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ABSTRACT

Parkinson's Disease (PD) is a progressive neurodegenerative disease characterized by the
degeneration of dopaminergic neurons in the substantia nigra, which results in motor control
problems. One of the main pathological aspects is the presence of alpha-synuclein aggregates,
which are called Lewy bodies. Neuroinflammation is at the centre of PD progression and the
contribution of activated microglia, lymphocyte invasion, and increased pro-inflammatory
cytokines to neuronal damage. Epoxyeicosatrienoic Acids (EETs), the products of arachidonic
acid metabolised through cytochrome P450 epoxygenase, have anti-inflammatory and
neuroprotective effects. Specifically, NF-kB activation is inhibited, and BDNF-mediated neuronal
survival and neurite outgrowth are enhanced by 11,12-EET. However, EETs are rapidly degraded
into less active diols (DHETs) by soluble Epoxide Hydrolase (sEH). sEH inhibition prevents the
breakdown of EET, thus elevating their levels and therapeutic potential. The sEH is an attractive
approach to inhibiting neuroinflammation and safeguarding dopaminergic neurons in PD.
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Soluble Epoxide Hydrolase.

INTRODUCTION

Parkinson’s Disease (PD) is characterized by the gradual onset
of motor and nonmotor symptoms and is considered to have a
neurological basis."! PD is a progressive neurological disease that
impairs various functions over time and reduces the quality of
life.” James Parkinson first described the cardinal clinical features
of Parkinson’s disease (PD), in An Essay on the Shaking Palsy,
which is now recognized as the second most common age-related
neurodegenerative disorder after Alzheimer’s disease.” PD causes
several motor symptoms, including bradykinesia (slowness of
movement), rigidity (stiffness of the limbs and trunk), postural
imbalance (poor balance and coordination), and tremors
(tremblingin the handsand arms). Most patients with PD also have
nonmotor symptoms, such as constipation, urine impairment,
dysphagia, melancholy, psychosis, apathy, olfactory dysfunction,
autonomic dysfunction, and sleep difficulties.*! The average age
of disease onset is 65 years, and the disease is more common in
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the older population. In developed countries, between 0% and 3%
of the general population and approximately 1% of individuals
have PD.”#! PD had 1.02 million new cases in 2017, according to
the Global Burden of Disease study. Between 1990 and 2016, the
number of people diagnosed as having PD increased by 21.7%
from 6.1 million according to the Age-Standardized Prevalence
Rate (ASR).”! The incidence rate of PD varies across different
regions. The Asian continent has a lower incidence of PD,
whereas the European continent has a PD incidence rate ranging
from 5 to 340 per 0.1 million people.!'” In India, the prevalence
of PD is estimated to be 14 per 100,00 people in the average age
range. In northern provinces, the prevalence was 247 per 100,00
people in those aged 60 years and above. The prevalence of PD
is considerably lower in the southern region of India.'V! PD is
caused by two major pathogenic mechanisms: the early selective
depletion of dopamine neurons and the accumulation of toxic
substances in the brain. Misfolded a-synuclein accumulates in
several organs and tissues in patients with PD.!'>*] Lewy bodies
and neurites are pathologically significant to PD because they
actively contribute to the disease pathophysiology and serve as
a prominent indicator of the condition.! Moreover, apoptosis,
stress, endoplasmic
reticular stress, a-synuclein proteostasis, and other dysregulated
cellular pathways, processes, and mechanisms are present in

oxidative mitochondrial dysfunction,

PD.[I Several variables, including aging, environmental factors,
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and anomalies in gene functions, activate these mechanisms.®!
Environmental factors include traumatic brain damage, metal
poisoning, and exposure to pesticides (e.g., rotenone and
paraquat), the herbicide dieldrin, and solvents (e.g., n-hexane,
trichloroethylene, and carbon tetrachloride).!”? Studies have
identified the association of the six genes a-synuclein, leucine-rich
repeat kinase 2 (LRRK2), parkin (PARK2), PTEN-induced
putative kinase 1 (PINKI), parkin (PARK?)-protein deglycase
DJ-1, and ATPase Type 13A2 with PD."®"! Neuroinflammatory
pathways, including astrogliosis, lymphocytic infiltration, and
microglial activation, play a role in neuronal degeneration.*’!

Alpha-synuclein, the hallmark of PD, affects the Central Nervous
System (CNS), peripheral nervous system, and gastrointestinal
nervous system. Studies have indicated that the gut bacteria
substantially control the brain-gut axis through immune,
hormonal, and direct neuronal processes. Dysregulation of
the brain-gut-microbiota axis, which has been related to the
etiology of PD and gastrointestinal symptoms that often precede
movement symptoms, is a hallmark of PD. The stimulation
of enteric neurons and glial cells may cause alpha-synuclein
misfolding. In addition, gut dysbiosis, bacterial proliferation
in the small intestine, and increased intestinal permeability
may overstimulate the innate immune system, resulting in
systemic inflammation.?"! Endocrine signaling and microbial
interaction are highly dependent on the brain-gut axis. Type II
diabetes, high blood pressure, and arrhythmia are all linked to fat
accumulation. Increasing evidence indicates that sSEH may play
a role in these conditions.?’ The enzyme CYP450 epoxygenase
converts arachidonic acid, a naturally occurring polyunsaturated
fatty acid, into essential Eicosapentaenoic Acid (EPA). EPA acts
as a lipid messenger and exhibits various benefits in patients
with obesity- and diabetes-related cardiovascular illnesses. EPA
is converted into inert Dihydroxyeicosatrienoic acids (DHETSs)
through sEH metabolization. Pharmacological inhibition of
soluble epoxide hydrolase (sEH), the enzyme responsible for the
metabolism of epoxyeicosatrienoic acids (EETSs), has emerged as
a promising therapeutic strategy for enhancing insulin secretion,
preserving endothelial function, lowering blood pressure, and
mitigating obesity-associated metabolic and organ damage.®
Loss of neurons in the substantia nigra may be related to
inflammation in PD and is often associated with microglia
activation.?! Thus, anti-inflammatory therapy exerts a beneficial
effect on patients with PD.? Soluble Epoxide Hydrolase (sEH) is
a major player in the association of inflammation with PD. Epoxy
fatty acids control neuroinflammation. The epoxy fatty acid
14,15 Epoxyeicosatrienoic Acid (EET) exerts anti-inflammatory
effects. Hydrolysis of 14,15 EET by sEH produces the equivalent
diol,14,15-DHET, which does not exhibit anti-inflammatory
effects.”?”! Therefore, blocking sEH can reduce neuroinflammation
by increasing the 14,15 EET level in the brain and thus is a
potential treatment strategy in PD.

Parkinson’s disease and inflammation

Neuroinflammation and other pathogenic pathways in PD,
including mitochondrial dysfunction and oxidative stress,
interact intricately.””? Neuroinflammatory responses in PD are
characterized by the upregulation of several enzymes involved
in excitatory processes, including Nicotinamide Adenine
Dinucleotide Phosphate (NADPH) oxidase, Inducible Nitric Oxide
Synthase (iNOS), and myeloperoxidase, and the morphological
stimulation of glia cells. Moreover, these responses are involved
in the recruitment of T cells from the peripheral immune
system.”*?! The released cytokines and activated microglia
trigger the inflammatory response.” Microglia, the primary
immune cells of the CNS, account for 5%-15% of the brain’s total
volume and 20% of the glial cell population.® Astrocytes have
numerous branches that extend through neurons and blood
vessels, creating functional networks using gap junctions, also
known as neurovascular units. High levels of neuromelanin
in the substantia nigra pars compacta neurons are one of the
elements that activate microglia-mediated neuroinflammation.*?
In addition, numerous genes affect the activation of microglia.
For example, a Parkin deficit may indirectly boost microglia
activation by increasing the susceptibility of neurons to
inflammation-related stress and disrupting the balance between
neurons and microglia.” Deficiency of the protein deglycase
DJ-1 in astrocytes may cause neurodegeneration by reducing
their responsiveness to neuroinflammation.®" Microglia play
a dual role in the brain by acting as neuroprotective cells that
remove endogenous or exogenous chemicals. They also have high
levels of glutathione peroxidase and reduced glutathione, which
protect them from hazardous hydrogen peroxide levels. Notably,
the brain and cerebrospinal fluid of patients with PD contain
more proinflammatory chemicals, and their microglia and T cells
are more engaged. Microglia are activated by the discharge of the
byproducts of dopaminergic neuronal death, including oxidized
proteins, lipids, and DNA.P* Hyperactive microglia accelerate the
degeneration of nigral dopaminergic neurons in the PD brain, thus
regulating the production of several proinflammatory cytokines.
Tumor necrosis factor-alpha, interleukin-1, interleukin-6, and
interferon-gamma are all examples of cytokines.*!

Astrocytes play an essential role in neuroinflammation-mediated
cell death in PD.B Astrocytes are the brain’s most common glial
cells.® and play a pivotal role in ensuring the proper functioning
of the nervous system. Astrocytes regulate blood flow, synapse
signaling, and water transfer, as well as preserve thebrain’s structure
and metabolism.**) The glial-derived neurotrophic factor is
produced by astrocytes and is essential for the development and
survival of dopaminergic neurons.**!! Moreover, astrocytes
affect the blood-brain barrier, which is compromised in people
with PD.#! Glial fibrillary acidic protein is more frequently
expressed in reactive astrocytes, cell bodies, and extensions.
Astrocytes become activated and amplify immune signals after
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being exposed to various molecules, such as proinflammatory
mediators produced by activated microglia. Furthermore, the
accumulation of mutant a-synuclein in astrocytes in rodents
resulted in microglial stimulation, astrogliosis, and DA neuron
and motor neuron degradation (Figure 1).[244344]

Chemistry of soluble epoxide hydrolase enzymes

The synthesis of xenobiotic chemicals begins with the catalysis
of epoxides into diols by the ubiquitous enzyme soluble
Epoxide Hydrolase (sEH), which is a member of the epoxide
hydrolase family present in all living things.***! Water is
used by epoxide hydrolases to break down epoxide molecules
into their constituent diols (Figure 2).1"¢! The enzyme sEH
metabolises the endogenous chemical mediators that control
blood pressure and inflammation.*”! Four immune variants of
epoxide hydrolases have been identified, including microsomal
epoxide hydrolase, microsomal cholesterol oxide hydrolase,
cytosolic sEH, and leukotriene epoxide hydrolase.[*
Leukotriene epoxide hydrolase hydrates leukotriene A4, whereas
cholesterol epoxide hydrolase hydrates the molecule attached
to cholesterol’s 5,6-epoxide. Epoxides in circular systems and
monosubstituted and 1,1-disubstituted epoxides may be hydrated
by microsomal epoxide hydrolase. Studies have purified and
partially characterized sEH from many mammalian species.""*%
Microsomal epoxide hydrolase and sEH proteins are produced
through transcription and translation of EPHX1 and EPHX2
genes.[

Soluble epoxide hydrolase

sEH converts and eliminates EETS, a class of P450 eicosanoids,
in the body.™ sEH is present in the blood vessels’ endothelium
and the vascular wall's smooth muscle. The skin, mammary
gland, testicles, liver, kidney, lungs, heart, brain, spleen, adrenals,
gastrointestinal tract, urinary bladder, and arterial walls contain
sEH.’! Mammalian sEH is a bifunctional enzyme with a pkDa
hydrolase domain at its C-terminal and a 25-kDa N-terminal
phosphatase region. It comprises two monomers, each with 555
amino acids and a size of 62.5 kilodaltons. The sEH protein in mice
and humans is a domain-swapped homodimer with two globular
domains per component and a proline-rich linkage connecting
them. (Ile-219-Asp-234 for human sEH and Thr-219-Asp-234 for
murine sEH).*®! The C-terminal domain of sEH is structurally
similar to single-domain epoxide hydrolase enzymes found in
fungi, plants, and organisms, such as Caenorhabditis elegans, and
bacterial haloalkane dehalogenase. The N-terminal domain of
sEH is homologous to haloacid dehalogenase found in bacteria
and mammals.”” The EPHX2 protein, located on the 8p12-p21
region of chromosome 8, is responsible for sEH function. This
protein participates in the synthesis of xenobiotic compounds
and favors trans-substituted epoxides, such as trans-stilbene
oxide.”®*! Variations in the SEH gene have been identified, with
glutamine at exon eight being replaced by arginine and arginine
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being inserted between codons 402 and 403 in exon 13. These
variations substantially affect the activity of the protein, with the
arginine-inserted variant being less active than the glutamine-287
variant.””’ Despite significant variations in the loop regions
of proteins, the tertiary and quaternary structures of both
murine and human sEH enzymes are similar, with a difference
of approximately 4 A in the distance between the two subunits
(Table 1).[1.62]

