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Abstract

Bioactive lipid mediators resulting from the metabolism of polyunsaturated fatty acids (PUFA) are
controlled by many pathways that regulate the levels of these mediators and maintain homeostasis
to prevent disease. PUFA metabolism is driven primarily through three pathways. Two pathways,
the cyclooxygenase (COX) and lipoxygenase (LO) enzymatic pathways, form metabolites that are
mostly inflammatory, while the third route of metabolism results from the oxidation by the
cytochrome P450 enzymes to form hydroxylated PUFA and epoxide metabolites. These
epoxygenated fatty acids (EpFA) demonstrate largely anti-inflammatory and beneficial properties,
in contrast to the other metabolites formed from the degradation of PUFA. Dysregulation of these
systems often leads to chronic disease. Pharmaceutical targets of disease focus on preventing the
formation of inflammatory metabolites from the COX and LO pathways, while maintaining the
EpFA and increasing their concentration in the body is seen as beneficial to treating and
preventing disease. The soluble epoxide hydrolase (SEH) is the major route of metabolism of
EpFA. Inhibiting its activity increases concentrations of beneficial EpFA, and often disease states
correlate to mutations in the SEH enzyme that increase its activity and decrease the concentrations
of EpFA in the body. Recent approaches to increasing EpFA include synthetic mimics that

bdhammock@ucdavis.edu.

Conflict of interest statement The University of California holds patents on the SEH inhibitor used in this study as well as their use to
treat inflammation, inflammatory pain, and neuropathic pain. KM Wagner, CB McReynolds, and BD Hammock are employees of
EicOsis L.L.C., a startup company advancing sEH inhibitors into the clinic.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McReynolds et al. Page 2

replicate biological activity of EpFA while preventing their metabolism, while other approaches
focus on developing small molecule inhibitors to the SEH. Increasing EpFA concentrations in the
body has demonstrated multiple beneficial effects in treating many diseases, including
inflammatory and painful conditions, cardiovascular disease, neurological and disease of the
central nervous system. Demonstration of efficacy in so many disease states can be explained by
the fundamental mechanism that EpFA have of maintaining healthy microvasculature and
preventing mitochondrial and endoplasmic reticulum stress. While there are no FDA approved
methods that target the SEH or other enzymes responsible for metabolizing EpFA, current clinical
efforts to test for efficacy by increasing EpFA that include inhibiting the SEH or administration of
EpFA mimics that block metabolism are in progress.
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5.1 Introduction

5.1.1 Production of Hormones and Other Chemical Mediators

Lipids are an important component of human health, providing a source of energy,
maintaining cellular integrity and acting as regulators of cell signaling. These bioactive
lipids include steroids, diacyl glycerol (DAG), sphingolipids, phosphatidylinositol phosphate
(PIP), phosphatidylcholine (PC), and polyunsaturated fatty acids (PUFA). They range in
function from energy storage and generation through beta-oxidation (PUFA), cellular
proliferation (PIP), insulin regulation (DAG), cellular protection (sphingolipids), pulmonary
function (PC), and maintaining cell structure (cholesterol). However, the metabolism of
these lipids often produces more potent biological mediators than the parent molecule. For
example, PUFAs, which circulate through blood as triglycerides or as free fatty acids, can
also be incorporated into adipose tissue or the membranes of cells that are further released
upon insult or response to cell signaling, and their metabolism produces potent inflammatory
and anti-inflammatory compounds that have profound effects on the body. Due to their
potent effects, inhibitors that alter their metabolism represent one of the earliest drug targets
of the pharmaceutical industry. For example, aspirin was discovered in the late 1800s
although its mechanism of action as both a reversible and irreversible cyclooxygenase
(COX) inhibitor that blocked the formation of prostaglandins (PG) was not identified until
the early 1970s, and is still debated [1]. Blocking COX activity and the formation of
inflammatory PG compounds resulted in one of the largest selling classes of drugs, NSAIDs,
on the market today. In addition to COX metabolism, PUFA are also metabolized by the
lipoxygenase (LO) and cytochrome P450 (CYP450) enzymes that have more recently
attracted attention for their potential in modulating disease. LO inhibitors are targeted for
their ability to inhibit the formation of inflammatory leukotrienes, and Zileuton, a 5-LO
inhibitor, is used for the treatment of asthma [2] by blocking the formation of inflammatory
leukotrienes. In contrast to COX and LO metabolism, the CYP branch of PUFA metabolism
results in the formation of both inflammatory hydroxylated metabolites as well as ant-
inflammatory fatty-acid epoxides (Fig. 5.1). Disease altering strategies targeting the
CYP450 branch of the pathway focuses on increasing these beneficial epoxy fatty acids
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(EpFA). However, so far, few drugs specifically targeting this pathway have reached the
market although several currently approved drugs alter EpFA concentrations through their
action on enzymes and their metabolites in the CYP450 branch of the arachidonic acid
cascade. This chapter will focus on the biological activity of these largely beneficial lipid
epoxides, as well as strategies for developing pharmaceutical interventions to increase their
concentrations in the body.

