MPTP-induced neurotoxicity.
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Lack of MPTP-induced neurotoxicity in the sEH KO mice. (A) Schedule of treatment and brain collection. (B-D) Repeated administration of MPTP did

not decrease tissue levels of DA, DOPAC, and HVA in the striatum of sEH KO mice. Data are shown as mean + SEM (n = 8). **P < 0.01, ***P < 0.001 compared
with vehicle + MPTP group. (E and F) Typical immunohistochemistry of DAT and TH in the striatum. (G and H) The data of DAT and TH immunoreactivity in the
striatum. Data are shown as mean + SEM (n = 8). **P < 0.01, ***P < 0.001 compared with control group. (/) Typical immunofluorescence of TH-positive cells in
the SN. (J) The data of TH immunoreactivity in the SN. Data are shown as mean + SEM (n = 8). ***P < 0.001 compared with control group. (K) Typical
immunofluorescence of OX42-positive cells in the striatum. (L) The data of OX42 immunoreactivity in the striatum. Data are shown as mean + SEM (n = 4).
**P < 0.01, ***P < 0.001 compared with control group. (M) Schematic of AAV-mediated Ephx2 expression in the striatum. The diagram shows the AAV
constructs and stereotaxic injection of AAV into the striatum. (N and O) Typical immunohistochemistry of DAT in the mouse striatum. Data are shown as
mean + SEM (n = 6). **P < 0.001 compared with control group. Detailed statistical analysis data are in S/ Appendix, Table S1.
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Overexpression of sEH Enhanced MPTP-Induced Neurotoxicity. To
further investigate the role of sEH in MPTP-induced neurotox-
icity, we applied SEH (or Ephx2)-AAV (adeno-associated virus)
to overexpress sEH in the mouse striatum (Fig. 2M). Over-
expression of sEH in the striatum by AAV significantly enhanced
low-dose MPTP-induced neurotoxicity, although this treatment
schedule did not alter DAT immunoreactivity in the striatum of
the control group (Fig. 2 N and O). These results suggest that

increased levels of sEH play an important role in MPTP-induced
dopaminergic neurotoxicity in the brain.

Role of sEH in MPTP-Induced ER Stress and Oxidative Stress in the
Striatum. It is well-known that ER stress plays a role in the
pathogenesis of PD (35) and that the sEH inhibitor attenuates
activation of the ER (36-39). In this study, we examined the ef-
fects of a highly selective sEH inhibitor TPPU and sEH deletion
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Effects of TPPU and deletion of sEH on elevated ER stress and oxidative stress in the MPTP-treated mice. (A) Markers of ER stress from saline or MPTP

and vehicle or TPPU-treated mice were measured. Representative immunoblots were shown from two mice of the four groups. Data are shown as mean +
SEM (n =7). *P < 0.05, **P < 0.01, ***P < 0.001 compared with control group. (B) Markers of ER stress from WT or sEH-KO mice treated with saline or MPTP
were measured. Representative immunoblots were shown from two mice of the four groups. Data are shown as mean + SEM (n = 6 or 7). *P < 0.05, **P <
0.01, ***P < 0.001 compared with control group. (C) Markers of oxidative stress from MPTP-treated mice were measured. Representative immunoblots are
shown from mice in the four groups. Data are shown as mean + SEM (n = 6 or 7). *P < 0.05, ***P < 0.001 compared with control group. (D) Markers of
oxidative stress from MPTP-treated KO mice were measured. Representative immunoblots are shown from mice in the four groups. Data are shown as mean +
SEM (n =6 or 7). *P < 0.05, ***P < 0.001 compared with control group. Detailed statistical analysis data are in S/ Appendix, Table S1.
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in the MPTP-induced activation of ER stress in the striatum. We
found increased levels of three key sensors in the ER stress-signaling
pathway, including PKR-like ER-resident kinase (PERK), inositol-
requiring enzyme lo (IREla), and activating transcription factor
6 (ATF6) (Fig. 3 A and B). Levels of the associated downstream
targets were elevated, suggesting full-scale activation of the ER
stress pathway (37). Accordingly, phosphorylation of eukaryotic
initiation factor 2 subunit a (elF2a), mediated by phospho-
PERK, was also increased. Phosphorylation of IREla led to a
significant rise in total protein levels of spliced X-box binding
protein 1 (Xbpl), as well as levels of the ER chaperone binding
Ig protein. Increased phosphorylation of p38 and c-jun NH2-
terminal kinase (JNK) 1/2 was also observed. Pharmacological
inhibition by TPPU or sEH deficiency protected against MPTP-
induced ER stress in the striatum (Fig. 3 4 and B).

