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Parkinson’s disease (PD) is one of the most common neurodegen-
erative disorders and is characterized by loss of dopaminergic
neurons in the substantia nigra (SN), causing bradykinesia and
rest tremors. Although the molecular mechanism of PD is still not
fully understood, neuroinflammation has a key role in the damage
of dopaminergic neurons. Herein, we found that kurarinone,
a unique natural product from Sophora flavescens, alleviated
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)–induced
behavioral deficits and dopaminergic neurotoxicity, including the
losses of neurotransmitters and tyrosine hydroxylase (TH)–positive
cells (SN and striatum [STR]). Furthermore, kurarinone attenuated
the MPTP-mediated neuroinflammation via suppressing the activa-
tion of microglia involved in the nuclear factor kappa B signaling
pathway. The proteomics result of the solvent-induced protein
precipitation and thermal proteome profiling suggest that the sol-
uble epoxide hydrolase (sEH) enzyme, which is associated with the
neuroinflammation of PD, is a promising target of kurarinone. This
is supported by the increase of plasma epoxyeicosatrienoic acids
(sEH substrates) and the decrease of dihydroxyeicosatrienoic acids
(sEH products), and the results of in vitro inhibition kinetics, sur-
face plasmon resonance, and cocrystallization of kurarinone with
sEH revealed that this natural compound is an uncompetitive
inhibitor. In addition, sEH knockout (KO) attenuated the progres-
sion of PD, and sEH KO plus kurarinone did not further reduce the
protection of PD in MPTP-induced PD mice. These findings suggest
that kurarinone could be a potential natural candidate for the
treatment of PD, possibly through sEH inhibition.

soluble epoxide hydrolase j kurarinone j Sophora flavescens j Parkinson’s
disease

Parkinson’s disease (PD) is the second-most common neuro-
degenerative disorder after Alzheimer’s disease (AD) and

affects 1.7% of the population over 65 y old, especially people
over 80 y old (1, 2). PD is caused by the loss of dopaminergic
neurons in the substantia nigra (SN), and it is associated with
accumulation of Lewy bodies (LBs) in neuronal somata and
Lewy neurites in neuronal processes with fibrillar α-synuclein
(3). PD is characterized by the classical motor features of par-
kinsonism, including bradykinesia, rest tremor, and rigidity as
well as postural instability (4, 5). Advances have been made in
understanding PD neurodegenerative pathophysiology (4–6).
However, translation into patients’ care is still lagging well behind.
So far, the treatment of PD in recent trials still depends on strate-
gies for neuroprotection, motor symptoms, and nonmotor symp-
toms (6). However, PD symptoms have proven elusive to slow
down or reverse through the aforementioned interventions (6);
therefore, a cure for PD (no symptoms, no side effects, to borrow
a phrase from the epilepsy field) has not yet been achieved.

Although the molecular mechanism resulting in the neuronal
degeneration of PD is not fully understood, some factors are asso-
ciated with the damage of dopaminergic neurons in PD, including
mitochondrial dysfunction, oxidative stress, endoplasmic reticulum

stress, and especially neuroinflammation (7, 8). Extensive recent
evidence revealed that the release of α-synuclein from dopaminer-
gic neurons activated microglia cells to cause the neuroinflamma-
tion, allowing the increase of inflammatory cytokines interleukin-6
(IL-6), tumor necrosis factor-α (TNF-α), inducible nitric oxide
synthase (iNOS), and cyclooxygenase-2 (COX-2) (9, 10). These
changes have been found in postmortem brain tissue from PD
patients (11, 12). Therefore, neuroinflammation plays a central
role in the development of PD and is the target of some recent
investigations for treating PD (13–16).