5.1.2 Polyunsaturated Fatty Acids: The Essential Fatty Acids

PUFA are named for the presence of two or more double bonds in the mid-long chain carbon
backbone that ranges in length from 16 to 24 carbons or longer. They are considered
essential because the body cannot synthesize them naturally and must consume them in
order to maintain health; however, with the proper precursors, PUFAs can be altered and
interconverted. Depletion of either omega-3 or —6 PUFA result in serious side effects such as
neuronal and vision impairment, skin anomalies, thrombocytopenia and intellectual
disability [3]. PUFA in the body are either circulating as free fatty acids or incorporated into
glycerides and cellular membranes. Upon injury or stress, PUFA are released from cell
membranes by phospholipase acetyltransferases (PLA) and other enzymes. PLA2 liberates
PUFA from the triglycerides to release free fatty acid (FFA), but also PLC and PLD further
act to increase FFA in circulation (Fig. 5.2). Once freed from the plasma membrane, FFA are
rapidly metabolized by p-oxidation or other enzymatic metabolism [4] (Fig. 5.1). As
mentioned above, the three main enzymes responsible for non-catabolic metabolism of
PUFA are COX, LO and CYP450. The COX and LO enzymes form primarily inflammatory
mediators, and therapeutic interventions focus on blocking the formation of these
compounds. In contrast, the CYP450 metabolism results in the formation of both
hypertensive and inflammatory hydroxylated compounds, as well as and anti-hypertensive
and anti-inflammatory epoxide compounds. Therapeutic interventions discussed here focus
on increasing the concentration of the anti-inflammatory epoxide metabolites.

5.2 Epoxy Fatty Acids Are Therapeutic Targets for Disease

5.2.1 Epoxy Fatty Acids (EpFA) Are Important Signhaling Molecules That Are Regulated by
Their Metabolism

EpFA are formed from the activity of CYP450, a large class of metabolizing enzymes that
oxidize fatty acids as well as xenaobiotics using heme as a co-factor. The addition of
molecular oxygen results in the formation of compounds from the epoxidation of double
bounds, end terminal hydroxylation or allylic oxidation [5] each with unique biologies and
roles in disease. EpFA have positive beneficial effects on maintaining endothelium function,
inflammation and cellular oxidative stress. As early as 1986 and continuing through present
day, CYP450 metabolites were identified as influencing blood pressure and renal function
by regulating vascular smooth muscle proliferation through MAP kinase signaling pathways
[6], anti-aggregation of platelets by decreasing leukocyte adhesion to endothelial cells [7],
and regulating vascular tone. Vascular tone, in part, is regulated by the balance of
hydroxylated and epoxygenated CYP450 PUFA metabolites. The 20-hydroxy-fatty acids
(20-HETE) act as vasoconstrictors by hyperpolarizing vascular smooth muscle cells through
activation of the protein kinase C pathway, while the epoxy fatty acids hyperpolarize
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vascular endothelium through activation of voltage-gated potassium (BK) channels. In this
way, the two metabolites act as homeostatic regulators to prevent pathological changes in
vascular tone [8, 9]. Although increased 20-HETE results in endothelium dysfunction and
increased hypertension, increased EpFA decrease blood pressure, but has not been shown to
cause hypotension [10, 11]. This provides strong evidence that EpFA are homeostatic
regulators of endothelium function [12, 13]. EpFA also show other beneficial biologies,
including potent anti-inflammatory effects and decreasing the endoplasmic-reticulum (ER)
stress response pathway [14]. EpFA act as anti-inflammatory agents by reducing the nuclear
translocation of NF-kappap, thereby preventing the transcription of a number of
inflammatory cytokines and synthesis of inflammatory eicosanoids [15, 16]. Furthermore,
the diol metabolite of EpFA metabolism drives monocyte chemotaxis in response to
monocyte chemoattractant protein, MCP-1. Thus preventing the metabolism of EpFA by the
SEH further regulates inflammation by decreasing monocyte infiltration [17]. EpFA have
demonstrated a wide range of beneficial effects in animal models of disease [18] which is
not fully explained by anti-inflammatory or endothelial homeostasis, but possibly explained
by the regulation of ER-stress by EpFA. ER-stress is a protective mechanism deployed by
the cell to overcome cellular stress and prevent deleterious mutations. The ER-stress
pathway is a homeostatic mechanism regulating cellular responses to the presence of
increasing misfolded protein resulting from oxidative, physiological or pathological
stressors. Although a fundamental mechanism in maintaining homeostasis, this response is
often upregulated in disease, and if not controlled, will result in increased inflammation or
activation of cell death pathways. Preventing or reducing the inflammatory and apoptotic
branches of ER-stress is associated with many beneficial disease treatments [19], and EpFA
have demonstrated the ability to reduce ER-stress [20]. These ubiquitous mechanisms
(inflammation, endothelial function, and ER-stress) underlie many diseases and are
regulated by EpFA, which may explain why preclinical models investigating the role of
EpFA indicate beneficial results in many different diseases when these lipid mediators are
maintained.

In normal cell systems, and increasingly in disease, EpFA are rapidly removed from
circulation either because they are re-incorporated back in cellular membranes, metabolized
by beta-oxidation, or further degraded by epoxide hydrolases [21]. Metabolism enzymes
generally increase polarity of compounds to aid in their elimination from the body, and the
metabolism of PUFA are no different. After metabolism by the CYP450, the EpFA are
further degraded by epoxide hydrolases into the corresponding polar vicinal diols which
diffuse from the cells or are rapidly conjugated and removed from the body. In many
diseases, the sEH activity is upregulated compared to healthy controls, thus inhibiting its
activity in disease settings indicate a potential target for increasing EpFA as a potential
therapy.