It is also known that oxidative stress plays a role in the patho-
genesis of PD and in MPTP-induced neurotoxicity (14, 15, 40, 41).

MPTP caused alterations in the levels of inducible nitric oxide
(iNOS) and superoxide dismutase (SOD) in the striatum. Phar-
macological inhibition by TPPU or sEH deficiency protected
against MPTP-induced oxidative stress in the striatum (Fig. 3 C
and D). These results suggest that the inhibition of sEH protected
against MPTP-induced ER stress and oxidative stress in the brain.

Protein Expression and Oxylipin Profile in the Striatum from MPTP-
Treated Mice. Three or seven days after the injections of MPTP,
we found a significant increase in the sEH protein in the striatum
of MPTP-treated mice compared with control mice (Fig. 4 4 and
B). Increasingly, the sEH protein is being viewed as a marker of
inflammation. Furthermore, we found a significant increase in
the phosphorylated a-synuclein/a-synuclein ratio in the striatum
of MPTP-treated mice compared with control mice (Fig. 4 4 and
B). Interestingly, there was a positive correlation (3 d: r = 0.6310,
P =0.0208; 7 d: r = 6.225, P = 0.0306) between sEH levels and
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Fig. 4. Protein levels of sEH and oxylipin analysis in the striatum from MPTP-treated mice and protein levels of sEH, DAT, and TH in the postmortem brain
samples. (A) Protein expressions of sEH, a-synuclein, and phosphorylated a-synuclein (p-a-synuclein) in the striatum from MPTP-treated mice were measured.
(B) Levels of sEH and p-a-synuclein/a-synuclein ratio in the striatum. The values are the mean + SEM (n = 6 or 7). *P < 0.05, **P < 0.01 compared with control
group. (C) A positive correlation between sEH levels and p-a-synuclein/a-synuclein ratio in the mouse striatum. (D) Tissue levels of 8 (9)-EpETrE in the striatum.
The values represent the mean + SEM (n = 8). ***P < 0.001 compared with control group. (E) Protein expression of sEH, DAT, TH, a-synuclein, and phos-
phorylated a-synuclein in the striatum from DLB patients (n = 10) and controls (n = 10). Representative immunoblots were shown from two subjects of the
two groups. (F) Tissue levels of sEH, DAT, TH, and the ratio of phosphorylated a-synuclein/a-synuclein in the striatum from DLB patients and controls. The
values represent the mean + SEM (n = 10). (G) There was a positive correlation between sEH levels and the ratio of phosphorylated a-synuclein/a-synuclein in
the subject (n = 20). Furthermore, there was a negative correlation between sEH levels and TH levels in the subjects.
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the phosphorylated a-synuclein/a-synuclein ratio in the striatum
(Fig. 4C). These results suggest that increased sEH plays a role
in the phosphorylation of a-synuclein in the striatum of MPTP-
treated mice.

Next, we measured tissue levels of eicosanoid metabolites (S/
Appendix, Fig. S2 and Table S2) in the striatum of MPTP-treated
mice and control mice. Tissue levels of antiinflammatory 8 (9)-
EET [8 (9)-EpETtE or 8,9-epoxy-5Z,11Z,14Z-eicosatrienoic
acid], a metabolite of arachidonic acid, in the MPTP-treated
mice were significantly lower than those of control mice, sup-
porting the increased activity of sEH in the striatum from MPTP-
treated mice (Fig. 4D and SI Appendix, Table S2). Tissue levels
of PGF2a (prostaglandin F2a) and 9 (10)-DiHOME [(12Z)-9,10-
dihydroxyoctadec-12-enoic acid] in MPTP-treated mice were
also lower than those of control mice. In contrast, tissue levels of 10
(11)-EpDPE [10 (11)-epoxy-4Z,7Z,13Z,16Z,19Z-docosapentaenoic
acid] in MPTP-treated mice were significantly higher than those of
control mice (SI Appendix, Table S2).