Natural products are an important resource of innovational
drugs since they possess complex and changeable structures
and remarkable biological effects. A great body of evidence has
indicated the effect of natural products from traditional Chi-
nese medicines in the neuroinflammation of PD (17–19), such
as genistein, resveratrol, and alaternin. Kurarinone is one of
the major constituents of the traditional Chinese medicine
Sophorae Flavescentis Radix, or Kushen in Chinese (the root of
Sophora flavescens), which is often used to treat diarrhea, bac-
terial and fungal infections, eczema, and inflammation-related
diseases (20). Kurarinone shares a flavanone core with a char-
acteristic lavandulyl moiety at C-8 (21, 22) and possesses
several pharmacological effects, such as anti-inflammatory and
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antioxidative activities (23, 24), as well as activation on the
large-conductance Ca2+-activated K+ channel (25, 26).

Therefore, in this study, we first tested the ability of kurari-
none to reduce neuroinflammation and improve behavioral
deficits in a PD mice model induced by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP). To understand how kurari-
none decreases inflammation and because its treatment
resulted in elevated levels of epoxyeicosatrienoic acids (EETs),
endogenous signaling molecules that control inflammation (27),
we used several biochemical methods to determine the molecu-
lar target of kurarinone. The interactions between kurarinone
and soluble epoxide hydrolase, the main enzyme metabolizing
EETs (28), were confirmed using enzyme kinetics and cocrystal-
lization. Our findings suggest that kurarinone could be a poten-
tial natural candidate for the treatment of PD through sEH
inhibition and other mechanisms, as well as being a lead to
develop a new family of sEH inhibitors.

Results
Kurarinone from S. flavescens Alleviated MPTP-Induced Gait Disor-
ders in Mice. The extract of S. flavescens (SFE) displayed signifi-
cant anti-PD effect in MPTP-induced PD in mice (SI Appendix,
Figs. S1–S4). In order to discover the active constituents of
S. flavescens, the brain and plasma of the mice were collected
20 min after administration of SFE and analyzed by liquid
chromatography–tandem mass spectrometry (LC-MS/MS). As
shown in SI Appendix, Fig. S5, six and four peaks were identi-
fied in the LC-MS/MS plot of plasma and brain, namely

kushenols F, N, and S, flemiphilippinin D, sophoraflavanone G,
and kurarinone, respectively.

Kurarinone (Fig. 1A), the major constituent of SFE (22),
was used to assay for its anti-PD effect in MPTP-treated mice.
To assess the effect of kurarinone on MPTP-induced gait disor-
ders, some behavioral parameters were also measured on the
CatWalk Automated Gait Analysis System, including duration,
maximum variation, average speed, and cadence. Administra-
tion of kurarinone (5, 10, and 20 mg/kg) dose-dependently
decreased the duration and maximum variation and enhanced
the average speed and cadence of mice compared with the
MPTP-only group (Fig. 1 B and C).

Kurarinone Alleviated MPTP-Induced Neurotoxicity. Tyrosine
hydroxylase (TH) is a critical marker of dopaminergic neurons;
therefore, cells (SN and STR) were immunostained to quantify
the neuroprotective effect of kurarinone in MPTP-induced mice.
Compared with the control group, MPTP treatment led to the
decrease of TH-positive cells (SN and STR; Fig. 2A) and dopa-
mine transporter (DAT, STR; SI Appendix, Fig. S7), respectively.
In addition, the TH expression level in the SN was also decreased
by MPTP treatment (Fig. 2B and SI Appendix, Fig. S8 A and B).
Administration of kurarinone (5, 10, and 20 mg/kg) dose-
dependently reversed these changes in MPTP-induced PD mice
(Fig. 2 A and B and SI Appendix, Figs. S7 and S8 A and B). Finally,
levels of dopamine (DA) and its metabolites 3,4-dihydroxyphenyl-
acetic acid (DOPAC) and homovanillic acid (HVA) were detected
to investigate the neuroprotective effect of kurarinone in MPTP-
induced mice. The levels of DA, DOPAC, and HVA were