The epoxide hydrolases are catalytically active dimers that convert xenobiotic or PUFA
epoxides to corresponding diols through an exothermic, 2-step hydrolysis reaction (Fig. 5.3)
[22]. There are four structurally related isozymes in the epoxide hydrolase family of
enzymes (EPHX1-4) in mammals, in addition to other enzymes that have hydrolase activity
such as the leukotriene A4 hydrolase (LTA4H), cholesterol hydrolase, and Pegl/MEST.
LTA4H metabolizes leukotriene A4 into the leukocyte recruiter, leukotriene B4, to help in the
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resolution of inflammation. While the functions of PEG/MEST and EPHX4 are not known,
isozymes EPHX 1-3 are capable of metabolizing EpFA and differ in cellular location and
substrate preference. EPHX1 (mEH), is named for its cellular location: it is found in
microsomal membrane fractions in tissue and is active on polyaromatic hydrocarbons found
in a variety of xenobiotic epoxides and is also capable of metabolizing EpFA. Conversely,
EPHX2 is similarly named as the soluble epoxide hydrolase (SEH) after its predominant
location in the cytosolic and peroxisomal fractions of the cell. The EH activity is located at
the C-terminus portion of the protein, and the N-terminal portion of SEH has phosphatase
activity while the N-terminus of mEH is anchored to the membrane. While mEH is capable
of metabolizing both aromatic and aliphatic epoxides, catalytic turnover by the sEH is
greater for mono and disubstituted epoxides, making EpFA a good substrate for this enzyme.
However, trans, di, tri and even tetra-substituted epoxides can be turned over sometimes with
a low Km [23]. Cholesterol epoxides and the squalene epoxide precursor to lanosterol are
also substrates of mEH, although the cholesterol epoxide hydrolase and lanosterol synthase
are the primary routes of metabolism for these compounds [24]. EPHX3 is also capable of
hydrolyzing EpFA with similar efficiency (Kcat/Km) as that of SEH, but a > 10x higher Km
indicates that EpFA of arachidonic acid (AA) and presumably other PUFA are a weak
substrate for EPHX3 compared to their affinity for SEH or mEH [25].

5.2.2 Human Polymorphisms Altering Epoxide Hydrolase Activity Affect EpFA
Concentrations and Correlate Epoxides with Disease States

Most EH related mutations in humans that are associated with disease states are associated
with EPHX2 (sEH). There are four main mutations that affect enzyme activity, two that do
not alter function, and as many as 20 less characterized non-coding mutations that can occur
in up to 20% in human populations [26, 27]. The four most common coding mutations result
in two gain of function mutations (K55R and C154Y) and two reduced function mutations
(R287Q and R103C mutations results in decreased dimerization). These mutations affect the
velocity of epoxide hydrolysis while leaving the selectivity for substrate binding and
phosphatase activity apparently unchanged [28, 29] Considering that the concentration of the
SEH enzyme (ranging from 3 nM in lung to 400 nM in liver) is often higher than that of the
EpFA substrate (low nM in tissue [30-32]), and the concentration of EH enzymes, such as
EPHX1 and 3, can convert epoxides to diols, it should be taken into consideration that
mutations that only slightly affect enzyme efficiency may not significantly affect EpFA
concentration. However, mutations in the sEH and prevalence of SNPs associated with
different diseases suggest that this enzyme plays an important role in disease, as described
below.

Mutations in sEH Are Biomarkers of Anorexia Nervosa—In a genome wide
association study of patients with anorexia nervosa (AN), investigators identified rare
mutations in non-coding regions of the EPHX2 that correlate with disease susceptibility. The
activity of the mutations was not determined, but investigations in the levels of epoxide:diol
ratios found they were decreased in ill AN patients compared to recovered AN or healthy
populations, suggesting an upregulation in the conversion of epoxides to diols. Furthermore,
the loss of function mutation, R287Q, occurred less frequently in AN patients compared to
healthy populations, further correlating increased sEH activity to higher risk of severe AN
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[33-36]. Although the exact mechanism for the involvement of EpFA in AN is unknown,
considering the impacts of diet and aversion to food in this disease, understanding the role of
altered lipid signaling in this disease is of increasing interest.

Reduced sEH Activity Protects Against Familial Hypercholesterolemia—
Familial hypercholesterolemia (FH) is a hereditary disease that causes increased plasma
cholesterol concentrations resulting from a defective hepatic low-density lipoprotein
receptor (LDLR). In a targeted analysis approach that studied the prevalence of the reduced
function sEH mutation, R287Q, in 8 generations of families with FH, Sato et al. discovered
that family members with the R287Q mutation had normal cholesterol levels compared to
members with the normal 287R allele. Cholesterol was unchanged in healthy humans with
the R287Q mutation [37]. Preclinical investigations further support the role that sEH has in
reverse cholesterol transport, and possibly explain the protective effects on inhibiting its
activity in LDLR related disease. For example, in LdIr~’~ mice that mimic the FH disease,
treatment with the sEH inhibitor (SEHI) #AUCB decreased atherosclerosis plaques through
increasing HDL synthesis and efflux of cholesterol from adipose lesions compared to
vehicle treated controls. Further investigation demonstrated that SEHI treated mice had
increased ATP binding cassette transporter A1, which is responsible for HDL synthesis
through efflux of cellular cholesterol to extracellular apoAl [38].

sSEH Mutations Are Associated with Outcome Measures in Vascular Disease—
Impaired vascular function contributes to heart disease, age-related vascular decline, blood
pressure and stroke. EpFA act as vasodilators by opening calcium-activated potassium
channels that relax the vascular smooth muscle and are thought to mitigate vascular disease
[39]; therefore, it is hypothesized that decreased EpFA would contribute to heart disease, and
in fact gain-of-function sEH polymorphisms are associated with increased cardiovascular
diseases. For example, pregnant women with preeclampsia had higher frequency of the
K55R gain of function mutation and lower methylation of the EPHX2 promotor region,
causing higher expression, than healthy pregnant women [40]. In another study that analyzed
SEH polymorphisms with frequency of stroke in African American and Caucasian
populations participating in the Atherosclerosis Risk in Communities study, investigators
identified a rare EPHX2 mutation in African Americans that was not found in Caucasian
populations. The mutation resulted in increased sEH activity and a twofold to threefold
increased risk of stroke. Although the infrequency of the mutation complicated statistical
analysis, and larger sample sizes were needed to determine significance. Additional
haplotypes in the SEH gene correlated with both increased and decreased risk of stroke in
both races [26]. Although the effect of these gene sequences on enzyme activity is not
known, further studies analyzed site-directed mutagenesis on survival rates of ischemic cells
in vivo and found that decreased SEH activity with the R287Q mutant conferred to increased
survival after inducing a simulated stroke environment of depleted glucose and oxygen [41].
This mutation was also associated with lower risk of stroke in Europeans [42]. Although a
large Danish study failed to identify correlations in SEH SNPs and stroke, myocardial
infarction or ischemic heart disease [43]. A large study in Swedish men found correlations
between the gain-of-function mutation, K55R, with increased risk of stroke [44].
Additionally, Hawaiian Asians with dementia but without prior ischemic injury compared to
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healthy age-matched controls had increased 14,15 DHET in cortical brain tissue from
patients with dementia; however, heterozygous carriers of the reduced function R287Q SNP
had increased markers for plagques compared to healthy patients [45]. These data are at odds
for understanding if SEH activity protects or contributes to the progress of AD especially
considering that dementia correlates with a decreased EET:DHET ratio, suggesting a
negative role of SEH in this disease. However, because the R287Q mutation affects
dimerization, it’s possible that these heterozygous carriers still have functional sEH protein.