Increased Expression of sEH in the Striatum from DLB Patients. De-
mentia with Lewy bodies (DLB) is pathologically characterized
by a-synuclein and its phosphorylated a-synuclein aggregates in
the brain (7, 42). Since deposition of a-synuclein has been shown
in multiple brain regions of PD and DLB patients (3-7), post-

mortem brain samples from patients with DLB were used. We
measured the protein expression of sEH, DAT, and TH in the
striatum from these patients (n = 10) and age-matched control
subjects (n = 10). Protein levels of sSEH in the striatum from
DLB patients were significantly higher than those of the controls,
whereas protein levels of DAT and TH in the striatum from
DLB patients were significantly lower than those of controls
(Fig. 4 E and F). Furthermore, the ratio of phosphorylated
a-synuclein to a-synuclein in the striatum from DLB patients was
significantly higher than that of controls (Fig. 4 £ and F). In-
terestingly, there was a positive correlation (r = 0.470, P = 0.036)
between sEH levels and the ratio of phosphorylated a-synuclein
to a-synuclein in all subjects (n = 20) (Fig. 4G). Furthermore,
there was a negative correlation (r = —0.543, P = 0.0013) be-
tween sEH levels and TH levels in all subjects (n = 20) (Fig. 4G).
Collectively, it is likely that increased SEH and resulting alteration
in its substrates and products play a role in the pathogenesis of
PD, as well as MPTP-induced neurotoxicity.

TPPU Prevents Apoptosis in PARK2 iPS-Derived Dopaminergic Neurons.
To assess the role of sEH in the pathogenesis of PD, we attempted
to suppress sEH in dopaminergic neurons using TPPU. The iPSCs
derived from PARK?2, one of the familial forms of PDs caused by a
mutation in the PARKIN, were differentiated into midbrain
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Fig. 5. Role of sEH in the apoptosis of PARK2 iPSC-derived dopaminergic neurons. (4) Schedule of the culture protocol used for the induction of midbrain
dopaminergic (mDA) neurons from hiPSCs. (B) gPCR analysis of SEH gene expression in control and PARK2 iPSC-induced mDA neurons (n = 2 or 3, mean +
SEM). **P < 0.01 compared with control group (Student t test). (C) Schedule of the culture protocol used for the induction of mDA neurons from hiPSCs and
TPPU treatment. (D) Representative images of TPPU-treated PARK2 and control DA neurons visualized by IN Cell Analyzer 2200. Immunostaining was per-
formed using cleaved caspase-3 and TH antibodies. (Scale bar, 50 pM.) (E) The numbers of TH-positive mDA neurons in the differentiated cells were calculated.
The numbers of TH positive cells were not affected by TPPU treatment in both control and PARK2 iPSC-derived neurons. Data are shown as mean + SEM (n =
4). (F) Apoptosis in mDA neurons was quantified and evaluated by cleaved caspase-3 staining and IN Cell Analyzer 2200. Apoptotic cells were significantly
increased in PARK2 iPSC-derived dopaminergic neurons compared with control cells. Treatment with TPPU significantly decreased apoptotic cells in
PARK2 iPSC-derived dopaminergic neurons. Data are shown as mean + SEM (n = 4). *P < 0.05, **P < 0.01 compared with DMSO-treated PARK2 group.

Detailed statistical analysis data are the S/ Appendix, Table S1.
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dopaminergic neurons (Fig. 54). We confirmed that the expression
of sSEH (or EPHX2) mRNA in the PARK2 iPSC-derived neurons
was significantly higher than that from control iPSCs (Fig. 5B).
Next, we examined whether TPPU treatment could prevent pro-
gressive apoptosis in PARK2 iPSC-derived dopaminergic neurons.
Dopaminergic neurons were differentiated and evaluated by
cleaved caspase-3 expression (Fig. 5C). At first, we confirmed that
the numbers of TH-positive DA neurons in the differentiated cells
were not changed by the presence of the PARK2 mutation or
TPPU treatment (Fig. 5 D and E). The amounts of cleaved caspase-
3 were then evaluated in TH-positive dopaminergic neurons using
immunocytochemistry and an IN-Cell analyzer 2200 (Fig. 5 D and
F). While PARK2 iPSC-derived TH-positive neurons expressed
significantly increased amounts of cleaved caspase-3, TPPU treat-
ment decreased cleaved caspase-3 expression in PARK2 neurons to
similar levels as control neurons (Fig. 5F). These results suggest that
the suppression of SEH by TPPU protected against apoptosis in
PARK? neurons and that increased sEH may be involved in the
degeneration of DA neurons in PD patients.