Fig. 1. Kurarinone from S. flavescens alleviated the behavior of MPTP-induced PD mice. (A) The structure of kurarinone. (B) The behavioristic parameters.
Data represent mean ± SEM, n = 10. The significance was determined by one-way ANOVA followed by Tukey’s test. (C) The representative footprints. LF,
left front; LH, left hind; RF, right front; RH, right hind; NO, noise.
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decreased in MPTP-induced mice, whereas kurarinone (5, 10, and
20 mg/kg) treatment significantly attenuated the reduction of
DOPAC and HVA in the STR. The DA level was also increased
after administration of kurarinone (10 and 20 mg/kg), except for 5
mg/kg of kurarinone treatment. This result suggests that kurari-
none significantly reduced MPTP-induced neurotoxicity.

Kurarinone Reversed the Activation of MPTP-Induced Microglia Cells
and MPTP-Induced Neuroinflammation. Neuroinflammation usually
leads to the production of cytotoxic substances, further aggra-
vating PD development; therefore, we investigated the effect of
kurarinone on microglia and the inflammatory nuclear factor
kappa B (NF-κB) signaling pathway. Firstly, ionized calcium-
binding adaptor molecule-1 (Iba-1), a marker of microglia, was
used to inspect the effect of kurarinone on its activation (Fig. 3).
As shown in SI Appendix, Fig. S9, MPTP treatment promoted the
activation of microglia stained by Iba-1 in the SN compared with
the control group, whereas administration of kurarinone (5, 10,
and 20 mg/kg) significantly inhibited its activation (SI Appendix,
Fig. S8C). Furthermore, MPTP treatment up-regulated expres-
sion levels of NF-κB–related proteins in the SN, including
COX-2, TNF-α, IL-6, and p-p65 (Fig. 3 A and B), resulting in the
activation of the NF-κB signaling pathway. However, administra-
tion of kurarinone (5, 10, and 20 mg/kg) down-regulated these
protein expression levels in a dose-dependent manner, which
demonstrated that kurarinone effectively alleviates the neuroin-
flammation in MPTP-induced PD mice.

Target Profiling of Kurarinone by the TPP and SIP Methods. The
thermal proteome profiling (TPP) and solvent-induced protein
precipitation (SIP) methods depend on the principle that the
stability of the target proteins bound with a ligand will change.
These ligand-induced stability shifts have led to possible target
proteins having different resistance to denaturization and
thereby differential precipitation when the bound and free tar-
get proteins are subjected to heat or solvent treatment (29–31).
Recently, TPP and SIP methods have been widely used to map
the target proteins of different ligands such as drugs, nucleoti-
des, and metabolites (31–34). Therefore, to ensure reliability
in identification of the protein targets of kurarinone, the TPP
and SIP methods were employed to reveal potential targets
of kurarinone.

The workflows of the TPP and SIP methods used for screen-
ing protein targets of kurarinone are pictured in Fig. 4A. As
described in Fig. 4B, 3,245 proteins were quantified in both the
TPP and SIP methods. The fold change of each protein
between vehicle and kurarinone-treated groups was calculated.
The fold change of overlapping proteins identified by the TPP
and SIP methods was compared. The fold change for each pro-
tein reflected the extent of stability shifts of a protein bound
with or without kurarinone, with a large �log2 (fold change)
corresponding to greater stability shift. After applying a cutoff
of ±1 for �log2 (fold change) both in the TPP and SIP meth-
ods, 14 proteins were identified as candidate targets of kurari-
none (Fig. 4C), such as sEH (gene name, Ephx2), keratin 17,