In addition to the sEH, the mEH also hydrolyses EpFA into corresponding diols, although
with much less efficiency. As discussed later, the association of the mEH in the lipophilic
endoplasmic reticulum membrane and with the cytochrome P450 that oxidize epoxy fatty
acids may result in greater mEH contribution to diol formation than anticipated from the
concentration and kinetic constants of the mEH. Mutations in mEH are also associated with
several diseases, including cancer, preeclampsia, seizure, neurological disease, drug-
dependence and COPD. However, because this enzyme is primarily responsible for
metabolizing aromatic xenobiotic epoxides, it is uncertain if these associations are a result of
decreased epoxides in the body, or from accumulation of toxic xenobiotics (reviewed in
[46]). Interestingly, SEH expression in the brain is mostly localized in glial cells of the brain,
while mEH is found more throughout the brain, suggesting either a specific role of sEH or
more significant contribution of mEH to EpFA metabolism in the brain [47]. Recent studies
demonstrate that SEH activity outside the brain can influence depression. In this study,
overexpression of SEH in the liver resulted in increased depression in mice, and genetic
deletion of sEH in the liver had a positive effect in treating stress-induced depression. This
study suggests that peripheral-acting EpFA can influence CNS diseases [48].

5.2.3 Laboratory Knockout Models Identify Beneficial Effects of Increasing EpFA in
Treating Preclinical Models of Disease

A homozygous mouse model deleting EPHX2 stabilize EpFA and further demonstrate
biological activity of increasing EpFA in disease. The first incidence using SEH-/- mice
observed decreased blood pressure on a high-salt diet compared to wild-type mice [49], and
SEH™~ mice are used to further demonstrate that increasing EpFA and decreasing diol
formation resolves multiple disease states. For example, sEH null mice demonstrate
beneficial effects in decreasing inflammation, maintaining the vascular endothelium, and
resolving neuroinflammatory diseases. Specifically, genetic SEH —/— mice demonstrated
accelerated wound healing, reduced inflammation in inflammatory bowel disease and LPS-
induced inflammatory models, improved insulin signaling in a Type Il model of diabetes,
reduced cisplatin-induced kidney damage, reduced niacin flushing, reduced arteriosclerosis,
smaller infarct size in cerebral artery occlusion/reperfusion injury, decreased hepatic and
arterial fibrotic disease, decreased autism, depression, and Parkinson’s disease (see [50, 51]
for review). Recently, tissue specific SEH knockout models demonstrate the local effect that
EpFA have on tissues. Mice with podocyte specific SEH knockout were protected from
hyperglycemia-induced renal injury resulting from high fat diet or STZ-induced diabetic
hyperglycemia [52]. In further support of the importance of this pathway in disease, the
analgesic effects of morphine were attenuated in CYP-null mice that lack the ability to
generate EpFA, and in mice administered compounds that inhibit fatty acid oxidizing CYPs
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[53-55]. Thus genetic models that increase EpFA concentrations through deletion of their
metabolism support the beneficial effects of EpFA in treating disease, and models that
decrease the ability of animals to form EpFA reduce these beneficial effects, suggesting an
essential role of EpFA in disease.

5.3 Clinical Approaches for Increasing EpFA Concentrations

The EpFA to diol ratio are reduced in several disease sates suggesting that increasing the
EpFA concentrations in the body could provide beneficial effects in preventing or treating
disease (Table 5.1). There are many different approaches for increasing concentrations of
fatty acid epoxides for the treatment of disease. Strategies include direct administration of
PUFA or EpFA, inhibition of EpFA metabolism through chemical inhibitors of SEH (SEHI),
induction of EpFA formation through CYP modulators, or directly mimicking the fatty acid
epoxide.

5.3.1 PUFA Supplementation

Omega-3 supplementation is a widely investigated approach for improving health or treating
disease, and the resulting fatty acid epoxides are thought to account for some of the
beneficial effects observed with their supplementation [31]. However, randomized clinical
trials often fail to support the efficacy observed in meta-analysis of diet behaviors and
disease risk [56]. Increased sEH activity in disease would increase EpFA metabolism, thus
limiting efficacy and may account for the inconsistent therapeutic benefits reported with
omega-3 supplementation. This is possibly due to lipid peroxidation products in some
omega-3 lipids. Omega-3 lipids are inherently unstable and subject to oxidation, often as
much as 200% increase in PUFA peroxides after only 22 days of storage [57], and further
oxidation results in aldehydes that are not tested for in commercial settings [58]. The
oxidized products are associated with cellular stress and increased cellular toxicities and are
hard to detect or control outside of sophisticated analytical labs and thus not a well-
controlled approach for improving health or treating disease [59]. Similarly, supplementation
with EpFA is also subject to oxidation and provides further challenges because EpFA are
also rapidly degraded by acid hydrolysis in the stomach or are eliminated through first-pass
metabolism in the liver. An alternative administration route, for example direct application to
affected tissue, would avoid first-pass metabolism; however, other metabolizing enzymes
would still contribute to rapid elimination. For example, enteric coating to bypass the acid in
the gut may provide options for treatment of intestinal diseases; however, metabolizing
enzymes in the gut or microbiota containing epoxide hydrolases would further limit their
effectiveness. Ocular therapy provides another application to avoid first-pass metabolism;
however, recent studies have implicated increased SEH expression as contributing to disease
progression in a mouse model of diabetic retinopathy as well as in samples from humans
with diabetic retinopathy [60]. Thus, ocular application to treat retinopathy would be
susceptible to SEH metabolism possibly demonstrating that disease treatment by direct EpFA
supplementation will be difficult due to sample stability and metabolic instability.
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5.3.2 Increase Formation of EpFA