Discussion

The present results demonstrate a key role of SEH in the path-
ogenesis of PD. The major findings of the present study are as
follows. First, MPTP-induced dopaminergic neurotoxicity in the
striatum and SN was significantly attenuated by subsequent re-
peated administration of the potent sEH inhibitor, TPPU. Fur-
thermore, MPTP-induced dopaminergic neurotoxicity in the
striatum and SN was not detected in SEH KO mice. Second,
MPTP-induced ER stress and oxidative stress in the striatum
were significantly attenuated by subsequent repeated adminis-
tration of TPPU or deletion of the sEH gene. Third, protein
levels of sEH in the striatum from MPTP-treated mice or post-
mortem brain (striatum) from DLB patients were higher than
those of controls. Interestingly, there was a positive correlation
between sEH expression and the ratio of phosphorylated a-syn-
uclein to a-synuclein in the striatum, suggesting a relationship
between increased sEH expression and phosphorylation of
a-synuclein in the striatum. Levels of 8 (9)-EpETrE in the
striatum from MPTP-treated mice were significantly lower than
those of control mice, supporting the increased activity of sEH in
the striatum from MPTP-treated mice. Finally, we found an in-
crease level of SEH (or EPHX2) mRNA in PARK?2 iPSC-derived
neurons. Interestingly, treatment with TPPU significantly atten-
uated apoptosis in PARK?2 iPSC-derived dopaminergic neurons.
Collectively, these findings suggest that SEH plays a key role in
the pathogenesis of PD and that sEH inhibitors may prove to be
promising prophylactic or therapeutic drugs for PD.

In this study, we found that MPTP-induced neurotoxicity (e.g.,
loss of DAT, TH-positive cells, ER stress, and oxidative stress) in
the striatum and SN was attenuated after subsequent repeated
oral administration of TPPU. In contrast, it has been reported
that MPTP-induced loss of TH-positive cells in the SN is at-
tenuated by pretreatment with another sEH inhibitor, AUDA,
although posttreatment with AUDA did not attenuate MPTP-
induced neurotoxicity (43). The difference may be due to the
following reasons. TPPU is a more potent inhibitor than AUDA
and more resistant to metabolism to inactive compounds (44,
45). Furthermore, sEH KO mice were resistant to MPTP-
induced neurotoxicity in the striatum, consistent with previous
reports (43, 46). Thus, the results using the genetic deletion of
sEH or the pharmacological inhibition of sEH suggest a crucial
role of sEH in MPTP-induced neurotoxicity in the striatum
and SN.

Tissue levels of the sEH protein in the striatum of MPTP-
treated mice were higher than those of control mice, consistent
with a previous report (43). We also found that the phosphory-
lated a-synuclein/a-synuclein ratio in the striatum from MPTP-
treated mice was higher than that of control mice. Interestingly,
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we found a positive correlation between the SEH protein and the
phosphorylated a-synuclein/a-synuclein ratio in the striatum.
Furthermore, we found that levels of sEH in the striatum from
DLB patients were higher than those of controls. A positive
correlation between sEH levels and phosphorylated a-synuclein/
a-synucleinin ratio in the striatum with DLB patients is note-
worthy since a-synuclein is strongly linked to the pathogenesis of
both familial and sporadic PD (3). There was a negative corre-
lation between sEH levels and TH levels in all subjects, sug-
gesting a crucial role of sEH in the dopaminergic neurotoxicity
of PD. Collectively, it is likely that increased sEH in the striatum
plays a role in the increased phosphorylation of a-synuclein in
the striatum from MPTP-treated mice and DLB patients. Given
the role of the increased phosphorylation of a-synuclein in the
pathogenesis of a-synuclein-related neurodegenerative dis-
orders such as PD and DLB, it is likely that pharmacological
inhibition of sEH may attenuate the phosphorylation of
a-synuclein, as well as dopaminergic neurotoxicity in the brain,
resulting in a delay in the disease progression of a-synuclein-related
neurodegenerative disorders.