Fig. 2. Kurarinone enhanced TH expression and neurotransmitter levels in MPTP-induced PD mice. (A) The representative staining of TH in the SN (scale
bar: 300 μm) and STR (scale bar: 100 μm). (B) Effect of kurarinone on the TH expression level in the SN. (C) Quantitative data of TH. Data represent mean
± SEM, n = 6. The significance of difference was determined by one-way ANOVA followed by Tukey’s test. (D) Effects of kurarinone on neurotransmitters
DA, DOPAC, and HVA. Data represent mean ± SEM, n = 6. The significance of difference was determined by one-way ANOVA followed by Tukey’s test.
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desmoplakin, adgrb1, slc18a2, and adhesion G protein–coupled
receptor B1 (SI Appendix, Table S1). The gene ontology analy-
sis suggests that these proteins are involved in lipid metabolic
process, inflammatory response, metabolic process, cell sur-
face receptor signaling pathway, G protein–coupled receptor
signaling pathway, negative regulation of angiogenesis, and
so on (SI Appendix, Table S1). The above in vivo results
showed kurarinone could alleviate MPTP-induced neuroin-
flammation, and 14 differential proteins, including sEH, were
identified by the TPP and SIP assays. According to a previous
investigation on PD, sEH plays a role in neuroinflammation
(28), which suggests that sEH is a possible target of
kurarinone.

To verify the stabilization of sEH by kurarinone as detected
by mass spectrometry, we used different temperatures and per-
centages of solvent mixtures to denature proteins in the vehicle
and kurarinone-treated groups and measured the supernatants
by immunoblotting. The Western blotting result in Fig. 4D
revealed that sEH in the kurarinone-treated group was gradu-
ally decreased with the elevation of temperature and percen-
tages of solvent mixture, whereas that in the vehicle group
rapidly declined. Comparison of these two groups demon-
strated that sEH was stabilized by kurarinone and agreed with

the result, supporting our hypothesis that sEH is a potential
target protein of kurarinone.

Kurarinone Suppressed sEH to Stabilize the Level of EETs in MPTP-
Induced PD Mice, Resulting in the Inhibition of GSK3β. The result
of TPP and SIP methods indicated that sEH is a promising tar-
get of kurarinone, which encouraged us to investigate the effect
of kurarinone toward sEH activity and its related metabolites.
sEH is an α/β hydrolase fold protein and hydrolyzes EETs to
produce dihydroxyeicosatrienoic acids (DHETs) (35). EETs
and their corresponding diols (DHETs) are important indexes
to reflect sEH activity; therefore, we used LC-MS/MS to study
the content of EETs and DHETs in STR of PD mice. As shown
in Fig. 5A, except for 8,9-EET, 5 mg/kg of kurarinone treatment
did not show significant influence toward levels of 11,12-EET,
14,15-EET, 8,9-DHET, 11,12-DHET, and 14,15-DHET. It is
worth noting that administration of kurarinone (10 and 20 mg/
kg) attenuated the reduction of MPTP-mediated endogenous
8,9-EET, 11,12-EET, and 14,15-EET and reserved the increase
of their corresponding diols 11,12-DHET and 14,15-DHET,
except for 8,9-DHET (Fig. 5A). The ratio of EETs and DHETs
suggests that kurarinone inhibited endogenous sEH activity
(Fig. 5A).

Fig. 3. Kurarinone form S. flavescens inhibited neuroinflammation in MPTP-induced PD mice. (A) Effects of kurarinone on expression levels of COX-2,
TNF-α, IL-6, p-p65, and p65. (B) Quantitative data on COX-2, TNF-α, IL-6, and p-p65/p65 levels. Data represent mean ± SEM, n = 6. The significance of dif-
ference was determined by one-way ANOVA followed by Tukey’s test.
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Glycogen synthase kinase 3 beta (GSK3β) is an important
serine/threonine kinase involved in neuroinflammation; mean-
while, EETs are able to regulate its activity (36, 37). Therefore,
the effect of the inhibition of sEH by kurarinone toward
GSK3β was also determined. As shown in Fig. 5 B and C, the
phosphorylated level of GSK3β was significantly decreased in
MPTP-induced PD mice, while administration of kurarinone
(5, 10, and 20 mg/kg) significantly improved its phosphorylated
level. These results suggest that sEH activity was inhibited to
enhance the endogenous level of EETs, permitting the stabiliza-
tion of GSK3β phosphorylation.