The N-terminal region of the protein is absent from plant sEH.
The o/B-hydrolase fold, a characteristic and highly conserved
protein structure composed of a core sheet of eight parallel
B-strands joined by a-helices, is present in all these enzymes.">
The N-terminal phosphatase domain degrades lipid phosphates,
whereas epoxides are converted to diols by the C-terminal
epoxide hydrolase area.¥ Epoxide hydrolases catalyze the
opening of the oxirane ring on substrates containing soluble and
microsomal epoxides. Activation of an epoxide occurs through
hydrogen bonding with the general acids Y381 and Y465 and
through the nucleophilic attack by D333, forming an intermediate
alkylenzyme. Subsequently, the tetrahedral intermediate forms
with the help of H523 and a water molecule and then collapses,
releasing the product diol from the alkylenzyme intermediate.!*"’

sEH belongs to the class of a/p hydrolases, including bacterial
haloalkane dehalogenase.*® The catalytic mechanism involves
the formation of a covalent alkyl enzyme ester intermediate due
to the nucleophilic attack by Asp333.1”! The alignment analysis
identified a putative catalyst triad of amino acids within sEH. A
mutagenesis study revealed that, similar to other o/p hydrolase
enzymes, Asp333 and His523 play a role in the catalytic process
of sEH.*® The catalytic mechanism of epoxide hydrolase is
dependent on the residue His523, which was found to be
conserved in all epoxide hydrolases across species and whose
deletion in mouse sEH resulted in only 0.1% of the activity of
wild-type sEH. The amino acid Asp333 serves as the initiation
site for a a-hydroxy acyl-enzyme that acts as an intermediary.!
This intermediate is hydrolyzed following the addition of water
to the carbonyl carbon of the ester link, producing the dihydro
diol product.” The presence of His523 and Asp495 creates a
proton-deficient environment, which activates water and catalyzes
the hydrolysis of the a-hydroxy acyl-enzyme intermediary
into the dihydro diol product.” sEHIs reduce inflammation,
regulate blood flow, and protect neurons from excitotoxicity. A
reduced infarct size and a diminished inflammatory response
after stroke are the indicators of the neuroprotective benefits of
sEH inhibition, which are likely caused by a reduction in the
production of proinflammatory cytokines. Similarly, inhibiting
sEH reduced oxidative stress, cell death, and inflammation as
well as renal fibrosis in mice kidneys."?>’?! Decreased expression
of collagen type IV and protection from hypertension-related
kidney vascular and glomerular damage are the two benefits of
sEH.”>l Moreover, sEH inhibition is associated with a decreased
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loss of dopaminergic neurons in the striatum, demonstrating its
therapeutic potential. sEH can be used as a PD biomarker and
sEHI as a medicinal drug in clinical applications. These findings
serve as the foundation for additional sEH-based studies in other
CNS illnesses.?

Leukotriene epoxide hydrolase

A group of lipid mediators called leukotrienes plays a role in
allergic reactions and inflammation. Leukotriene A4 hydrolase,
which contains Zn?*, is a multifunctional enzyme having
hydrolase and aminopeptidase activity.”” The breakdown of the
unstable epoxide leukotriene A4 into the diol LTB4 by epoxide
hydrolase is the last and rate-limiting step in the biochemical
production of leukotriene B4.7® Leukotriene B4 promotes
neutrophil, monocyte, and eosinophil recruitment and activation.
Moreover, leukotriene B4 promotes the synthesis of several
proinflammatory cytokines and mediators, suggesting that it
can intensify and prolong tissue inflammation.”” In the human
body, leukocytes primarily produce leukotriene from arachidonic

acid by using 5-lipoxygenase.” COX-2 and 5-LOX contribute
to dopaminergic neurotoxicity caused by LPS.”! Furthermore,
the 5-LOX inhibitor can reduce rotenone-induced cell damage,
suggesting that 5-LOX is implicated in rotenone-induced
damage in PC-12 cells.* Moreover, inhibiting the generation
of proinflammatory leukotrienes reduces neurotoxicity by
preventing microglial toxic action.®

Microsomal epoxide hydrolase

A smooth endoplasmic reticulum enzyme called microsomal
epoxide hydrolase is widely expressed in numerous species and
most tissues.® Cytochrome P450 (CYP450) oxidizes unsaturated
hydrocarbons to produce epoxides and arene oxides, which are
then converted to water by microsomal epoxide hydrolase. An
alkylenzyme (ester) intermediate is formed when a carboxylate
from the active site reacts with one of the oxirane carbons in the
substrate; this ester is then hydrolyzed by water at its carbonyl
carbon.® The first epoxide hydrolase to be discovered is the
membrane-bound human microsomal epoxide hydrolase, which
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Figure 1: Pathophysiology of PD and neuroinflammation: Pathological variables include protein aggregation, gene mutations, environmental factors, and
cytokines secreted by infiltrating T cells that cause activation of M1 microglia in PD. The activation of astrocytes by pro-inflammatory mediators from M1
microglia increases the production of nitric oxide and superoxide radicals, accelerating dopaminergic neuronal degeneration. Degenerative dopaminergic
neurons can release mediators that further activate glia and increase the inflammatory response. As the iliness progresses, decaying dopaminergic neurons emit
a-synuclein, Adenosine Triphosphate (ATP), and metalloproteinase-3, which stimulate microglial activation, increase neuroinflammatory responses in the brain,
and accelerate the neurodegenerative process.?” Microglial activation enhances the production of reactive oxygen species and nitrogen species, the synthesis
of cytokines, and the release of trophic substances necessary for the regular maintenance of neuronal survival.?® ATP produced from injured neurons and nearby
astrocytes regulates the migration of microglia to inflammatory and wounded regions. Microglia present in the brain bind to the P2Y receptor following its
binding to ATP, releasing significant amounts of IL-1, TNF-a, and nitric oxide.’?*
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Table 1: Various forms of soluble Epoxide Hydrolase.

Sl. No.

1. Mouse Gene

References
57,143,144

Compound  Function

The mouse gene is found on chromosome 14 and codes for 554 amino acid residues

with 19 exons. The transcript was initially cloned from a mouse liver, and a mouse splice
variant's first two exons have been altered using a sequence from the gene's second intron.
This particular splice variant, expressed in the granulosa cells of preovulatory follicles but

lacks the residues necessary for phosphatase activity, is not transcribed.

2. Human Gene

The human gene comprises 19 exons on chromosome 8 that code for 555 amino acid

57,145,146

residues. The human promoter has numerous SP-1 sites, although no TATA box. The
expression of the promoter minimally, one SP1 place must be present upstream of the
transcription start site. The sSEH gene is silenced in HEPG2 cells through the methylation
of these SP-1 sites. When treated with Hcy, the human sEH promoter contains UPRE,
which increases the expression of sEH in human HUVECs. Hcy dramatically increases
the expression of sSEH mRNA, partially due to the activity of ATF-6. Hcy-mediated
demethylation of the binding site improves ATF-6 binding.

is essential for regulating chemically volatile and potentially
dangerous epoxides. They are produced as the metabolic
intermediates of various xenobiotics.® Epoxide Hydrolases in
the microsome (EPHX1) and soluble form (EPHX2) regulate the
redox state of various xenobiotic- and lipid-derived substrates.
Thus, genetic variations in these pathways may reduce cellular
damage caused by epoxides.™ Studies have reported the
association between mEH and neuroinflammatory disorders.
Moreover, the prevalence of PD and the decreased effectiveness
of the Y113H polymorphism are correlated.® In the MPTP
model of PD, the genetic deletion of mEH inhibits the death of
dopaminergic neurons.’*

Cholesterol epoxide hydrolase

The hydration of cholesterol 5,6 a-oxide (a-oxide) as well as various
other steroidal 5,6 -oxides is catalyzed by the liver microsomal
enzyme cholesterol oxide hydrolase. Cholesterol oxides formed
in the presence of NADPH, FeS04, and ADP during in vitro
lipid peroxidation may be removed by this enzyme.®”) Moreover,
7-dehydrocholesterol 5,6 B-oxide covalently modifies the active
site. of cholesterol oxide hydrolase in rat liver microsomes,
rendering the enzyme inactive. 5,6 3-Iminocholestanol is a potent
competing inhibitor of the enzyme that catalyzes the uptake of
3-[3 H]-7-dehydrocholesterol 5,6 -oxide.

Epoxy Fatty Acids (EpFAs), a crucial class of lipid signaling
molecules that includes EETs, are hydrolyzed by sEH.F”
In inflammation and vascular control, EETs exert various
positive effects. However, the breakdown and conversion of
EETs into DHETs by sEH, which was first defined over 40
years ago,? exerts weaker and different biological effects than
EETs. sEH acts on the epoxides of linoleic acid (leukotoxin
and isoleukotoxin) and arachidonic acid, contributing to
endogenous lipid metabolism and xenobiotic detoxification
(cis Epoxyeicosatrienoic Acids). The inflammatory condition is
believed to be linked to elevated linoleate and arachidonic acid
diol titers, respectively.®**! Diols produced from leukotoxin or

Pharmacognosy Reviews, Vol 20, Issue 40, Online First

epoxy linoleate promote inflammation by activating endothelin-1
and iNOS, which hampers calcium homeostasis and membrane
permeability. Urinary arachidonate diols, which are elevated
in pregnancy-induced hypertension, modulate renal water
retention.” Patients carrying the common K55R genetic variant
in the sEH gene (Ephx2) exhibited 30% lower EET levels with
enhanced sEH activity. The mortality rate was 28.6% in these
patients after stroke compared with 5.3% in control participants.
In other studies, sEH expression was markedly increased in
epilepsy and PD animal models.”"

Arachidonic acid and the Mechanism of
Epoxyeicosatrienoic Acids(EETs)

Arachidonic acid, an omega-6 polyunsaturated fatty acid, is
esterified in the cell membranes of various cells. During the
metabolism of phospholipid membranes, phospholipase A2
is primarily responsible for arachidonic acid production.
Phospholipase A2 is an enzyme that transforms membrane
phospholipids into arachidonic acid in response to various
physiological cues. CYP450, which produces EETs; Lipoxygenase
(LOX), which generates leukotrienes; and Cyclooxygenase
(COX), which produces prostaglandins and thromboxane, are the
three components involved in the metabolism of phospholipid
membranes.*>*!

Cyclooxygenase (COX)

Cyclooxygenase is an essential enzyme in the production of
prostanoids. COX-1 and COX-2 are its two isoforms. COX-1 is
present in the mesothelium, smooth muscle, platelets, and blood
vessels, whereas COX-2 is primarily found in parenchymal cells
in various tissues.”™™ In response to brief lipopolysaccharide
stimulation, COX-1 causes acute inflammation and instructs
the cell to either enhance or reduce leukotriene production.?**!
COX-1 prefers to link with and colocalize in the perinuclear
membrane or ER with thromboxane synthase, prostaglandin
F synthase, and two additional prostaglandin D synthase
isozymes, all of which aid in the synthesis of thromboxane A2
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and prostaglandin D2."* Inflammation, platelet aggregation,
cardiovascular diseases, pain, and cancer have all been linked to
COX, which includes prostaglandins.”!