Among four epoxyeicosatrienoic acids (EETs), tissue levels of
8 (9)-EpETrE were significantly lower in MPTP-treated mice
than those of control mice, supporting an increased activity of
sEH in the striatum from MPTP-treated mice. The 8 (9)-EpE-
TrE is metabolized to its corresponding diol, dihydroxyeicosa-
trienoic acid (DIHETTE), by sEH. It is known that EETs such as
EpETIE are important components of many intracellular sig-
naling pathways in both cardiac and extracardiac tissues (47) and
that EETs and some other EpFAs possess potent antiin-
flammatory properties (48, 49). Interestingly, Collino et al. (50)
reported increased serum concentrations of 8 (9)-EpETrE in
centenarians compared with elderly and young subjects, sug-
gesting increased activity of CYP enzymes or decreased activity
of sEH in the centenarians. These findings may support the
promotion of cellular detoxification mechanisms through specific
modulation of the arachidonic acid metabolic cascade in cente-
narians (50). Although the precise mechanisms underlying the
relationship between 8 (9)-EpETrE and sEH in the striatum
from MPTP-treated mice are currently unclear, it seems that
decreased levels of 8 (9)-EpETrE by increased levels of sEH in
the striatum may be involved in MPTP-induced neurotoxicity. By
contrast, we found increased levels of 10 (11)-EpDPE in the
striatum of MPTP-treated mice, although levels of sSEH were
lower in this region. Although the reasons underlying this dis-
crepancy are currently unknown, it seems that multiple pathways
may contribute to formation and degradation of 10 (11)-EpDPE
in the striatum. Further detailed study of the metabolism of
EpFAs and their diol metabolites in a-synuclein-related neuro-
degenerative disorders is needed.

Using patient-specific iPSCs, we found an increased expression
of sEH in PARK?2 iPSC-derived neurons compared with controls,
and TPPU protected against apoptosis in PARK2 iPSC-derived
dopaminergic neurons, suggesting that increased activity of sSEH
may play a role in the pathogenesis of the PD patient with
PARK?2 mutations. From the present study, we do not fully ac-
count for the molecular mechanisms of other familial or sporadic
PD since PARKIN is a causative gene of autosomal recessive
juvenile PD (51, 52). Therefore, further studies using human
iPSCs from other familial or sporadic PD patients are needed. In
addition, transplanted human neural stem cells may open a new
venue of research for our understanding of the pathology and
treatment of PD (52, 53).

Epidemiological and clinical data suggest that ®-3 poly-
unsaturated fatty acids (PUFAs) may constitute a therapeutic
strategy for several brain disorders, including PD and DLB
(54-56). Multiple studies have reported that the EDPs de-
rived from DHA are more antiinflammatory and analgesic
than EETs from arachidonic acid (23, 57, 58). Therefore, it is
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likely that an ®-3 enriched and an omega ®-6 depleted diet
may have a beneficial effect on PD patients if the SEH can be
depleted. Linoleic acid is also metabolized to 9,10- or 12,13-
epoxyoctadecenoate, and arachidonic acid is metabolized to
EETs. These epoxides are metabolized to their corresponding diols
by sEH (59). A recent study demonstrated that the diol 19 (20)-
dihydroxydocosapentaenoic acid [19 (20)-DHDP] generated from
DHA by sEH had proinflammatory and reduced cellular barrier
function in diabetic retinopathy (60), suggesting that inhibition of
sEH can prevent progression of the disease.

It is well-known that PD or DLB patients have depressive
symptoms (27-30). Previously, we reported the prophylactic and
therapeutic effects of TPPU in the inflammation and chronic
social defeat stress models of depression (25), suggesting that
sEH inhibitors may prevent the onset of the depression-like
phenotype by inflammation or repeated stress. Given the comor-
bidity of depressive symptoms in PD or DLB patients, it is likely
that sEH inhibitors may serve as prophylactic drugs to prevent
the progression of PD or DLB in patients.

In conclusion, this study shows that genetic deletion or phar-
macological inhibition of sEH may protect against MPTP-
induced neurotoxicity in the mouse brain. Furthermore, the
data using postmortem brain suggest that SEH may play a role
in the aggregation of a-synuclein and phosphorylated a-syn-
uclein in the striatum, supporting a crucial role of sEH in the
pathogenesis of PD and DLB. Moreover, the sEH inhibitor used
in this study protected against apoptosis in PARK2 iPSC-derived
dopaminergic neurons. Therefore, sEH inhibitors appear to be
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prophylactic or therapeutic drugs for a-synuclein-related neurode-
generative disorders such as PD and DLB.

Materials and Methods

The protocol using animals was approved by the Chiba University Institutional
Animal Care and Use Committee. This study using postmortem brain samples
was approved by Tokyo Metropolitan Geriatric Hospital and Institute of
Gerontology and the Research Ethics Committee of the Graduate School of
Medicine, Chiba University. The experiment using human iPSCs was approved
by the Juntendo University School of Medicine Ethics Committee. Details of
the experimental protocols, including animals, materials, MPTP-induced model,
HPLC analysis, immunohistochemistry, viral vector injection, Western blot
analysis, oxylipin analysis, human iPSCs, and statistical analysis, are given in S/
Appendix, S| Materials and Methods.
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