In order to increase the clinical relevance of the efficacy for
kurarinone in PD, MPTP and rotenone (ROT)-induced PD
mice were administered kurarinone (20 mg/kg) after the begin-
ning of MPTP and ROT treatment. As described above, kurari-
none also alleviated PD after MPTP and ROT administration
(SI Appendix, Figs. S10 and S11).

The Interaction of Kurarinone with sEH. To understand how kurar-
inone affects sEH, human and mouse recombinant sEH and
PHOME were used to assay the inhibitory activity and inhibi-
tion kinetics in vitro. Kurarinone displayed dose-dependent
inhibitory effects against human sEH with an inhibition cons-
tant (Ki) value of 0.87 μM (Fig. 6 A–C). The kinetic analysis
suggests that kurarinone is an uncompetitive inhibitor of sEH.
The half-maximal inhibitory concentration (IC50) value of kur-
arinone was 0.42 μM toward the mouse sEH activity (SI
Appendix, Table S2). To ensure that the inhibitory effect was
not an artifact, a radioactive substrate (t-DPPO) and another
fluorescent substrate (MNPC) were also used to test the inhibi-
tory effect of kurarinone against sEH activity (SI Appendix,
Tables S3 and S4). The results support sEH inhibition by kurar-
inone. In order to reveal the interaction kinetics of kurarinone
with sEH in vitro, a surface plasmon resonance (SPR) tech-
nique was utilized. Kurarinone was able to increase its binding
to sEH in a dose-dependent manner, as described in Fig. 6D.
The association constant (Ka) and dissociation constant (Kd)
for kurarinone and sEH binding were 7531 M�1 s�1 and 0.
01096 s�1, respectively, and its equilibrium dissociation cons-
tant (KD) was 1.45 μM, which is close to the Ki obtained.

In order to investigate the binding of kurarinone with sEH,
the natural compound was added to a solution of human

recombinant sEH and manipulated to obtain a cocrystal. The res-
olution of this cocrystal was 2.10 Å with rmsd of 0.0152 Å (SI
Appendix, Table S5). This cocrystal indicated that kurarinone
bound in the catalytic tunnel of sEH but not at the catalytic
site through van der Waals’ interactions, water hydrogen
bond, conventional hydrogen bond, carbon hydrogen bond,
π-δ, π-π T-shaped, alkyl, and π-alkyl interactions (SI Appendix,
Fig. S12 and Fig. 6E). Compared with the competitive sEH
inhibitor TPPU (Fig. 6G), kurarinone displayed a different
binding pattern with sEH. As shown in Fig. 6F, kurarinone
formed four conventional hydrogen bond interactions with
amino acid residues Tyr343, Ile363, Gln384, and Asn472 and
OH-7, OH-20, OH-40, and the carbonyl group at C-4,
respectively.

The Anti-PD Effect of Kurarinone Was Abolished by Ephx2 Genetic
Deletion. To test the role of sEH in the treatment of PD with
kurarinone, wild-type (WT) and Ephx2 KO mice were admin-
istered MPTP and kurarinone. The CatWalk Automated Gait
Analysis System was used to assay the behavior of treated
mice (Fig. 7 A and B). Compared with the MPTP-treated WT
group, Ephx2 genetic deletion significantly attenuated the
MPTP-induced gait disorders (Fig. 7 A and B). After adminis-
tration of kurarinone (20 mg/kg), its therapeutic effect was
not observed in the MPTP-treated KO mice (Fig. 7 A and B).
The LC-MS/MS results of DA and its metabolites DOPAC
and HVA demonstrated that sEH KO attenuated their reduc-
tion induced by MPTP, and the effect of kurarinone (20 mg/
kg) was abolished by Ephx2 genetic deletion (Fig. 7C). Fur-
thermore, we also investigated TH-positive cells in the SN and
STR and TH expression level in the SN. In the SN, Ephx2
genetic abolishment up-regulated the TH expression level and
increased TH-positive cells compared with the MPTP-treated
WT group. It is worth noting that administration of kurari-
none (20 mg/kg) did not further improve the decrease of
TH-positive cells and TH expression level induced by MPTP
in KO mice (Fig. 7 D–G). A similar result was also observed
in STR. These findings suggest that Ephx2 genetic deletion
abolished the anti-PD effect of kurarinone, which further sup-
ports our hypothesis that sEH is a key target of kurarinone in
the treatment of PD.