Lipoxygenase (LOX)

Arachidonic, linoleic, and linolenic acids three
Polyunsaturated Fatty Acids (PUFA) oxidised by the monomeric
protein family LOX to produce hydroperoxides. LOXs are widely
distributed in cyanobacteria, plants, and animals. Also, 5-LOX,
which is present in all mammals and oxygenates the carbon-5
on arachidonic acid, and 9-LOX and 13-LOX, found in plants,
catalyses are found in plants and catalyse the oxygenation of
linoleic and linolenic acids, respectively.”” 5-Hydroperoxy
eicosatetraenoic acid (5-HPETE) is formed by 5-LOX and
subsequently transformed into Leukotriene A4 (LTA4) by
leukotriene synthase. LTA4 is controlled by two enzymes. LTA4
hydrolase activity converts a water molecule into a diol, which acts
as a chemotactic and degranulating agent in polymorphonuclear
cells, causing inflammation. Glutathione S-transferase is the
second enzyme involved in the production of LTC4.*® Asthma,
pulmonary disease, and atherosclerosis are linked to LOX
metabolites, such as leukotrienes and hydroxy eicosatetraenoic
acids. Enzyme activity for hydroxylases and epoxygenases is part

of the CYP450 pathway.™!

are

CYP450
Heme functions as a cofactor in the superfamily of
cytochrome-containing proteins. CYP450 can metabolize

diverse xenobiotic compounds by oxidizing molecules with iron.
CYP450 enzymes are involved in various processes, including
O-dealkylation, S-oxidation, epoxidation, and hydroxylation.
Various bodily tissues express cytochromes, and they are primarily
present in hepatic and intestinal organs.'® Cytochromes 2C
and 2] are members of the CYP450 family that metabolize
arachidonic acid to produce EETs, whereas cytochromes 4A
and 4F catalyze the omega hydroxylation of arachidonic acid to
produce 20-hydroxyeicosatetraenoic acid.®" Depending on the
double bond across which the epoxide is added, cytochrome
epoxygenases generate one of the four stereoisomers of EET from
arachidonic acid: 14,15- EETs, 11,12- EETs, 8,9- EETs, or 5,6-
EETs. These EET isomers are promptly converted by sEH into
inactive or less active DHET metabolites and lose their biological
activity (Figure 3).1*

Epoxyeicosatrienoic Acids (EETs) and its Metabolic
Pathways

Endothelial malfunction and neural death can both be prevented
by the anti-inflammatory and antioxidant activity of EETs.
Moreover, EETs regulate cerebral blood flow, control neuronal
plasticity, attenuate oxidative stress, block endoplasmic reticulum
stress responses, reduce brain injury, and restore neurological
function in conditions affecting the nervous system.!'*"1% EETs

are powerful anti-inflammatory molecules that are produced
through a cytochrome P450 enzyme-mediated process. DHETSs
are created when sEH hydrolyzes EETs; however, they exhibit weak
biological activity."®) sEHI affects NF-kB, PPAR function, and
key arachidonic acid metabolic enzymes, such as cyclooxygenase
and lipoxygenase."! sEH inhibitors exert beneficial effects
because of their powerful anti-inflammatory effects, such as
triggering Brain-Derived Neurotrophic Factor (BDNF)-TrkB to
cause endoplasmic reticulum stress and inflammation to cause
mitochondrial malfunction. A promising therapeutic approach
for treating inflammation and diseases, such as PD, involves
inhibiting sEH activity.' BDNF-TrkB activation protects
neurons from damage caused by inflammation by reducing
endoplasmic reticulum stress, mitochondrial dysfunction,
and other inflammatory outcomes. Metalloproteinase-2 and
metalloproteinase-9 are inhibited by Epoxyeicosatrienoic Acids,
which prevent mitochondrial dysfunction. The MEK-ERK-
CREB communication cascade is activated when BDNF attaches
to its target TrkB. Neurogenesis, synaptic plasticity, and neurite
outgrowth may all be affected by the BDNF-TrkB signaling
pathway. By reducing NF-xB, EETs mitigate endoplasmic
reticulum stress and oxidative damage. In addition, EETs
inhibit apoptosis by triggering B-cell lymphoma 2 (Bcl-2) and
caspase-3 while preventing the activation of Bcl-2-Associated X
protein (BAX).'"! EETs signaling affects certain neuronal and
glial cell functions, substantially affecting CNS function and
disorders. EET signaling affects certain neuronal and glial cell
functions, thus affecting CNS function and disorders. IkB kinase
(IKK) inhibition by EETs blocks the nuclear translocation of
NF-xB, halting the growth of TNF-a and inhibiting its adhesion.
Thus, various enzymes exhibit dysregulation, including the
inflammatory mediators LOX-5, COX-2, and Nitric Oxide
Synthase (iNOS).5*"

EET and NF-xB

To exert their anti-inflammatory effect, EETs block the activation
of NF-kB, a major transcription factor implicated in the synthesis
of inflammatory genes. RelA (p65), one of the five components of
NE-«B, is present in the majority of cell types. NF-kB dimers are
found in the cytoplasm because of their association with IkB, a
protein that inhibits NF-kB. Phosphorylation of IxB is inhibited
by the IKK, a suppressor of the NF-kB kinase complex. NF-kB
then translocates into the nucleus, binding to its particular
binding sites and initiating transcription. IkB is subsequently

Epoxide
H p

f hydrolase
Y

0

> ; /\/OH

Figure 2: Epoxide hydrolase adds a water group to an epoxide to catalyse
diol production.
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Figure 3: Arachidonic acid metabolic pathway: Calcium (Ca?*) stimulated phospholipase A2 releases the arachidonic acid in the plasma membrane. There are
four primary processes by which arachidonic acid is metabolised: Cyclooxygenase (COX), Lipooxygenase (LOX), Cytochrome P450 (CYP) epoxygenases, and
cytochrome hydroxylases. Arachidonic acid is metabolised by COX to prostaglandins, prostacyclins, and thromboxanes and then by LOX to leukotrienes, lipoxins,
and Hydroxyeicosatetraenoic Acids (HETEs). CYP P450 epoxygenases and CYP P450 hydroxylase convert free arachidonic acid to EETs or 20-HETE. The arachidonic
acid is metabolised by the CYP450 (including the 2J and 2C families) to produce the EETs 5,6, 8,9, 11, 12, and 14, respectively. The sEH then hydrolyses the EETs

to produce DHETs with minimal biological activity.

ubiquitinated and degraded by the proteasome.!*! 11,12-EET
inhibited the post-stimulation NF-kB reporter activity of HEK293
cells and human endothelial cells. 11,12-EET can prevent TNF-a-
induced nuclear transfer of RelA, IxBa disintegration, and IKK
activity, indicating that the EET-mediated control of NF-B
precedes IKKa activity (Figure 4).11071%8]

EET and Peroxisome Proliferator-Activated Receptor
Gamma (PPAR)

Peroxisome proliferator-activated receptor is a nuclear receptor
and one of the three ligand-activated transcription factors. PPARs
regulate various physiological responses, including inflammation,
and fatty

cell proliferation/differentiation, acid/glucose
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metabolism.[” The key feature of this process is that intracellular
EET directly activates the reaction instead of activating a second
messenger channel through cell surface receptors. EETs, which
originate from arachidonic acid or PLA2, produce intracellular
phospholipids and initiate autocrine activities. The absorption
of EETs from the extracellular fluid induces paracrine activities
in neighboring cells. In the presence of FABP, EET is retained
in the cytoplasm, where it engages with transcription factors,
ion channels, and signal transduction components.''*!"!l In
conclusion, EETs can directly interact with biological proteins.
By binding to Fatty Acid Binding Proteins (FABPs) and PPARy,
EET remains in the cytoplasm, where it directly interacts with
transcription factors, ion channels, and elements of signal



Mehta, et al.: sSEH: A Novel Therapeutic Target for Parkinson’s Disease

transduction pathways. Alternatively, EETs are combined with
phospholipids to activate signaling pathways, depending on
phospholipids or their binding with ion channels (Figure 5).011!)

EET and G-protein-coupled receptor

Several of the effects of EETs may be mediated when they bind
to a possible G-protein-coupled receptor. 11,12-EET significantly
increased KCa channel activity in smooth muscle cells isolated
from bovine coronary arteries by 0.5-10 times only in the
presence of GTP.1%1101 14 15-EET has been demonstrated to have
a high affinity for a receptor expressed on guinea pig-derived
mononuclear cells, which was supposed to be a G-protein-
coupled receptor that increased cAMP formation.!*

Soluble Epoxide Hydrolase Inhibitors (sEHIs)

Soluble epoxide hydrolase inhibitors are potential treatment
options for various medical conditions because of their ability
to increase EET levels while reducing DHET levels. sEHI can

be used to treat multiple clinical indications, including pain,
immunological disorders, ocular diseases, neurological diseases,
hypertension, diabetes, stroke, and dyslipidemia."? Inhibition
of sEH, which controls EET levels, exerts anti-inflammatory
effects, reducing cytokine-mediated inflammation. To exert
its anti-inflammatory effect, sSEH must control EET levels by
inhibiting NF-kB-mediated gene transcription. Neurons in
the striatum and substantia nigra, two regions of the brain
affected by PD, are preserved when the 1-Methyl-4-phenyl-
1,2,3,6-Tetrahydropyridine (MPTP)-mediated loss of cells
containing tyrosine hydroxylase in the substantia nigra is
inhibited by reducing sEH or by genetically deleting Ephx2.5¢
Epoxide-containing Trans-3-phenyl glycidyl and chalcone oxide
compounds were the first SEH inhibitors, and although they
are potent and selective, they are unstable and only temporarily
affect she.""® However, most epoxide-containing substances are
alternate enzyme substrates with low turnover rates that only
temporarily block in vitro and are ineffective in vivo.""! After

Leukotrienes TNF-a
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— LOX
Inhibits RelA (p65)
EET—D1ocks IKK
DHET
Inhibits NF-kB ) kB
nhibi
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o "g sEH
I
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-— O =
E Inhibits Inflammatory
n
§ — EET —mediator_ MRNA s
<

Inflammatory
| Gene
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Mitochondrial
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}

Prostaglandins

| Neuronal Death |

Figure 4: EET and Nuclear factor kappa-B: Decreased NF-kB activation is a cruci

ial step in the anti-inflammatory effect of EETs. NF-kB activation appears to be

decreased by EETs by blocking IkB kinase. EETs reduce and inhibit adherence to TNF-q, thus reducing inflammation by blocking the nuclear translocation of
the Nuclear Factor (NFkB) and inhibiting kB Kinase (IKK). This leads to the downregulation of several enzymes, such as iNOS, ROS, LOX-5, and COX-2, which are

upregulated in

inflammation.
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Figure 5: EET and PPARy: Cytochrome P450 epoxygenase is involved in the production of EETs. Arachidonic acid from intracellular phospholipids is activated by

cytosolic phospholipase A2 (cPLA2) and converted to EETs by cytochrome P450, which exhibits an autocrine action. When EETs are released into the extracellular

fluid, they exhibit paracrine actions. This occurs when EET binds to FABP or EET directly interacts with intracellular effector mechanisms. EET is found in the cytosol

and binds to FABP and PPARy, where it directly interacts with transcription factors, ion channels, regulatory proteins, and components of signal transduction
pathways.

testing more than 150 compounds, chalone oxides were identified
as the highly effective regulators of epoxide hydrolases.!"'*!

4-Phenylchalcone oxide is a substrate for sEH. It generates a
covalent intermediate that restricts its use in vivo because it is
unstable in the glutathione-containing environment and is
progressively broken down by sEH.P® 1,3-Dicyclohexylurea
(DCUs), one of the first urea derivatives, exhibited poor
pharmacokinetic characteristics but excellent in vivo inhibitory
effects against the sEH enzyme. sEH was dose-dependently
inhibited by DCU but not by microsomal epoxide hydrolase.
1-Cyclohexyl-3-dodecyl-urea, another potent inhibitor based
on urea, was similarly hampered due to its rapid metabolism in
hepatic microsomes.!"'*!!8] High expression of sEH is observed
in various brain regions, including oligodendrocytes, astrocytes,
meningeal blood vessels, and choroid plexus, suggesting its role
in neuromodulation. sEH expression and function are crucial
to define the PD etiology. Dopaminergic cell death, which is
associated with TH-positive cell death, endoplasmic reticulum
stress, and sEH expression in certain brain locations, is decreased
by sEHIs in patients with PD and animal PD models.>**!

sEHI 12 (((tricyclo(3.3.1.13,7) dec-1 ylamino)carbonyl)amino)-
dodecanoic acid [or AUDA]] induces an increase in the EET
level. More neurons survive after being exposed to a dynamic
environment in PD and other neurodegenerative diseases.