Clinical and preclinical strategies for investigating biological activity of EpFA have focused
on preventing their metabolism either through inhibition of the SEH enzyme or through
synthesizing stable EpFA mimics. A third approach involves increasing their formation
through CYP450 activity. Preclinical data indirectly suggests that increased CYP activity
could reduce certain pathologies. In a mouse model of inflammatory pain, co-administration
of a CYP modulator, omeprazole, and the sEHI, TPPU, resulted in increased efficacy
compared to either compound administered alone. Omeprazole induces CYA1AL, 1A2, 2B1
and 3A1 and inhibits 2D2 and 2C. CYP2C is a more efficient at forming epoxides of AA
(12/8 ratio of epoxidation/hydroxylation) compared to the other CYP isoforms which form
hydroxylated metabolites in greater amounts than EpFA; however, because the other
isoforms also form EpFA, increasing their activity would also increase EpFA as well as
hydroxylated PUFA metabolites [61]. This is consistent with the results published in this
study showing that the EpFA and hydroxylated metabolites were increased in the plasma of
mice treated with both compounds [62]. Hydroxylated metabolites, especially hydroxylated
metabolites of 18:2 linoleic acid (LA), are often associated with increased inflammation and
oxidative stress [63—-66], which brings up another complication with targeting CYP
induction to increase EpFA in that it could also increase the production of inflammatory
PUFA metabolites that could negate the beneficial effects of EpFA. Preclinical studies
demonstrate that administration of ketoconazole, an inhibitor of CYP2A6, 2C19 and 3A4,
reduces pain in an inflammatory mouse model by reducing the formation of hydroxy
octadecadienoic acid (HODE), the mono-hydroxy metabolite of LA that causes hyperalgesia
through activation of TRPV1 channels [61, 67]. These studies demonstrate that increasing
CYP activity is a complicated approach given the promiscuity of the CYP enzymes for
forming both anti-inflammatory EpFA and pre-inflammatory hydroxylated PUFA
metabolites, as well as influencing the metabolism of other xenobiotics. Thus, increasing
CYP activity does not present a viable strategy for clinical utility, and clinical approaches
designed to increase EpFA should take into consideration drug-drug interaction potentially
affecting EpFA formation if patients are currently taking CYP modulators.

5.3.3 Stabilizing EpFA Through Small Molecule Inhibitors of SEH

To overcome metabolic instability of EpFA, sEH inhibitors (SEHI) were identified that
mimic the transition state of the epoxide ring opening. The pharmacophore of SEHI consist
of a urea, carbamate, or amine heterocycle that mimic the interaction of the substrate and
enzyme by forming one or more hydrogen bonds between the NH and aspartate (Fig. 5.3.)
The inhibitors contain hydrophobic regions that allow interaction with the enzyme and
maintain high specificity over the mEH, while specifically placed polar side groups increase
druggable properties such as water solubility and metabolic stability and increased oral
bioavailability. The first generation of SEH inhibitor, 12-(3-adamantan-1-yl-ureido)-
dodecanoic acid (AUDA) [68], was a small molecule designed to mimic to 14,15 EET with a
dodecanoic acid to mimic the aliphatic chain and carboxylic acid present at the a end of the
fatty acid, an adamantine to mimic the w hydrophobic end of the fatty acid, and urea to act
as a mimic to the epoxide and also inhibitor to the SEH enzyme [69]. AUDA is a potent
SEHI, with an ICgq of 3-60 nM, but is short lived in the body (T1/2 = 2.9 h in canine PK) due
to oxidation of the adamantine and beta oxidation of the alkyl chain, thus limiting its use /in
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vivoto conditions where long half-life is not required. Since AUDA also mimics epoxy fatty
acids, it shows biological activity in tissues lacking sEH. Such dual action may improve
efficacy, but it complicates interpretation when AUDA is used to investigate physiology [70].
Second generation sEHI replaced the adamantine with a more stable benzyl-
trifluoromethoxy and alkyl chain with a benzenesulfonamide to maintain potency with the
SEH enzyme while improving solubility and PK stability. ( [71] for review). The most potent
inhibitors of the sEH are reversible and tight binding with a slow off-rate from the enzyme
and sub-nanomolar potency. They also show improvements in PK for increased chances of
testing clinical relevance for treating disease. Kinetic studies demonstrate optimization of
new inhibitors by targeting drug occupancy time on the enzyme and demonstrate that
inhibitors remain bound to the enzyme long after they are detectable by classical PK
techniques. These data correlate with in vitro half-life measurements and provide novel
techniques for selecting potent lead compounds for clinical development [72].