Fig. 4. sEH was identified as the potential target of kurarinone by TPP and SIP assays. (A) Schematic representation of the TPP and SIP methods for screening
of target proteins of kurarinone. (B) The Venn diagram of potential target proteins identified by the TPP and SIP methods. (C) Fourteen candidate targets
were screened by filtering the log2 (fold change) of each protein identified in the TPP and SIP assays. Red and blue dots are differential proteins affected by
kurarinone in the TPP and SIP assays, respectively. (D) Western blotting demonstrated that sEH was stabilized after the incubation with kurarinone by using
the TPP and SIP methods. AEA, an organic solvent mixture of acetone: ethanol: acetic acid; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

Sun et al.
Kurarinone alleviated Parkinson's disease via stabilization of epoxyeicosatrienoic
acids in animal model

PNAS j 5 of 9
https://doi.org/10.1073/pnas.2118818119

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118818119/-/DCSupplemental


Discussion
This study demonstrated that kurarinone from S. flavescens
alleviated MPTP-induced gait disorders and dopaminergic neu-
rotoxicity by increasing the neurotransmitters and expression of
TH-positive cells (SN and STR). Furthermore, it also attenu-
ated the MPTP-mediated neuroinflammation via suppressing
the activation of microglia involved in the NF-κB signaling
pathway. It is worth noting that administration of kurarinone
increased levels of the 8,9-EET; 11,12-EET; and 14,15-EET
substrates of sEH and decreased levels of 11,12-DHET and
14,15-DHET products in MPTP-induced mice, and its KD value
with sEH was 1.45 μM, which suggests that kurarinone could
significantly inhibit sEH activity in vivo to attenuate MPTP-
induced PD in conjunction with the proteomics results of the
SIP and TPP assays. Cocrystallization of kurarinone with sEH
(Protein Data Bank [PDB] code 7EBA) revealed that amino
acid residues Tyr343, Ile363, Gln384, and Asn472 played a key

role in its inhibition on sEH. In addition, Ephx2 genetic
deletion attenuated the progression of PD, and sEH KO plus
kurarinone did not further reduce the protection of PD in
MPTP-induced PD mice. These findings suggest that kurari-
none suppressed sEH activity via interacting with Tyr343,
Ile363, Gln384, and Asn472 to enhance levels of endogenous
EETs, evoking its anti-PD effect through the regulation of
neuroinflammation, which demonstrates that kurarinone and
similar structures could be developed as sEH inhibitors in the
treatment of PD.

PD is a progressive neurodegenerative disorder character-
ized by the loss of dopaminergic neurons in the SN (3), further
causing the parkinsonism-like behaviors (4, 5). A great body of
studies indicate that the damage of dopaminergic neurons leads
to the release of α-synuclein and activates microglia to produce
proinflammatory cytokines IL-6 and TNF-α and up-regulate
iNOS and COX-2 expression levels, allowing the development

Fig. 5. Kurarinone alleviated the increase of sEH activity and suppressed the GSK3β signaling pathway via stabilizing the level of EETs in MPTP-induced
PD mice. (A) Effect of kurarinone on 8,9-EET; 11,12-EET; 14,15-EET; 8,9-DHET; 11,12-DHET; 14,15-DHET; 8,9-EET/8,9-DHET; 11,12-EET/11,12-DHET; and
14,15-EET/14,15-DHET in MPTP-induced PD mice. Data represent mean ± SEM, n = 6. The significance of difference was determined by one-way ANOVA
followed by Tukey’s test. (B) Effects of kurarinone on p-GSK3β and GSK3β expression levels in MPTP-induced PD mice. (C) Quantitative data of phosphorylated
GSK3β (p-GSK3β)/GSK3β. Data represent mean ± SEM, n = 6. The significance of difference was determined by one-way ANOVA followed by Tukey’s test.
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of neuroinflammation in PD (10, 38). Studies by Imamura et al.
(12, 38) revealed that the major histocompatibility complex
class II–positive microglia significantly increased in the SN of
PD patients, and the number of positive microglia in the SN of
PD level III patients was 10-fold more than that of the normal