Pharmacognosy Reviews, Vol 20, Issue 40, Online First

Pretreatment with AUDA alleviated MPTP-induced dementia
and protects TH-positive cells in the substania nigra; however, no
effect was observed after treatment.!''*'?! Two tyrosine residues
(Tyr381 and Tyr465) are present in the active area of the hydrolase
and donate hydrogen bonds to enable Asp333 to open the epoxide
ring, as indicated by the X-ray crystalline structure of the human
sEH and AUDA complex (Protein Data Bank (PDB) code: 1ZD3).
For rapid DHET production, hydrolysis might be used after ester
synthesis. The protein’s hydrolase catalytic pocket is a snug fit for
amide- and urea-based sEHI. Asp 333 interacts with the N-H of
urea and amide as well as Tyr 381 and Tyr 465, and the carbonyl
oxygen of urea and amide through hydrogen bonds. Urea and
amide derivatives are being researched and developed as the
long-term inhibitors of sHE.'"?l 1-Trifluoromethoxyphenyl-3-
(1-propionylpiperidin-4-yl) urea (TPPU), one of the powerful
sEHIs, considerably reduced the number of TH-positive cells
and the levels of procaspase 9 protein and MPTP-induced striatal
dopamine in rats. MPTP inhibits caspase 12 activation, HO-1
elevation, alpha-synuclein aggregation, and oxidative stress while
preventing protein aggregation, apoptosis, and endoplasmic
reticulum stress.'?!) Treatment of EETs with 4-(5-phenyl-3-3-
3-(4-trifluoromethylphenyl)-ureido-propyl-pyrazole-1-yl)
Benzenesulfonamide (PTUPB), the dual inhibitor of sEH and
COX-2, exerts antioxidant, anti-inflammatory, and anti-apoptotic
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effects. Moreover, the concurrent suppression of COX-2 by
PTUPB can reduce neuroinflammation-induced cell death.!'?

ROS are produced due to the inhibition of the mitochondrial
complex induced by rotenone. The dysfunction of mitochondrial
complex I caused by rotenone was markedly reversed by the sEHI
N-(1-acetylpiperidin-4-yl)-N-(adamant-1-yl)urea (APAU). ROS
are peroxidized in membrane lipids, reducing the permeability
of the mitochondrial membrane when their concentration
is too high. Pretreatment with sEHI and APAU significantly
reduced ROS-induced lipid peroxidation and alterations in
the mitochondrial membrane potential.'?! In conclusion, the
findings reveal that sEH inhibition or deletion can prevent the
degeneration of dopaminergic neurons (Table 2).!'24

Preliminary results have demonstrated the presence of sEHI in
plants. Honokiol (5,3'-diallyl-2,4’-dihydroxy biphenyl), which is
isolated from Magnolia officinalis, exhibited strong sEH activity
suppression. Honokiol has various therapeutic effects, including
restoring PPARY expression, preventing dopaminergic neuron

degeneration, reducing oxidative stress and astrocytic stimulation,
and restoring typical motor behavioral performance.!'>'*¢1 1, 3-Bis
(4-methoxybenzyl) urea, a key ingredient of urea-based sEHIs,
is abundant in the stems of the Pentadiplandra brazzeana shrub.
In a rat model of nociceptive pain, 1, 3-bis (4-methoxybenzyl)
urea considerably reduced inflammation-related discomfort.
Among the sEH antagonists found in nature, these compounds
rank high in terms of their efficacy.'” In contrast to other
naturally occurring compounds, including flavonoids, alkaloids,
and phenolic compounds, the majority of the compounds from
Docynia indica fruits displayed moderate to significant sEH
inhibitory effects.'?®! The sEH-inhibiting effects of selaginin
derivatives were clinically evaluated. Selaginin derivatives have
demonstrated potential in treating cardiovascular disease. All
selaginella derivatives inhibited sSEH and PHOME hydrolysis
enzymatic activity in a dose-dependent manner.”® Crude
extracts of the aerial parts of Glycosmis stenocarpa were analyzed
for their potential to act as sEH inhibitors. The results revealed
that methanol extract, n-hexane, chloroform, and ethyl acetate

Table 2: Synthetic drugs having sEH inhibitory activity.

SI. No. Compound Function

L. 4-Phenylchalcone oxide

Pharmacological inhibition of the proinflammatory microglial

References
147

enzyme sEH impacts microglial activation and neuronal death
following cardiac arrest. Microglia are activated during cardiac
arrest and play a part in the loss of neurons. The sEH inhibitor
4-phenyl chalcone oxide significantly reduced neuronal death
after cardiac arrest and improved memory.

2. 1,3-Dicyclohexylurea (DCUs)

It has been discovered that human serum contains DCU, 74

a potent endogenous inhibitor of sSEH. In mammals,
soluble epoxide hydrolase prevents kidney, heart, and brain
damage, cardiovascular disease, high blood pressure, and
anti-inflammatory effects.

3. 1-cyclohexyl-3-dodecyl-urea (CDU)

Human aortic Vascular Smooth Muscle (HVSM) cell

148

proliferation is reduced by the highly selective urea-based

sEH inhibitor CDU, independent of any impact on sEH. CDU
inhibits endothelial cells when activated with essential fibroblast
growth factor or serum.

4. 12(((tricyclo(3.3.1.13,7)dec-1 ylamino)
carbonyl)amino)-dodecanoic acid
[AUDA]

The sEH inhibitor AUDA butyl ester decreased the infarct
size in mice after occluding the middle cerebral artery. Studies
suggest that sSEH suppression leads to elevated EETs levels,

117

which have therapeutic advantages for lipid and glucose
metabolism, blood pressure, and inflammation. The sEH
inhibition-induced increase in EETs may also inhibit the NF-kB
pathway from being activated.

5. 1-trifluoromethoxyphenyl-3-
(1-propionylpiperidin-4-yl) urea (TPPU)

TPPU is a potent inhibitor of sEH with the capacity to enter the
brain. It has good efficacy against various chronic inflammatory

149

illnesses in preclinical animal models.

6. N-(1-acetylpiperidin-4-yl)-N-
(adamant-1-yl)urea (APAU)

7. 4-(5-phenyl-3-3-3-(4-trifluoromethylp
henyl)-ureido-propyl-pyrazole-1-yl)
benzenesulfonamide (PTUPB)

10

ROT-induced changes in oxidative, pro-inflammatory, and
apoptotic markers were lessened considerably by APAU.

The dual sSEH/COX-2 inhibitor PTUPB reduces inflammation
and blood pressure by increasing EETs and decreasing COX-2
inflammatory prostanoids.

123

150
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extract all exerted an inhibitory effect on sEH enzyme activity in
vitro.*% Flavonoids, one of the main components in Epimedium
koreanum Nakai, were discovered to be responsible for the plant’s
antioxidative, anti-inflammatory, cardioprotective, and other
therapeutic activities. Both sEH and tyrosinase are significantly
inhibited by flavonoids."* Kurarinone, a rare natural chemical
extracted from Sophora flavescens, mitigated behavioral
impairment and dopaminergic neurotoxicity generated by
MPTP, including the loss of neurotransmitters and TH-positive
cells. Kurarinone reduced MPTP-induced neuroinflammation
by inhibiting microglial activation along the NF-«B signaling
pathway (Table 3).5¢!

sEH as a target in PD

Finding new compounds that can simultaneously affect numerous
downregulation mechanisms is crucial due to the complicated
etiology of PD. The progression of PD is a major reason, and
it is essential to discover preventive medicines that can be
used for extended periods without causing harm.!"*?! However,
no antiparkinsonian drug, either alone or in combination,
can completely halt the progression of the disease. Thus,
neuroprotective medications are required to prevent disease

inflammation, mitochondrial
133,134]

progression. Reactive stress,

malfunction, and apoptosis have all been linked to PD.!

The metabolism of endogenous physiologically active EETs is
significantly affected by sEH. EETs and other lipid epoxides
were increased following the use of sEHIs. sEHIs reduce blood
pressure and inflammation and increase insulin sensitivity.”*!3
CYP450 enzymes can convert olefins into a broad range of epoxy
fatty acids. EETs and Epoxydocosapentaenoic acids (EDPs), both
arachidonic acid and docosahexaenoic acid, can be synthesized.
EETs have been linked to inflammation and the development of
various disorders such as pain, obesity, depression, and PD, as
evidenced by anti-inflammatory studies and the development of

many animal models.*¢!%7]

EETs exert cytoprotective effects in various peripheral disorders
and brain cells. However, the sEH metabolism of EETs hinders
their ability to protect cells from damage. A novel approach to
avoiding PD involves inhibiting sEH, the primary enzyme in the
metabolism of endogenous EETs.[''"24138 Because SEH promotes
alpha-synuclein and phosphorylated-synuclein buildup in the
striatum, it may be pivotal in the genesis of PD and dementia with
Lewy bodies. Similarly, sEHI prevents apoptosis in dopaminergic
neurons derived from PARK2 iPSCs. Neurodegenerative
conditions related to a-synuclein protein, including PD and
dementia with Lewy bodies, may be prevented or treated using
sEHIs."*! Dying dopaminergic neurons contribute to PD, which
is connected to oxidative stress. In the oxidative metabolism of

Table 3: Herbal extract having sEH inhibitory activity.

Sl. No. Herbal Extract

1. Pentadiplandra
brazzeana

Function

P. brazzeana's roots contain urea compounds that have potent sEH-inhibiting
effects. The plant root contains the highest concentration of 1, 3-bis

References
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(4-methoxybenzyl) urea, and in an in vivo inflammatory pain model, it
demonstrated local analgesic benefits.

2. Docynia indica

For developing sEH inhibitors, 3-methoxy-4-hydroxy-benzoic acid and

128

2,6-dihydroxy 3,4 -dimethoxy chalcone may be used as potential compounds.
These findings suggest that fruits from D. indica could be used as dietary
supplements to treat cardiovascular conditions and other related illnesses.

3. Honokiol isolated from
Magnolia officinalis

With good IC, | values established using the fluorescent substrate and
14,15-epoxyeicosatrienoic acid, honokiol extracted from Magnolia officinalis

125

demonstrated substantial suppression of sEH activity. These findings indicate
that honokiol has an sEH inhibitory effect, as seen by the decreased microsomal

epoxide hydrolase activity.

4. Selaginella tamariscina
sEH-targeting inhibitors.

5. Glycosmis stenocarpa

Selaginellin derivatives are a promising first line of drugs for developing

Higher sEH inhibitory actions were detected in isomahanine and bisisomahanine,

151

129

which have a chromene ring on pyranocarbazole. It demonstrates a potential
natural source carbazole-type alkaloid inhibitor of sEH.

6. Epimedium koreanum
Nakai

Distinct flavonoid compounds from E. koreanum inhibited sEH and tyrosinase
in different ways. The outcomes demonstrated that some substances had the

131

potential to act as SEH and tyrosinase inhibiting agents.