5.3.4 Mimics of EpFA

As an alternative to blocking the metabolism of EpFA in order to increase their
concentrations, another strategy focuses on creating more stable mimics of EpFA while
retaining the active moiety of the original compound. Epoxy fatty acid mimics investigated
in clinical trials often replace the epoxide with functional groups that retain beneficial effects
in vivo while also blocking B-oxidation by adding functional groups to the a-hydroxy
portion of the fatty acid. Mimics of epoxy fatty acids remove the complexity of enzyme
potency and off-rate kinetic parameters of small molecule sEHI that can complicate
translation from the lab bench to clinical efficacy, but due to the unknown target for EpFA
activity and complex structure diversity of EpFA, selecting one isomer for development
could be overly simplistic. Many of the mimics were based on earlier studies in agricultural
chemistry where various groups resistant to epoxide hydration were used to replace the
epoxide of natural juvenile hormone while presumably retaining efficacy at the putative
receptor [73].

5.4 Clinical Development of Compounds That Alter EpFA Concentrations

One of the first identified biological targets of EpFA action was modulation of the
microvasculature and inflammation which underlies many pathological disease states.
Clinical targets testing efficacy of increasing EpFA include hypertension, cardiovascular
pulmonary disease, stroke, diabetes and pain. Preclinical studies provide evidence that
altering concentrations of regulatory lipid mediators formed from metabolism of PUFA
could provide beneficial effects in many other diseases, including neurological disease and
bone degeneration. Despite the unknown target, multiple clinical trials investigating the
therapeutic potential of both small molecule inhibitors of the SEH as well as EpFA mimics
have been initiated. These trials are highlighted in Table 5.2 and the mechanisms are
explained in detail below along with the benefits and liabilities of these approaches.

5.4.1 Small Molecule sEHI in Clinical Development

The clinical trials registry lists six clinical trials completed with small molecule soluble
epoxide hydrolase inhibitors tested in diseases mostly affected by endothelial dysfunction.
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The following sections will highlight the small molecule sEHI investigated in these clinical
strategies to increase EpFA as a mechanism for treating disease.

AUDA—Based on the observation that EpFA open potassium channels and hyperpolarize
vascular endothelium resulting in vasodilation [39], investigators in Australia conducted
clinical trial NCT00654966 as an exploratory study in humans to determine if AUDA
increases EpFA to protect against heart failure by increasing blood flow in the
microvasculature. After topical challenge with a potent vasoactive peptide, urotensin Il

(UII), blood flow was measured in healthy humans or patients with heart failure (HF) treated
with and without topical AUDA. UlI causes vasodilation and increased blood flow in healthy
humans but vasoconstriction and reduced blood flow in patients with HF. AUDA alone
caused increase blood flow when administered at the intermediate dose of 0.1 pM in both
healthy and HF patient populations. When administered with Ull, AUDA was able to reverse
the reduced blood flow observed in HF patients, although not back to levels observed in
healthy subjects, and significantly increased blood flow in healthy subjects more than when
UIl was administered alone [74]. The increased vasodilation observed from this study
indicate many potential benefits in addition to heart failure that increasing EpFA would have
in patients; for example, diabetics and hypertensive patients would benefit from increased
vasodilation; however, poor PK probably prevented this molecule from being a viable drug
candidate.

AR9281 (UC1153)—AR9281 offered some advantages as a clinical candidate including
low 1C5q on the rodent SEH, easy synthesis, a surprisingly high water solubility, high
selectivity for the SEH, and low mammalian toxicity; however, its poor target occupancy and
the speed with which it was metabolized to synthetically complex metabolites were clear
liabilities. In preclinical models, AR9281 reduced hypertension and renal injury in an
angiotensin induced model of hypertension in rats [75]. Multiple clinical trials were
launched by Arete Therapeutics to test the v and efficacy of AR9281 for treating
hypertension. Published results from the Phase 1 study found that AR9281 was well
tolerated at doses up to 1000 g/day but was rapidly cleared from the body, with a half-life of
only 3-5 h in humans. However, high plasma concentrations well above the ICsg, and ex
Vvivo assays monitoring SEH activity showing 90% inhibition of the enzyme up to 24 h at the
top dose, justified advancing the compound to Phase 2 human efficacy studies. The results of
the Phase 2 efficacy studies in hypertensive patients with glucose intolerance were not
published, and Arete Therapeutics closed shortly after completing the study, so one assumes
that the compound failed to show efficacy. One possible speculation for lack of efficacy was
the high metabolic clearance of the compound. For example, the ex vivo determination of
the 1Cgq was based on a 60 min assay; however, AR9281 is a reversible inhibitor that has a
kinetic T4/, on the enzyme of 6 min [76]. Thus, the ex vivo data may not be representative of
the in vivo environment where the inhibitor is rapidly metabolized and cleared from the
body. Additional measurements of diols in the urine of subjects were combined from all
treatments and compared to pretreatment levels and placebo treated subjects as a marker of
target engagement. The diols of human subjects treated with AR9281 modestly decreased
compared to pre-treated controls, while placebo treated subjects remained unchanged.
Epoxide concentrations were not detectable in the urine; thus, the ratio of epoxide:diol
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change was not monitored and thus impossible to determine if the decrease in diol levels was
due to treatment effect or other independent variables. Overall, the data from the Phase 1
trial did not demonstrate convincing data that AR9281 effectively inhibited sEH activity,
possibly explaining the lack of efficacy in phase 2 trials. There are situations where rapid
clearance such as that demonstrated with adamantane containing compounds like AR9281
and AUDA offer clinical advantages; however, these have not been explored.