controls. Consistent with previous studies, the activation of
microglia was also detected in our study, while kurarinone
dose-dependently inhibited its activation (Fig. 4A). The
inflammatory mediators IL-6, TNF-α, and ICAM-1 cause neu-
roinflammation and dopaminergic neuronal loss in PD, and are

Fig. 6. Kurarinone inhibited the sEH activity in vitro and interacted with sEH. (A) IC50 plot of kurarinone against sEH. (B) Michaelis-Menten plot of kurari-
none against sEH. (C) Lineweaver-Burk plot of kurarinone against sEH. (D) SPR plot of kurarinone with sEH. (E) Kurarinone bound to the cavity of sEH
(PDB code 7EBA). (F) Electronic cloud plot of kurarinone and the interaction of kurarinone with sEH. (G) Interaction differences of kurarinone (cyan) and
TPPU (yellow, PDB code 4OCZ) with sEH. CTRL, control.

Fig. 7. Ephx2 genetic deletion abolished the an-PD effect of kurarinone. (A) Ephx2 genetic deletion abolished the effect of kurarinone on gait disorders.
Data represent mean ± SEM, n = 10 to 12. (B) The representative footprints. (C) Ephx2 genetic deletion abolished the effect of kurarinone on neurotrans-
mitters DA, DOPAC, and HVA. Data represent mean ± SEM, n = 7 or 8. (D) Ephx2 genetic deletion abolished the effect of kurarinone on TH-positive neu-
rons in the SN (scale bar: 300 μm) and STR (scale bar: 100 μm). The representative staining of TH in the SN and STR. (E) The data of TH-positive neurons in
the SN and STR. Data represent mean ± SEM, n = 5. The significance of difference was determined by two-way ANOVA followed by Tukey’s test. (F)
Ephx2 genetic deletion abolished the effect of kurarinone on the TH expression level in the SN. (G) Quantitative data of TH. Data represent mean ± SEM,
n = 6. The significant difference was determined by two-way ANOVA followed by Tukey’s test. CTRL, control.
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all regulated by a “master switch” for inflammatory gene
expression—NF-κB (39). In the in vitro and in vivo PD models,
expression levels of IL-6, TNF-α, p-p65, and MCP-1 were
increased (40, 41), changes that are found in PD brains as well
(42–45). Previous studies showed that kurarinone, a lavandulyl
flavanone from S. flavescens (21), inhibits iNOS-dependent
nitric oxide release, reactive oxygen species generation, and
expression of inflammatory cytokines (e.g., TNF-α, IL-1β, and
iNOS) in lipopolysaccharide-induced RAW264.7 macrophages
(24), which reveals that kurarinone might possess anti-
inflammatory potential in PD. In this study, we demonstrated
that kurarinone could attenuate behavioral deficits of MPTP-
induced PD mice via alleviating the damage of dopaminergic
neurons, suppressing the activation of microglia and the NF-κB
signaling pathway (Figs. 1–3), possibly by multiple mechanisms.