7. Sophora flavescens

In a mouse model of Parkinson's disease, kurarinone from S. flavescens was 56

reported to lessen Parkinson-like behaviours. By targeting sEH, an enzyme that
controls multiple chemicals linked to inflammation, blood pressure, and pain, its
researchers found that it can reduce neuroinflammation in the brain.
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both external and indigenous components, epoxides are formed as
a possibly unstable intermediary that contributes to cellular harm
caused by oxidative stress. Numerous xenobiotic and lipid-derived
substrate oxidation states are regulated by microsomal epoxide
Hydrolase 1 (EPHX1) and soluble Epoxide Hydrolase 2 (EPHX2)
pathways, which exhibit substantial individual variation and may
protect cells from epoxide-related harm.®¥ Because of its specific
toxicity toward dopaminergic neurons, MPTP, one of the most
frequently used pharmacological inducers of PD in experimental
animals, causes symptoms similar to those reported in PD. Recent
studies have suggested the role of sEH in the pathogenesis of PD
due to the correlation between increased sSEH mRNA and PD in
MPTP models."**] In patients with dementia, SEH expression
is negatively correlated with the expression of TH, a biomarker
of dopaminergic neurons."?! After receiving a dosage of MPTP,
these dopaminergic neurons are protected from neurotoxicity
when sEH is suppressed by medication or genetic deletion.
Several sEH single-nucleotide polymorphisms exist, including
K55R, R103C, C254Y, and R287Q. The catalytic efficiency of the
R287Q variant is considerably lower for 14,15-EET.1*141 Thus,
individuals carrying the R287Q variation have an increased
risk of PD."!l In PD, the omega-3 PUFA docosahexaenoic acid
exhibits beneficial effects. This PUFA is abundantly present in
noggin and is essential for healthy brain growth and function.
CYP450 converts docosahexaenoic acid into Docosahexaenoic
Acid Epoxides (EDPs), and sEH further hydroxylates EDPs
to produce equivalent diols, dihydroxydocosapentaenoic
acids. In rats, docosahexaenoic acid supplementation reduced
rotenone-induced motor impairment and TH loss. In addition,
docosahexaenoic acid supplementation increased the striatal
expression of Nrf2 and antioxidant gene mRNA. However,
the sEH inhibitor TPPU completely reversed these effects of
docosahexaenoic acid supplementation.!*

CONCLUSION

One of the main risk factors for PD is neurodegeneration,
which also causes other life-threatening consequences such as
dysphagia, cognitive decline, sleep disorders, etc. The suppression
of inflammatory cell recruitment, alteration of the arachidonic
acid metabolite profile, and additional targeting of the PPARy
and NF-kB pathways are the mechanisms of inflammation
inhibition, which result in the inhibition of COX-2, 5-LOX, and
iNOS. The primary anti-inflammatory mediators are the EETs,
the byproducts of the CYP450 enzyme-mediated route used to
metabolise arachidonic acid. EETs have shown cytoprotective
benefits in various circumstances by reducing oxidative
stress, inflammation, and apoptosis. Furthermore, it has been
demonstrated that EETs reduce apoptosis, caspase activation, and
mitochondrial dysfunction brought on by ROS. The substantia
nigra of PD patients has been found to have increased levels of
pro-inflammatory cytokines such as COX-2, IL-1pB, IL-6, and
TNEF-a. By inhibiting the degradation of EETs to DHETS, which

12

have significantly less biological activity by sEHI, it may enhance
the concentration of EETS, producing anti-inflammatory activity.
Thus, taking sEHI, which inhibits the sEH enzyme, could be
a viable therapeutic approach to alleviating PD symptoms.
In conclusion, psychiatric and neurological diseases such as
depression, schizophrenia, Lewy body dementia, and Parkinson's
disease have been associated with genetic deletion of Ephx2 (the
gene that encodes sEH) and elevation of sEH expression.
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Epoxide Hydrolase; TPPU: 1-(Trifluoromethoxyphenyl)-3-
(1-propionylpiperidin-4-yl)urea; UPRE: Unfolded Protein

Activating ~ Transcription  Factor-6;

Response Elements.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest.

AUTHOR CONTRIBUTIONS

All authors made substantial contributions to conception and
design, acquisition of data, or analysis and interpretation of
data; took part in drafting the article or revising it critically for
important intellectual content; agreed to submit to the current
journal; gave final approval of the version to be published; and
agree to be accountable for all aspects of the work. All the authors
are eligible to be author as per the International Committee of
Medical Journal Editors (ICMJE) requirements / guidelines.

ETHICAL APPROVALS

This study does not involve experiments on animals or human
subjects.

Pharmacognosy Reviews, Vol 20, Issue 40, Online First



Mehta, et al.: sEH: A Novel Therapeutic Target for Parkinson’s Disease

USE OF ARTIFICIAL INTELLIGENCE (Al)-
ASSISTED TECHNOLOGY

The authors declare that they have not used Artificial Intelligence

(AI)-tools for writing and editing of the manuscript, and no
images were manipulated using Al

REFERENCES

1.

20.

21.

22.

DeMaagd G, Disease PAP, Entity IMPD, Factors R, Pathophysiology, Presentation C, et
al. 2015;40(8):504-32.

. Lew M. Overview of Parkinson's Disease. Pharmacotherapy: The Journal of Human

Pharmacology and Drug Therapy. 2007; 27(12P2):10. doi:10.1592/phco.27.12part2.
155s. PMID: 18041935.

. Dauer W, Przedborski S. Parkinson's Disease. Neuron. 2003;39(6):889-909. doi:10.101

6/50896-6273(03)00568-3. PMID: 12971891.

. In. MSIPD. Motor symptoms in Parkinson's disease. Handbook of Clinical Neurology.

2007;9752(07):329-42. doi:10.1016/50072-9752(07)83013-2. PMID: 18808920.

. Davie C. A review of Parkinson's disease. British Medical Bulletin. 2008;86(1):109-27.

doi:10.1093/bmb/Idn013. PMID: 18398010.

. Pfeiffer R. Non-motor symptoms in Parkinson's disease. Parkinsonism & Related

Disorders. 2016;22:10. doi:10.1016/j.parkreldis.2015.09.004. PMID: 26372623.

. Tysnes O, Storstein A. Epidemiology of Parkinson’s disease. Journal of Neural

Transmission. 2017;124(8):901-5. doi:10.1007/500702-017-1686-y. PMID: 28150045.

. Schmitz S, Vaillant M, Renoux C, Konsbruck R, Hertz P, Perquin M, et al. Prevalence

and Cost of Care for Parkinson’s Disease in Luxembourg: An Analysis of National
Healthcare Insurance Data. PharmacoEconomics - Open. 2022;6(3):405-14. doi:10.1
007/541669-021-00321-3. PMID: 35034346.

. Ou Z, Pan J, Tang S, Duan D, Yu D, Nong H, et al. Global Trends in the Incidence,

Prevalence, and Years Lived with Disability of Parkinson's Disease in 204 Countries/
Territories From 1990 to 2019. Frontiers in Public Health. 2021;9:10. doi:10.3389/fpub
h.2021.776847. PMID: 34950630.

. Liu C, Li C, Lee P, Sun Y. Variations in Incidence and Prevalence of Parkinson’s

Disease in Taiwan: A Population-Based Nationwide Study. Parkinson's Disease. 2016;
2016:1-8. doi:10.1155/2016/8756359. PMID: 26904358.

. Goyal V, Radhakrishnan D. Parkinson's disease: A review. Neurology India.

2018;66(7):0028-3886. doi:10.4103/0028-3886.226451. PMID: 29503325.

. Rizek P, Kumar N, Jog M. An update on the diagnosis and treatment of Parkinson

disease. Canadian Medical Association Journal. 2016;188(16):1157-65. doi:10.1503/
cmaj.151179. PMID: 27221269.

. Poewe W, Seppi K, Tanner C, Halliday G, Brundin P, Volkmann J, et al. Parkinson

disease. Nature Reviews Disease Primers. 2017;3(1):17013. doi:10.1038/nrdp.2017.1
3. PMID: 28332488.

. Mehra S, Sahay S, Maji S. a-Synuclein misfolding and aggregation: Implications in

Parkinson’s disease pathogenesis. Biochimica et Biophysica Acta (BBA) - Proteins
and Proteomics. 2019;1867(10):890-908. doi:10.1016/j.bbapap.2019.03.001. PMID:
30853581.

. Lin K, Lin K, Chen S, Liou C, Chuang Y, Lin H, et al. The Overcrowded Crossroads:

Mitochondria, Alpha-Synuclein, and the Endo-Lysosomal System Interaction in
Parkinson’s Disease. International Journal of Molecular Sciences. 2019;20(21):5312.
doi:10.3390/ijms20215312. PMID: 31731450.

. Rodriguez M, Rodriguez-Sabate C, Morales I, Sanchez A, Sabate M. Parkinson's

disease as a result of aging. Aging Cell. 2015;14(3):293-308. doi:10.1111/acel.1231
2. PMID: 25677794,

. Nandipati S, Litvan I. Environmental Exposures and Parkinson’s Disease. International

Journal of Environmental Research and Public Health. 2016;13(9):881. doi:10.3390/ij
erph13090881. PMID: 27598189.

. Crosiers D, Theuns J, Cras P, Van Broeckhoven C. Parkinson disease: Insights in

clinical, genetic and pathological features of monogenic disease subtypes. Journal
of Chemical Neuroanatomy. 2011;42(2):131-41. doi:10.1016/j.jchemneu.2011.07.003
.PMID: 21810464.

. Oczkowska A, Kozubski W, Lianeri M, Dorszewska J. Mutations in PRKN and SNCA

Genes Important for the Progress of Parkinson’s Disease. Current Genomics.
2014;14(8):502-17. doi:10.2174/1389202914666131210205839. PMID: 24532983.

Hirsch E, Hunot S. Neuroinflammation in Parkinson's disease: a target for
neuroprotection?. The Lancet Neurology. 2009;8(4):382-97. doi:10.1016/51474-4422
(09)70062-6. PMID: 19296921.

Mulak A. Brain-gut-microbiota axis in Parkinson's disease. World Journal of
Gastroenterology.  2015;21(37):10609.  doi:10.3748/wjg.v21.i37.10609.  PMID:
26457021.

Zarriello S, Tuazon J, Corey S, Schimmel S, Rajani M, Gorsky A, et al. Humble
beginnings with big goals: Small molecule soluble epoxide hydrolase inhibitors for
treating CNS disorders. Progress in Neurobiology. 2019;172:23-39. doi:10.1016/j.pne
urobio.2018.11.001. PMID: 30447256.

Pharmacognosy Reviews, Vol 20, Issue 40, Online First

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Huang H, Weng J, Wang M. EETs/sEH in diabetes and obesity-induced cardiovascular
diseases. Prostaglandins & Other Lipid Mediators. 2016;125:80-9. doi:10.1016/j.prost
aglandins.2016.05.004. PMID: 27184755.

Wang Q, LiuY, Zhou J. Neuroinflammation in Parkinson’s disease and its potential as
therapeutic target. Translational Neurodegeneration. 2015;4(1):015-0042. doi:10.118
6/540035-015-0042-0. PMID: 26464797.

Wang L, Yu X, Li X, Zhao Y, Wang C, Wang Z, et al. Catalpol Exerts a Neuroprotective
Effect in the MPTP Mouse Model of Parkinson’s Disease. Frontiers in Aging
Neuroscience. 2019;11:10. doi:10.3389/fnagi.2019.00316. PMID: 31849636.

Hung T, Shyue S, Wu C, Chen C, Lin C, Chang C, et al. Deletion or inhibition of soluble
epoxide hydrolase protects against brain damage and reduces microglia-mediated
neuroinflammation in traumatic brain injury. Oncotarget. 2017;8(61):10. doi:10.1863
2/oncotarget.21139. PMID: 29262558.

Witte M, Geurts J, de Vries H, van der Valk P, van Horssen J. Mitochondrial
dysfunction: A potential link between neuroinflammation and neurodegeneration?.
Mitochondrion. 2010;10(5):411-8. doi:10.1016/j.mit0.2010.05.014. PMID: 20573557.

Tansey M, Goldberg M. Neuroinflammation in Parkinson's disease: Its role in neuronal
death and implications for therapeutic intervention. Neurobiology of Disease.
2010;37(3):510-8. doi:10.1016/j.nbd.2009.11.004. PMID: 19913097.

Lull M, Block M. Microglial Activation and Chronic Neurodegeneration.
Neurotherapeutics.  2010;7(4):354-65.  doi:10.1016/j.nurt.2010.05.014.  PMID:
20880500.

Lucin K, Wyss-Coray T. Immune Activation in Brain Aging and Neurodegeneration:
Too Much or Too Little?. Neuron. 2009;64(1):110-22. doi:10.1016/j.neuron.2009.08.0
39. PMID: 19840553.

Kofler J, Wiley C. Microglia. Toxicologic Pathology. 2010;39(1):103-14. doi:10.1177/01
92623310387619. PMID: 21078923.

Zhang W, Phillips K, Wielgus A, Liu J, Albertini A, Zucca F, et al. Neuromelanin Activates
Microglia and Induces Degeneration of Dopaminergic Neurons: Implications for
Progression of Parkinson’s Disease. Neurotoxicity Research. 2009;19(1):63-72. doi:10.
1007/512640-009-9140-z. PMID: 19957214.

Frank-Cannon T, Tran T, Ruhn K, Martinez T, Hong J, Marvin M, et al. Parkin Deficiency
Increases Vulnerability to Inflammation-Related Nigral Degeneration. The Journal
of Neuroscience. 2008;28(43):10825-34. doi:10.1523/jneurosci.3001-08.2008. PMID:
18945890.

Waak J, Weber S, Waldenmaier A, Gérner K, Alunni-Fabbroni M, Schell H, et al.
Regulation of astrocyte inflammatory responses by the Parkinson's disease-
associated gene DJ-1. The FASEB Journal. 2009;23(8):2478-89. doi:10.1096/f].
08-125153. PMID: 19276172.