GSK225629A4—GSK225629A4 is a potent sSEHI that attenuated leukocyte infiltration in
mice after exposure to cigarette smoke [77]. Based on this information, clinical trials were
initiated to test safety and endothelial dysfunction in both healthy humans and obese
smokers at doses of 2-20 mg administered as a single or repeat oral dose for 14-days.
Endpoints included safety and endothelial dysfunction measured by forearm venous
occlusion plethysmography after intra-articular challenge with vasodilator, bradykinin.
Overall, GSK225629A4 was well tolerated with favorable PK and Ty, equal to 19-30 h. in
healthy humans and 41-49 h in overweight smokers. One significant adverse event was
reported, but ultimately considered non-drug related as the subject had a history of this event
prior to the clinical trial. Otherwise, only mild-moderate adverse events of headache and
contact dermatitis were reported. Headache occurred with similar occurrence between the
placebo and treated groups, and contact dermatitis around the site of ECG electrode
placement was reported in nine healthy patients receiving active compound and none in the
placebo or obese smokers receiving active or placebo compound. Ex-vivo SEH activity was
measured in the plasma of treated patients as a function of EET hydrolysis after 30-min
incubations with 14,15 EET, and investigators found that >80% inhibition of EET to diol
hydrolysis was observed after repeat dosing in all dose cohorts. In obese smokers,
vasodilation after bradykinin injection was reduced compared to healthy subjects, as
expected. After administration of GSK225629A4 vasodilation improved in a dose and time
dependent manner in obese smokers after 1 and 14-d administration compared to placebo
control. Although some limitations need to be considered, such as small sample size and
non-smoking obese control subjects. Furthermore, as an added marker of safety, the sponsor
measured VEGF and plasma fibrinogen after single and repeat dosing in response to
potential safety concerns from increased angiogenesis [78, 79] and tumor metastasis [80] in
preclinical settings. Both plasma VEGF and fibrinogen were similar across all treatment
groups potentially indicating that preclinical angiogenesis observations may not be clinically
relevant. Overall, these data suggest that GSK225629A4 is a safe compound with potential
efficacy in patients with COPD, a disease exacerbated by cigarette smoke, or other disease
affected by dysfunction of the microvasculature.

Given the successful safety profile of GSK225629A4, independent investigators have
secured rights to initiate clinical trials with the GSK compound to investigate insulin
resistance and stroke as described below.

Insulin Resistance—Preclinical data suggests that anti-inflammatory properties of EETs
reduce inflammation in adipose tissue resulting in decreased insulin resistance in several, but
not all, rodent models [81-83]. Based on this information, a group at Vanderbilt University
in Nashville, Tennessee initiated a Phase 2 clinical trial to investigate the therapeutic
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potential of GSK225629A4 ability to improve insulin sensitivity in response to glucose
infusion. The study is currently recruiting patients, and there are no reported data from the
study.

Subarachnoid Hemorrhage (SAH)—Numerous preclinical studies have investigated the
role of soluble epoxide hydrolase in exacerbating stroke symptoms and the utility of
inhibiting the sEH as a potential treatment option. (Reviewed in [84]) As a result of these
data, investigators at the Oregon Health and Science University initiated a Phase 1 and 2
clinical trial with GSK225629A4 in patients with aneurysmal SAH to evaluate effects on
length of hospital stay, incidence of new stroke, disposition upon discharge and outcome
measures. The study recently finished recruiting patients, but no results have been published.

Neuropathic Pain—As new mechanisms for explaining EpFA beneficial effects has been
discovered, clinical activities are targeting diseases with complicated etiologies. For
example, the newest clinical development programs that are scheduled to start at the end of
2019 focus on treating neuropathic pain, a disease attributed to pathological ER-stress.
EC5026 is the newest sEHI being developed for clinical utility. Recent press releases
announced FDA approval of an IND application from EicOsis to test their small molecule
inhibitor, EC5026, for the treatment of neuropathic pain in humans, and EC1728 for treating
inflammatory and neuropathic pain in companion animals. Many review papers have
described the therapeutic potential of increasing epoxy fatty acids for the treatment of both
neuropathic and inflammatory pain (reviewed in [18, 85, 86]). Considering the devastating
impacts of the opioid epidemic and lack of effective and safe pain medications, there is
considerable interest in the outcomes of these clinical trials.

5.4.2 EpFA Mimics in Clinical Development

CMX-020 is a mimic similar to AUDA that is also designed around 14,15 EET. This
compound maintains most of the original structure except the olefin on the 14,15 carbon is
replaced with a dimethylcarbamoyl and the a hydroxy group is replaced with a cyclopropyl
amine to prevent beta-oxidation. In preclinical studies, CMX-020 undergoes rapid
elimination, with most of the drug eliminated 1-h after administration; however, the
compound exhibits potent pain-relieving properties preclinically in the acetic assay writhing
assay and tail flick assay, comparable to that of morphine [87]. It is unknown if CMX-020
metabolism results in epoxy-fatty acid mimics as a result of CYP450 epoxidation, or if
CMX-020 acts to inhibit the sEH, similar to carbamates such as GSK225629A4. Based on
the potent analgesic effects of CMX-020 and despite the rapid elimination profile, multiple
clinical studies were initiated to test the safety and efficacy of CMX-020 in treating painful
conditions such as osteoarthritis and sciatic nerve pain in Australia. Results have not been
published.

Focused mimics based on the structure of one regioisomer of one PUFA describe the
challenges of developing a mimic to a fatty acid epoxide. While CMX-20 chose to mimic
the omega-6 AA epoxides, other companies, described below, selected omega-3 fatty acids
as the background for their mimics. The epoxides of omega-3 fatty acids are thought to
account for some of the beneficial effects of omega-3 supplementation in the diet, and
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animal models show that they have more potent activity in /n vitro and animal models than
the omega-6 epoxides [31]. In addition to choosing which omega position of the fatty acids
to model the mimic, further complications arise when identifying which regioisomer to
target. For example, 11,12 and 14,15 EET are commonly associated with having vasodilator
activity compared to the other regioisomers of arachidonic acid [88].