sEH is an α/β hydrolase fold protein containing two 62.5-kDa
monomers and possessing two catalytic functions in mammals
comprising a C-terminal hydrolase and N-terminal phosphatase
(35). EETs and other epoxy–fatty acids (EpFAs) are formed
from unsaturated fatty acids by cytochrome P450 (CYP) oxi-
dases (e.g., CYP2J2 and CYP2C8). The sEH C-terminal activity
can hydrolyze EpFAs to produce diols (46), resulting in the elim-
ination of the beneficial effects of EETs and other EpFAs, such
as vasodilation and resolution of inflammation (47–49). How-
ever, inhibition of sEH stabilizes the level of EETs, which
activates peroxisome proliferator-activated receptor gamma
(PPAR-γ) and inhibits NF-κB and GSK3β, resulting in increased
anti-inflammatory effects. Therefore, sEH plays a key role in
inflammation-related neurodegenerative diseases (50), especially
PD and AD. The expression level of sEH was significantly
increased in MPTP-induced PD mice (8), and its overexpression
was also detected in STR of dementia patients with LBs (8). There-
fore, chemical inhibition of sEH or sEH deficiency could attenuate
dopamine neuron loss and neurotoxicity (8, 51, 52), and thus, sEH
is a promising target for the treatment of PD. In this study, we
found an increase of sEH and a decrease of its inflammation-
resolving substrates in MPTP-induced PD mice as previously
reported (Fig. 5 A–C). In addition, the proteomics result of the SIP
and TPP indicated that sEH was a specific target of kurarinone in
the treatment of PD, which was supported by the increase of 8,9-
EET; 11,12-EET; and 14,15-EET and the decrease of 11,12-
DHET and 14,15-DHET (Fig. 5C). Moreover, sEH deficiency
attenuated the progression of PD, and the anti-PD effect of kurar-
inone was not observed in MPTP-induced sEH KO mice.

Some sEH inhibitors, such as 12-(3-adamantan-1-yl-ureido)-
dodecanoic acid (AUDA) and 1-(1-propanoylpiperidin-4-yl)-3-
[4-(trifluoromethoxy)phenyl]urea (TPPU), are commercially
available and are used to investigate the effect of sEH in biological

studies. Moreover, sEH inhibitors AR9281 and GSK2256294 have
finished phase 1 or phase 2 clinical trials (50, 53), and a TPPU ana-
log finished a human phase 1a trial recently with no adverse
effects. All of the synthetic sEH inhibitors belong to the family of
ureas or amides (50) and interact with amino acid residues Asp333
of the catalytic triad Asp333–Asp495–His523, responsible for
opening the epoxide ring, and two tyrosines, Tyr381 and Tyr465, in
charge of the fixation of the oxygen atom of the epoxide; therefore,
they are defined as competitive inhibitors (50). In this study, kurar-
inone was found to be an uncompetitive inhibitor (Fig. 6C), which
was supported by its cocrystallization with sEH showing the inter-
actions with Tyr343, Ile363, Gln384, and Asn472 (Fig. 6F). This
finding indicates the binding of kurarinone toward sEH.

In summary, kurarinone was found to significantly attenuate
MPTP-induced dopaminergic neurotoxicity, such as the loss of
DA and its metabolites and the decrease in TH level, resulting
in the alleviation of PD-like behaviors in MPTP-induced mice.
Furthermore, kurarinone ameliorated neuroinflammation via
selective suppression of sEH activity to enhance levels of EETs.
In addition, Ephx2 genetic deletion alleviated the development
of PD, and sEH KO plus kurarinone did not further reduce the
protection of PD. These findings demonstrated that sEH plays
an important role in the development of PD and that kurari-
none could be a potential natural candidate for the treatment
of PD through sEH inhibition, as well as being a lead to
develop a new family of sEH inhibitors.

Materials and Methods
The protocol using animals was approved by the Institutional Animal Care
and Use Committee of Dalian Medical University. Details of the experimental
protocols, including materials, animals, MPTP-inducedmodel, high-performance
liquid chromatography analysis, immunohistochemistry, Western blot, LC-MS/
MS analysis for EETs and DHETs, and statistical analysis, are given in SI Appendix,
SIMaterials andMethods.

Data Availability. Cocrystallization data are available in the PDB (7EBA). All
study data are included in the article and/or SI Appendix.
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