Dias V, Junn E, Mouradian M. The Role of Oxidative Stress in Parkinson's Disease.
Journal of Parkinson’s Disease. 2013;3(4):461-91. doi:10.3233/jpd-130230. PMID:
24252804.

Troncoso-Escudero P, Parra A, Nassif M, Vidal R. Outside in: Unraveling the Role of
Neuroinflammation in the Progression of Parkinson's Disease. Frontiers in Neurology.
2018;9:10. doi:10.3389/fneur.2018.00860. PMID: 30459700.

37. Anatomy C, Elsevier H. Comparative Anatomy and Histology. 2018. doi:10.1016
/c2014-0-03145-0.

Sofroniew M, Vinters H. Astrocytes: biology and pathology. Acta Neuropathologica.
2009;119(1):7-35. doi:10.1007/500401-009-0619-8. PMID: 20012068.

Booth H, Hirst W, Wade-Martins R. The Role of Astrocyte Dysfunction in Parkinson’s
Disease Pathogenesis. Trends in Neurosciences. 2017;40(6):358-70. doi:10.1016/j.tins
.2017.04.001. PMID: 28527591.

LinL,Doherty D, Lile J, Bektesh S, Collins F. GDNF:a Glial Cell Line-Derived Neurotrophic
Factor for Midbrain Dopaminergic Neurons. Science. 1993;260(5111):1130-2. doi:10.
1126/science.8493557. PMID: 8493557.

Scharr D, Sieber B, Dreyfus C, Black I. Regional and Cell-Specific Expression of GDNF
in Rat Brain. Experimental Neurology. 1993;124(2):368-71. doi:10.1006/exnr.1993.12
07. PMID: 8287932.

Gray M, Woulfe J. Striatal Blood-Brain Barrier Permeability in Parkinson'S Disease.
Journal of Cerebral Blood Flow & Metabolism. 2015;35(5):747-50. doi:10.1038/jcbfm
.2015.32. PMID: 25757748.

Gu X, Long C, Sun L, Xie C, Lin X, Cai H. Astrocytic expression of Parkinson's
disease-related A53T a-synuclein causes neurodegeneration in mice. Molecular
Brain. 2010;3(1):1756-6606. doi:10.1186/1756-6606-3-12. PMID: 20409326.

Rocha N, de Miranda A, Teixeira A. Insights into Neuroinflammation in Parkinson’s
Disease: From Biomarkers to Anti-Inflammatory Based Therapies. BioMed Research
International. 2015;2015:1-12. doi:10.1155/2015/628192. PMID: 26295044.

Liu J. Inhibition of Soluble Epoxide Hydrolase for Renal Health. Frontiers in
Pharmacology. 2019;9:10. doi:10.3389/fphar.2018.01551. PMID: 30687105.

Liao J, Norwood S, Chung, Li H, Hammock B, Yang G. Abstract 5702: Soluble epoxide
hydrolase: unique biomarker and chemopreventive target of chronic colitis-induced
carcinogenesis. Cancer Research. 2010;2(4):447-57. doi:10.1158/1538-7445.
am10-5702.

Kim |, Heirtzler F, Morisseau C, Nishi K, Tsai H, Hammock B. Optimization of
Amide-Based Inhibitors of Soluble Epoxide Hydrolase with Improved Water
Solubility. Journal of Medicinal Chemistry. 2005;48(10):3621-9. doi:10.1021/jm0500
929. PMID: 15887969.

13



Mehta, et al.: sSEH: A Novel Therapeutic Target for Parkinson’s Disease

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

14

Spector A, Fang X, Snyder G, Weintraub N. Epoxyeicosatrienoic acids (EETs):
metabolism and biochemical function. Progress in Lipid Research. 2004;43(1):55-90.
doi:10.1016/50163-7827(03)00049-3. PMID: 14636671.

49. Elsevier HODN. Handbook of Developmental Neurotoxicology. 1998. doi:10.101
6/b978-0-12-648860-9.x5000-6.

Sura P, Sura R, EnayetAllah A, Grant D. Distribution and Expression of Soluble
Epoxide Hydrolase in Human Brain. Journal of Histochemistry & Cytochemistry.
2008;56(6):551-9. doi:10.1369/jhc.2008.950659. PMID: 18319271.

Nourooz-Zadeh J, Winder B, Dietze E, Giometti C, Tollaksen S, Hammock B.
Biochemical characterization of a variant form of cytosolic epoxide hydrolase
induced by parental exposure to N-ethyl-N-nitrosourea. Comparative Biochemistry
and Physiology Part C: Comparative Pharmacology. 1992;103(1):207-14. doi:10.1016
/0742-8413(92)90253-4. PMID: 1360372.

Totah R, Rettie A. Principles of Drug Metabolism 3: Enzymes and Tissues.
Comprehensive Medicinal Chemistry II. 2007: 167-91. doi:10.1016/b0-08-045044-x/
00121-8.

Duflot T, Roche C, Lamoureux F, Guerrot D, Bellien J. Design and discovery of soluble
epoxide hydrolase inhibitors for the treatment of cardiovascular diseases. Expert
Opinion on Drug Discovery. 2014;9(3):229-43. doi:10.1517/17460441.2014.881354.
PMID: 24490654.

lliff J, Alkayed N. Soluble Epoxide Hydrolase Inhibition: Targeting Multiple
Mechanisms of Ischemic Brain Injury with a Single Agent. Future Neurology.
2009;4(2):179-99. doi:10.2217/14796708.4.2.179. PMID: 19779591.

Kramer J, Proschak E. Phosphatase activity of soluble epoxide hydrolase.
Prostaglandins & Other Lipid Mediators. 2017;133:88-92. doi:10.1016/j.prostagland
ins.2017.07.002. PMID: 28729091.

Sun C, Zhang X, Morisseau C, Hwang S, Zhang Z, Hammock B, et al. Discovery of
Soluble Epoxide Hydrolase Inhibitors from Chemical Synthesis and Natural Products.
Journal of Medicinal Chemistry. 2020;64(1):184-215. doi:10.1021/acs.jmedchem.0cO
1507. PMID: 33369424.

Harris T, Hammock B. Soluble epoxide hydrolase: Gene structure, expression and
deletion. Gene. 2013;526(2):61-74. doi:10.1016/j.gene.2013.05.008. PMID: 23701967.

Larsson C, White |, Johansson C, Stark A, Meijer J. Localization of the human soluble
epoxide hydrolase gene (EPHX2) to chromosomal region 8p21-p12. Human Genetics.
1995;95(3):10. doi:10.1007/bf00225209. PMID: 7868134.

Saito S, lida A, Sekine A, Eguchi C, Miura Y, Nakamura Y. Seventy genetic variations in
human microsomal and soluble epoxide hydrolase genes (EPHX1 and EPHX2) in the
Japanese population. Journal of Human Genetics. 2001;46(6):325-9. doi:10.1007/s10
0380170067. PMID: 11393535.

Sandberg M, Hassett C, Adman E, Meijer J, Omiecinski C. Identification and Functional
Characterization of Human Soluble Epoxide Hydrolase Genetic Polymorphisms.
Journal of Biological Chemistry. 2000;275(37):28873-81. doi:10.1074/jbc.m0011532
00. PMID: 10862610.

Gomez G, Morisseau C, Hammock B, Christianson D. Structure of Human Epoxide
Hydrolase Reveals Mechanistic Inferences on Bifunctional Catalysis in Epoxide and
Phosphate Ester Hydrolysis. Biochemistry. 2004;43(16):4716-23. doi:10.1021/bi0361
89j. PMID: 15096040.

Nelson J, Subrahmanyan R, Summers S, Xiao X, Alkayed N. Soluble Epoxide Hydrolase
Dimerization Is Required for Hydrolase Activity. Journal of Biological Chemistry.
2013;288(11):7697-703. doi:10.1074/jbc.m112.429258. PMID: 23362272.

BEETHAM J, GRANT D, ARAND M, GARBARINO J, KIYOSUE T, PINOT F, et al. Gene
Evolution of Epoxide Hydrolases and Recommended Nomenclature. DNA and Cell
Biology. 1995;14(1):61-71. doi:10.1089/dna.1995.14.61. PMID: 7832993.

Chiamvimonvat N, Ho C, Tsai H, Hammock B. The Soluble Epoxide Hydrolase as a
Pharmaceutical Target for Hypertension. Journal of Cardiovascular Pharmacology.
2007;50(3):225-37. doi:10.1097/fjc.0b013e3181506445. PMID: 17878749.

Gomez G, Morisseau C, Hammock B, Christianson D. Human soluble epoxide
hydrolase: Structural basis of inhibition by 4-(3-cyclohexylureido)-carboxylic acids.
Protein Science. 2006;15(1):58-64. doi:10.1110/ps.051720206. PMID: 16322563.
Arand M, Grant D, Beetham J, Friedberg T, Oesch F, Hammock B. Sequence similarity
of mammalian epoxide hydrolases to the bacterial haloalkane dehalogenase and
other related proteins. FEBS Letters. 1994;338(3):251-6. doi:10.1016/0014-5793(94)
80278-5. PMID: 8307189.

Lou C, Zhang L, Wang X, Ma X, Qin C, Li W, et al. Soluble Epoxide Hydrolase: Potential
Target for Inflammation and Inflammation-Driven Cancer. Journal of Carcinogenesis
& Mutagenesis. 2017;08(03):2157-2518. doi:10.4172/2157-2518.1000294.

Pinot F, Grant D, Beetham J, Parker A, Borhan B, Landt S, et al. Molecular and
Biochemical Evidence for the Involvement of the Asp-333-His-523 Pair in the
Catalytic Mechanism of Soluble Epoxide Hydrolase. Journal of Biological Chemistry.
1995;270(14):7968-74. doi:10.1074/jbc.270.14.7968. PMID: 7713895.

Borhan B, Jones A, Pinot F, Grant D, Kurth M, Hammock B. Mechanism of Soluble
Epoxide Hydrolase. Journal of Biological Chemistry. 1995;270(45):26923-30. doi:10.1
074/jbc.270.45.26923. PMID: 7592938.

Arand M, Wagner H, Oesch F. Asp333, Asp495, and His52.3 Form the Catalytic Triad of
Rat Soluble Epoxide Hydrolase. Journal of Biological Chemistry. 1996;271(8):4223-9.
doi:10.1074/jbc.271.8.4223. PMID: 8626766.

Fretland A, Omiecinski C. Epoxide hydrolases: biochemistry and molecular biology.
Chemico-Biological Interactions. 2000;129(1-2):1-2. doi:10.1016/50009-2797(00)
00197-6. PMID: 11154734.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Kim J, Imig J, Yang J, Hammock B, Padanilam B. Inhibition of soluble epoxide
hydrolase prevents renal interstitial fibrosis and inflammation. American Journal
of Physiology-Renal Physiology. 2014;307(8):10. doi:10.1152/ajprenal.00256.2014.
PMID: 25164080.

Olearczyk J, Quigley J, Mitchell B, Yamamoto T, Kim |, Newman J, et al. Administration
of a substituted adamantyl urea inhibitor of soluble epoxide hydrolase protects
the kidney from damage in hypertensive Goto-Kakizaki rats. Clinical Science.
2008;15(5):1244-53. doi:10.1042/cs20080039. PMID: 18459944.

Imig J, Morisseau C. Editorial: Clinical Paths for Soluble Epoxide Hydrolase Inhibitors.
Frontiers in Pharmacology. 2020;11:10. doi:10.3389/fphar.2020.598858. PMID:
33071800.

Haeggstrom J, Kull F, Rudberg P, Tholander F, Thunnissen M. Leukotriene A4
hydrolase. Prostaglandins & Other Lipid Mediators. 2002;6980(02):68-69. doi:10.1016
/s0090-6980(02)00051-5. PMID: 12432939.

Audat S, Al-Shar'i N, Al-Oudat B, Bryant-Friedrich A, Bedi M, Zayed A, et al.
Identification of Human Leukotriene A4 Hydrolase Inhibitors Using Structure-Based
Pharmacophore Modeling and Molecular Docking. Molecules. 2020;25(12):2871.
doi:10.3390/molecules25122871. PMID: 32580506.

Crooks S, Stockley R. Leukotriene B4. The International Journal of Biochemistry & Cell
Biology. 1998;30(2):173-8. d0i:10.1016/s1357-2725(97)00123-4. PMID: 9608670.

Strempfl K, Unger M, Flunkert S, Trost A, Reitsamer H, Hutter-Paier B, et al. Leukotriene
Signaling as a Target in a-Synucleinopathies. Biomolecules. 2022;12(3):346. doi:10.33
90/biom12030346. PMID: 35327537.

Scholz M, Ulbrich H, Dannhardt G. Investigations concerning the COX/5-LOX
inhibiting and hydroxyl radical scavenging potencies of novel 4,5-diaryl
isoselenazoles. European Journal of Medicinal Chemistry. 2008;43(6):1152-9. doi:10.
1016/j.ejmech.2007.09.007. PMID: 17976864.

KLEGERIS A, MCGEER P.Cyclooxygenase and 5-lipoxygenase inhibitors protect against
mononuclear phagocyte neurotoxicity. Neurobiology of Aging. 2002;23(5):787-94.
doi:10.1016/50197-4580(02)00021-0. PMID: 12392782.

Hosagrahara V, Rettie A, Hassett C, Omiecinski C. Functional analysis of human
microsomal epoxide hydrolase genetic variants. Chemico-Biological Interactions.
2004;150(2):149-59. doi:10.1016/j.cbi.2004.07.004. PMID: 15535985.

LaughlinL, Tzeng H, Lin S, Armstrong R. Mechanism of Microsomal Epoxide Hydrolase.
Semifunctional Site-Specific Mutants Affecting the Alkylation Half-Reaction.
Biochemistry. 1998;37(9):2897-904. doi:10.1021/bi972737f. PMID: 9485441.

Decker M, Arand M, Cronin A. Mammalian epoxide hydrolases in xenobiotic
metabolism and signalling. Archives of Toxicology. 2009;83(4):297-318. doi:10.1007
/500204-009-0416-0. PMID: 19340413.

Farin F, Janssen P, Quigley S, Abbott D, Hassett C, Smith-Weller T, et al. Genetic
polymorphisms of microsomal and soluble epoxide hydrolase and the risk
of Parkinson's disease. Pharmacogenetics. 2001;11(8):703-8. doi:10.1097/
00008571-200111000-00009. PMID: 11692079.

Ahmadi A, Fredrikson M, Jerregard H, Akerback A, Fall P, Rannug A, et al. GSTM1 and
mEPHX Polymorphisms in Parkinson's Disease and Age of Onset. Biochemical and
Biophysical Research Communications. 2000;269(3):676-80. doi:10.1006/bbrc.2000.
2338. PMID: 10720475.

Liu M, Hunter R, Nguyen X, Kim H, Bing G. Microsomal epoxide hydrolase deletion
enhances tyrosine hydroxylase phosphorylation in mice after MPTP treatment.
Journal of Neuroscience Research. 2008;86(12):2792-801. doi:10.1002/jnr.21725.
PMID: 18500758.

Nashed N, Michaud D, Levin W, Jerina D. Properties of liver microsomal cholesterol
5,6-oxide hydrolase. Archives of Biochemistry and Biophysics. 1985;241(1):149-62.
doi:10.1016/0003-9861(85)90371-6. PMID: 4026314.

Moghaddam M, Grant D, Cheek J, Greene J, Williamson K, Hammock B. Bioactivation
of leukotoxins to their toxic diols by epoxide hydrolase. Nature Medicine.
1997;3(5):562-6. doi:10.1038/nm0597-562. PMID: 9142128.

Yamada T, Morisseau C, Maxwell J, Argiriadi M, Christianson D, Hammock B.
Biochemical Evidence for the Involvement of Tyrosine in Epoxide Activation
during the Catalytic Cycle of Epoxide Hydrolase. Journal of Biological Chemistry.
2000;275(30):23082-8. doi:10.1074/jbc.m001464200. PMID: 10806198.

Morisseau C, Du G, Newman J, Hammock B. Mechanism of Mammalian Soluble
Epoxide Hydrolase Inhibition by Chalcone Oxide Derivatives. Archives of Biochemistry
and Biophysics. 1998;356(2):214-28. doi:10.1006/abbi.1998.0756. PMID: 9705212.
Horti A, Wang Y, Minn |, Lan X, Wang J, Koehler R, et al. 18F-FNDP for PET Imaging of
Soluble Epoxide Hydrolase. Journal of Nuclear Medicine. 2016;57(11):1817-22. doi:10
.2967/jnumed.116.173245. PMID: 27417650.

HIGGINS A, LEES P. The acute inflammatory process, arachidonic acid metabolism
and the mode of action of anti-inflammatory drugs. Equine Veterinary Journal.
1984;16(3):163-75. doi:10.1111/j.2042-3306.1984.tb01893.x. PMID: 6428879.

Hanna V, Hafez E. Synopsis of arachidonic acid metabolism: A review. Journal of
Advanced Research. 2018;11:23-32. doi:10.1016/j.jare.2018.03.005. PMID: 30034873.
Wang B, Wu L, Chen J, Dong L, Chen C, Wen Z, et al. Metabolism pathways
of arachidonic acids: mechanisms and potential therapeutic targets. Signal
Transduction and Targeted Therapy. 2021;6(1):020-00443. doi:10.1038/s41392-020-
00443-w. PMID: 33637672.

Zidar N, Odar K, Glavac D, Jerse M, Zupanc T, Stajer D. Cyclooxygenase in normal
human tissues - is COX-1 really a constitutive isoform, and COX-2 an inducible

Pharmacognosy Reviews, Vol 20, Issue 40, Online First



Mehta, et al.: sEH: A Novel Therapeutic Target for Parkinson’s Disease

96.

97.

98.

99.

100.

10

102.

N

103.

104.

105.

106.

107.

108.

109.

©

110.

112.

113.

114.

115.

1

117.

118.

119.

o

isoform?. Journal of Cellular and Molecular Medicine. 2009; 13(9b):3753-63. doi:10.
1111/j.1582-4934.2008.00430.x. PMID: 18657230.

Naraba H, Murakami M, Matsumoto H, Shimbara S, Ueno A, Kudo |, et al. Segregated
Coupling of Phospholipases A2, Cyclooxygenases, and Terminal Prostanoid Synthases
in Different Phases of Prostanoid Biosynthesis in Rat Peritoneal Macrophages. The
Journal of Immunology. 1998;160(6):2974-82. doi:10.4049/jimmunol.160.6.2974.
PMID: 9510202.

Loncari¢ M, Strelec |, Moslavac T, Subari¢ D, Pavi¢ V, Molnar M. Lipoxygenase
Inhibition by Plant Extracts. Biomolecules. 2021;11(2):152. doi:10.3390/biom11020
152. PMID: 33503885.

Smith W, Murphy R. The Eicosanoids. Biochemistry of Lipids, Lipoproteins and
Membranes. 2016: 259-96. doi:10.1016/b978-0-444-63438-2.00009-2.

KuoYY, Lee Y. Epoxyeicosatrienoic Acids and Soluble Epoxide Hydrolase in Physiology
and Diseases of the Central Nervous System. Chinese Journal of Physiology.
2022;65(1):1-11. doi:10.4103/cjp.cjp_80_21. PMID: 35229747.

Stavropoulou E, Pircalabioru G, Bezirtzoglou E. The Role of Cytochromes P450 in
Infection. Frontiers in Immunology. 2018;9:10. doi:10.3389/fimmu.2018.00089.
PMID: 29445375.

. Wang L, Luo G, Zhang L, Geng H. Neuroprotective effects of epoxyeicosatrienoic

acids. Prostaglandins & Other Lipid Mediators. 2018;138:9-14. doi:10.1016/j.prostagl|
andins.2018.07.002. PMID: 30031209.

lliff J, Jia J, Nelson J, Goyagi T, Klaus J, Alkayed N. Epoxyeicosanoid signaling in CNS
function and disease. Prostaglandins & Other Lipid Mediators. 2010;91(3-4):3-4. doi:1
0.1016/j.prostaglandins.2009.06.004. PMID: 19545642.

Inceoglu B, Schmelzer K, Morisseau C, Jinks S, Hammock B. Soluble epoxide
hydrolase inhibition reveals novel biological functions of epoxyeicosatrienoic acids
(EETs). Prostaglandins & Other Lipid Mediators. 2007;82(1-4):1-4. doi:10.1016/j.prosta
glandins.2006.05.004. PMID: 17164131.

He X, Zhao W, Shao B, Zhang B, Liu T, Sun C, et al. Natural soluble epoxide hydrolase
inhibitors from Inula helenium and their interactions with soluble epoxide hydrolase.
International Journal of Biological Macromolecules. 2020;158:1362-8. doi:10.1016/j.i
jbiomac.2020.04.227. PMID: 32360461.

Shan J, Hashimoto K. Soluble Epoxide Hydrolase as a Therapeutic Target
for Neuropsychiatric Disorders. International Journal of Molecular Sciences.
2022;23(9):4951. doi:10.3390/ijms23094951. PMID: 35563342.

Thomson S, Askari A, Bishop-Bailey D. Anti-Inflammatory Effects of
Epoxyeicosatrienoic Acids. International Journal of Vascular Medicine. 2012;
2012:1-7.doi:10.1155/2012/605101. PMID: 22848834.

Node K, Huo Y, Ruan X, Yang B, Spiecker M, Ley K, et al. Anti-inflammatory
Properties of Cytochrome P450 Epoxygenase-Derived Eicosanoids. Science.
1999;285(5431):1276-9. doi:10.1126/science.285.5431.1276. PMID: 10455056.

Bystrom J, Wray J, Sugden M, Holness M, Swales K, Warner T, et al. Endogenous
Epoxygenases Are Modulators of Monocyte/Macrophage Activity. PLoS ONE.
2011;6(10):10. doi:10.1371/journal.pone.0026591. PMID: 22028915.

Sarparast M, Dattmore D, Alan J, Lee K. Cytochrome P450 Metabolism of
Polyunsaturated Fatty Acids and Neurodegeneration. Nutrients. 2020;12(11):3523.
doi:10.3390/nu12113523. PMID: 33207662.

Li P, Campbell W. Epoxyeicosatrienoic Acids Activate K+ Channels in Coronary

Smooth Muscle Through a Guanine Nucleotide Binding Protein. Circulation Research.
1997;80(6):877-84. doi:10.1161/01.res.80.6.877. PMID: 9168791.

. Spector A, Norris A. Action of epoxyeicosatrienoic acids on cellular function.

American Journal of Physiology-Cell Physiology. 2007;292(3):10. doi:10.1152/ajpcel
1.00402.2006. PMID: 16987999.

Shen H. Soluble epoxide hydrolase inhibitors: a patent review. Expert Opinion on
Therapeutic Patents. 2010;20(7):941-56. doi:10.1517/13543776.2010.484804. PMID:
20429668.

Jones R, Liao J, Tong X, Xu D, Sun L, Li H, et al. Epoxy-Oxylipins and Soluble Epoxide
Hydrolase Metabolic Pathway as Targets for NSAID-Induced Gastroenteropathy and
Inflammation-Associated Carcinogenesis. Frontiers in Pharmacology. 2019;10:10.
doi:10.3389/fphar.2019.00731. PMID: 31293429.

Qiu H, Li N, Liu J, Harris T, Hammock B, Chiamvimonvat N. Soluble Epoxide Hydrolase
Inhibitors and Heart Failure. Cardiovascular Therapeutics. 2011;29(2):99-111. doi:10.
1111/j.1755-5922.2010.00150.x. PMID: 20433684.

Mullin C, Hammock B. Chalcone oxides-potent selective inhibitors of cytosolic
epoxide hydrolase. Archives of Biochemistry and Biophysics. 1982;216(2):423-39.
doi:10.1016/0003-9861(82)90231-4. PMID: 7114846.

Morisseau C, Goodrow M, Newman J, Wheelock C, Dowdy D, Hammock B. Structural
refinement of inhibitors of urea-based soluble epoxide hydrolases. Biochemical
Pharmacology. 2002;63(9):1599-608. doi:10.1016/50006-2952(02)00952-8. PMID:
12007563.

Shen H, Hammock B. Discovery of Inhibitors of Soluble Epoxide Hydrolase: A Target
with Multiple Potential Therapeutic Indications. Journal of Medicinal Chemistry.
2012;55(5):1789-808. doi:10.1021/jm201468j. PMID: 22168898.

Das Mahapatra A, Choubey R, Datta B. Small Molecule Soluble Epoxide Hydrolase
Inhibitors in Multitarget and Combination Therapies for Inflammation and Cancer.
Molecules. 2020;25(23):5488. doi:10.3390/molecules25235488. PMID: 33255197.
Hashimoto K. Role of Soluble Epoxide Hydrolase in Metabolism of PUFAs in
Psychiatric and Neurological Disorders. Frontiers in Pharmacology. 2019;10:10. doi:1
0.3389/fphar.2019.00036. PMID: 30761004.

Pharmacognosy Reviews, Vol 20, Issue 40, Online First

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Pallas M, Vazquez S, Sanfeliu C, Galdeano C, Grifdn-Ferré C. Soluble Epoxide
Hydrolase Inhibition to Face Neuroinflammation in Parkinson’s Disease: A New
Therapeutic Strategy. Biomolecules. 2020;10(5):703. doi:10.3390/biom10050703.
PMID: 32369955.

Huang H, Wang Y, Lin H, Lee Y, Lin A. Soluble Epoxide Hydrolase Inhibition
Attenuates MPTP-Induced Neurotoxicity in the Nigrostriatal Dopaminergic System:
Involvement of a-Synuclein Aggregation and ER Stress. Molecular Neurobiology.
2017;55(1):138-44. doi:10.1007/512035-017-0726-9. PMID: 28822080.

Lakkappa N, Krishnamurthy P, Yamjala K, Hwang S, Hammock B, Babu B. Evaluation
of antiparkinson activity of PTUPB by measuring dopamine and its metabolites
in Drosophila melanogaster: LC-MS/MS method development. Journal of
Pharmaceutical and Biomedical Analysis. 2018;149:457-64. doi:10.1016/j.jpba.2017.
11.043. PMID: 29169114.

Lakkappa N, Krishnamurthy P, M.D. P, Hammock B, Hwang S. Soluble epoxide
hydrolase inhibitor, APAU, protects dopaminergic neurons against rotenone induced
neurotoxicity: Implications for Parkinson’s disease. NeuroToxicology. 2019;70:135-45.
doi:10.1016/j.neuro.2018.11.010. PMID: 30472438.

Qin X, Wu Q, Lin L, Sun A, Liu S, Li X, et al. Soluble Epoxide Hydrolase Deficiency
or Inhibition Attenuates MPTP-Induced Parkinsonism. Molecular Neurobiology.
2014;52(1):187-95. doi:10.1007/512035-014-8833-3. PMID: 25128026.

Lee G, Oh S, Lee S, Lee J, Ma J, Kim Y, et al. Discovery of soluble epoxide hydrolase
inhibitors from natural products. Food and Chemical Toxicology. 2014;64:225-30.
doi:10.1016/j.fct.2013.11.042. PMID: 24309146.

Chen H, Chang P, Wey S, Chen P, Chen C, Chan M. Therapeutic effects of
honokiol on motor impairment in hemiparkinsonian mice are associated with
reversing neurodegeneration and targeting PPARy regulation. Biomedicine &
Pharmacotherapy. 2018;108:254-62. doi:10.1016/j.biopha.2018.07.095. PMID:
30223096.

Kitamura S, Morisseau C, Inceoglu B, Kamita S, De Nicola G, Nyegue M, et al. Potent
Natural Soluble Epoxide Hydrolase Inhibitors from Pentadiplandra brazzeana Baillon:
Synthesis, Quantification, and Measurement of Biological Activities in vitro and in
vivo. PLOS ONE. 2015;10(2):10. doi:10.1371/journal.pone.0117438. PMID: 25659109.

Xuan Duy L, Le Ba V, Gao D, Hoang V, Quoc Toan T, Yang S, et al. Soluble epoxide
hydrolase inhibitors from Docynia indica (Wall.) Decne. Natural Product Research.
2020;35(23):5403-8. doi:10.1080/14786419.2020.1774759. PMID: 32510241.
Kim J, Cho C, Tai B, Yang S, Choi G, Kang J, et al. Soluble Epoxide Hydrolase Inhibitory
Activity of Selaginellin Derivatives from Selaginella tamariscina. Molecules.
2015;20(12):21405-14. doi:10.3390/molecules201219774. PMID: 26633335.

Kim J, Morgan A, Tai B, Van D, Cuong N, Kim Y. Inhibition of soluble epoxide hydrolase
activity by compounds isolated from the aerial parts of Glycosmis stenocarpa. Journal
of Enzyme Inhibition and Medicinal Chemistry. 2015;31(4):640-4. doi:10.3109/14756
366.2015.1057719. PMID: 26444316.

. Dong Su X, Li W, Eun Kim J, Young Yang S, Yeul Ma J, Ho Kim Y. Prenyl-flavonoids from

Epimedium koreanum Nakai and their soluble epoxide hydrolase and tyrosinase
inhibitory activities. Medicinal Chemistry Research. 2017;26(11):2761-7. doi:10.100
7/500044-017-1975-x.

Rascol O, Payoux P, Ory F, Ferreira J, Brefel-Courbon C, Montastruc J. Limitations of
current Parkinson's disease therapy. Annals of Neurology. 2003; 53(S3):10. doi:10.10
02/ana.10513. PMID: 12666094.

Perfeito R, Cunha-Oliveira T, Rego A. Revisiting oxidative stress and mitochondrial
dysfunction in the pathogenesis of Parkinson disease—resemblance to the
effect of amphetamine drugs of abuse. Free Radical Biology and Medicine.
2012;53(9):1791-806. doi:10.1016/j.freeradbiomed.2012.08.569. PMID: 22967820.

Mullin S, Schapira A. Pathogenic Mechanisms of Neurodegeneration in Parkinson
Disease. Neurologic Clinics. 2015;33(1):1-17. doi:10.1016/j.ncl.2014.09.010. PMID:
25432720.

Imig J, Hammock B. Soluble epoxide hydrolase as a therapeutic target for
cardiovascular diseases. Nature Reviews Drug Discovery. 2009;8(10):794-805. doi:10.
1038/nrd2875. PMID: 19794443.

Morisseau C,Hammock B.Impact of Soluble Epoxide Hydrolase and Epoxyeicosanoids
on Human Health. Annual Review of Pharmacology and Toxicology. 2013;53(1):37-58.
doi:10.1146/annurev-pharmtox-011112-140244. PMID: 23020295.

Ma M, Ren Q, Yang J, Zhang K, Xiong Z, Ishima T, et al. Key role of soluble epoxide
hydrolase in the neurodevelopmental disorders of offspring after maternal immune
activation. Proceedings of the National Academy of Sciences. 2019;116(14):7083-8.
doi:10.1073/pnas.1819234116. PMID: 30890645.

Lakkappa N, Krishnamurthy P, Hammock B, Velmurugan D, Bharath M. Possible
role of Epoxyeicosatrienoic acid in prevention of oxidative stress mediated
neuroinflammation in Parkinson disorders. Medical Hypotheses. 2016;93:161-5. doi:1
0.1016/j.mehy.2016.06.003. PMID: 27372879.

Ren Q, Ma M, Yang J, Nonaka R, Yamaguchi A, Ishikawa K, et al. Soluble epoxide
hydrolase plays a key role in the pathogenesis of Parkinson’s disease. Proceedings
of the National Academy of Sciences. 2018;115(25):10. doi:10.1073/pnas.18021791
15. PMID: 29735655.

Morisseau C, Wecksler A, Deng C, Dong H, Yang J, Lee K, et al. Effect of soluble
epoxide hydrolase polymorphism on substrate and inhibitor selectivity and dimer
formation. Journal of Lipid Research. 2014;55(6):1131-8. doi:10.1194/jlr.m049718.
PMID: 24771868.

15



Mehta, et al.: sSEH: A Novel Therapeutic Target for Parkinson’s Disease

141.

142.

143.

144.

145.

146.

Kodani S, Morisseau C. Role of epoxy-fatty acids and epoxide hydrolases in the
pathology of neuro-inflammation. Biochimie. 2019;159:59-65. doi:10.1016/j.biochi.
2019.01.020. PMID: 30716359.

Oguro A, Ishihara Y. Role of DHA metabolites in protective effects of DHA
supplementation in the brains of rotenone-induced rat models of Parkinson’s
disease. Proceedings of 1st International Electronic Conference on Biomolecules:
Natural and Bio-Inspired Therapeutics for Human Diseases. 2020: 8583. doi:10.3390/
iecbm2020-08583. PMID: 33279658.

Grant D, Storms D, Hammock B. Molecular cloning and expression of murine liver
soluble epoxide hydrolase. Journal of Biological Chemistry. 1993;268(23):17628-33.
doi:10.1016/50021-9258(19)85378-4. PMID: 8349642.

Hennebold J, Mah K, Perez W, Vance J, Stouffer R, Morisseau C, et al. |dentification
and Characterization of an Ovary-Selective Isoform of Epoxide Hydrolase1. Biology
of Reproduction. 2005;72(4):968-75. doi:10.1095/biolreprod.104.035899. PMID:
15601917.

Tanaka H, Kamita S, Wolf N, Harris T, Wu Z, Morisseau C, et al. Transcriptional
regulation of the human soluble epoxide hydrolase gene EPHX2. Biochimica et
Biophysica Acta (BBA) - Gene Regulatory Mechanisms. 2008;1779(1):17-27. doi:10.10
16/j.bbagrm.2007.11.005. PMID: 18078836.

Zhang D, Ai D, Tanaka H, Hammock B, Zhu Y. DNA methylation of the promoter
of soluble epoxide hydrolase silences its expression by an SP-1-dependent
mechanism. Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms.
2010;1799(9):659-67. doi:10.1016/j.bbagrm.2010.09.006. PMID: 20888937.

147. Wang J, Fujiyoshi T, Kosaka Y, Raybuck J, Lattal K, Ikeda M, et al. Inhibition of Soluble

148.

149.

150.

151.

Epoxide Hydrolase after Cardiac Arrest/Cardiopulmonary Resuscitation Induces a
Neuroprotective Phenotype in Activated Microglia and Improves Neuronal Survival.
Journal of Cerebral Blood Flow & Metabolism. 2013;33(10):1574-81. doi:10.1038/jcbf
m.2013.111. PMID: 23820647.

Davis B, Morisseau C, Newman J, Pedersen T, Hammock B, Weiss R. Attenuation
of Vascular Smooth Muscle Cell Proliferation by 1-Cyclohexyl-3-dodecyl Urea Is
Independent of Soluble Epoxide Hydrolase Inhibition. The Journal of Pharmacology
and Experimental Therapeutics. 2006;316(2):815-21. doi:10.1124/jpet.105.091876.
PMID: 16221742.

Liang Z, Zhang B, Xu M, Morisseau C, Hwang S, Hammock B, et al
1-Trifluoromethoxyphenyl-3-(1-propionylpiperidin-4-yl) Urea, a Selective and Potent
Dual Inhibitor of Soluble Epoxide Hydrolase and p38 Kinase Intervenes in Alzheimer’s
Signaling in Human Nerve Cells. ACS Chemical Neuroscience. 2019;10(9):4018-30.
doi:10.1021/acschemneuro.9b00271. PMID: 31378059.

JankiewiczW, Barnett S, Stavniichuk A,Hwang S, Hammock B, Belayet J, et al. Dual sSEH/
COX-2 Inhibition Using PTUPB-A Promising Approach to Antiangiogenesis-Induced
Nephrotoxicity. Frontiers in Pharmacology. 2021;12:10. doi:10.3389/fphar.2021.7447
76. PMID: 34955823.

Lee G, Oh S, Lee S, Lee J, Ma J, Kim Y, et al. Discovery of soluble epoxide hydrolase
inhibitors from natural products. Food and Chemical Toxicology. 2014;64:225-30.
doi:10.1016/j.fct.2013.11.042. PMID: 24309146.

Cite this article: Mehta R, Nair SP, Manjunath S, Manjula SN, Ramesh G, Gunasekaran SK, et al. Soluble Epoxide Hydrolase (sEH): A Novel Therapeutic Target in
Mitigating the Symptoms of Parkinson’s Disease. Pharmacog Rev. 2026;20(40):10.5530/phrev.20260002.

16

Pharmacognosy Reviews, Vol 20, Issue 40, Online First