Omeicos is focused on developing another epoxy mimic by creating a transition state
mimics of the 17,18 EPA omega-3 epoxide. Their lead compound, OMT-28, is actively
recruiting patents for a Phase 2 clinical trial to treat atrial fibrillation. Although the exact
structure is not disclosed, detailed structure activity relationship studies identified important
characteristics needed to exert antiarrhythmic effects. Atrial fibrillation is a type of
arrhythmia initiating from the top chambers of the heart and can lead to increased risk of
blood clot, stroke, and heart failure. /7 vitro models using neonatal rat cardiomyocytes have
been used to investigate the anti- or arrhythmic effects of certain drugs and demonstrate that
omega-3 fatty acids and the R,S isomer of the 17,18 epoxide of EPA decreased the
contraction rate in these cells [89], indicating a potential ability to alleviate atrial fibrillation.
These studies further demonstrate the complexity of EpFA biology that could potentially
complicate the identification of an active mimic.

Other approaches that mimic the PUFA of omega-3 or —6 fatty acids have been developed.
For example, Icosabutate, developed by Northsea Therapeutics, and Vascepa (icosapent
ethyl, or ethyl-EPA), an approved product sold by Amarin, are structurally engineered fatty
acids both being developed to lower triglycerides in the body. Icosabutate mimics EPA with
the addition of 2-bromo butyric acid on the a. end, while Vascepa adds a methyl group to the
a end to prevent pB-oxidation; otherwise, both structures are unaltered compared to EPA.
Northsea data presented at the International Liver Congress in 2018 show the compound
remains in the non-esterified form longer than EPA as expected, but was metabolized
primarily by CYP2C enzymes, suggesting that epoxides are likely formed in the metabolism
of this compound [90]. Multiple clinical trials were completed with Icosabutate testing the
safety and potential drug-drug interactions with CYP inducers and inhibitors, as well as
efficacy in hypertriglyceridemia (NCT01893515) and NASH (NCT04052516). Patients with
hypertriglyceridemia receiving 600 mg once daily for 12-weeks had significantly lower
triglyceride, very low-density lipoprotein cholesterol, and Apo C-111 levels [91]. The NASH
study recently started dosing and results are not yet available. There is more published
information in icosapent ethyl considering that it is an approved drug for reducing the risk of
cardiovascular disease in patients with hypertriglyceridemia. In a placebo controlled clinical
trial enrolling 8179 patients, administration of 2 g twice daily of icosapent ethyl significantly
reduced ischemic events, including reduced incidence of death [92, 93].

Similar to risks in choosing a mimic to omega-3 or 6 fatty acid, identifying the regioisomer
and stereoisomer to mimic further complicates the process. Omeicos is in a unique position
by having structure-activity relationship information for atrial fibrillation, but without
knowing the target of EH activity, translating this information to other disease areas should
not be assumed.
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5.4.3 New Therapeutic Approaches Targeting EpFA Through Polypharmaceutical
Approaches

Pharmaceutical targets to the COX and LO enzymes focus on preventing the formation of
inflammatory prostaglandins and leukotrienes, respectively. NSAID drugs inhibit COX-1
and-2 enzymes and are potent anti-inflammatory compounds by preventing the formation of
inflammatory prostaglandins; however, these inhibitors are often accompanied by toxic side
effects associated with enzyme distribution. COX-1 enzymes are in most cells and protect
the Gl mucosa by regulating acid secretion through the EP3 receptor. Inhibition of COX-1
increases gastric release, thus causing Gl-toxicity and increased ulcer formation. COX-2
enzymes are found in lymphocytes, red blood cells and synovial cells and are thought to
regulate pain and inflammation. Selectively inhibiting COX-2 was thought of as a desirable
approach to reduce pain and inflammation while avoiding GI complications. However, while
selective inhibition of COX-2 avoided gastro-intestinal ulcer formation, chronic use
increased the risk of stroke and cardiovascular disease. Further investigation into the
mechanism of this toxicity found that COX-1 inhibition decreases the vasoconstrictor
thromboxane A2 synthesis; while COX-2 inhibition decreases the vasodilator, prostacyclin.
Non-selective inhibitors would decrease both vasoregulators and maintain homeostasis,
while selective COX-2 inhibitors would decrease only prostacyclin, resulting in platelet
aggregation and vasoconstriction [94, 95]. Vasodilatory effects of EpFA suggest further
protection against endothelial dysfunction associated with COX-2 inhibition, but recent
studies suggest an additional mechanism for decreasing COX toxicities results from the
reduction of ER-stress [96]. NSAIDs increase ER-stress which has been attributed to the
toxicities associated with NSAID use, including cardiovascular toxicity [97-99]. ER-stress
also increases COX transcription, which creates a feedback inflammatory mechanism
perpetuated by COX-2 activation of IRE1a, a key protein involved in activating the ER-stress
pathway. Blocking ER-stress, as has been demonstrated with EpFA, prevent the upregulation
of COX, and dual inhibition of sSEH and COX are an attractive therapeutic strategy for
increasing the benefit of NSAIDs while reducing their toxicity. Many preclinical studies
demonstrate the advantages of dual COX-sEH inhibition. For example, the sEH inhibitor, t-
AUCB, or NSAID inhibitor, Celecoxib, administered alone do not affect tumor volume or
metastasis in a Lewis lung carcinoma mouse model of cancer while treatment with both
significantly reduced both tumor volume and metastasis. Previous studies demonstrated that
SsEH null mice have increased metastasis and tumor volume [100], presumably through
increased angiogenesis and VEGF expression; however, clinical trials with GSK’s sEHI
failed to show translation of VEGF increases in mice to human patients [101]. Furthermore,
preclinical studies identify that EETs are angiogenic and induce endothelial cell proliferation
[102-104] through metabolism by COX that produces a potent angiogenic metabolite [105].
Thus, dual inhibition would prevent the formation of this metabolite and could explain the
added benefit in tumor models. Additional benefits have been observed in improving
survival after tumor-induced cytokine surge in mice. Inflammation is a protective
mechanism to eliminate foreign toxicants from the body; however, an intense and rapid
inflammatory response, as occurs in sepsis, can be deadly. CAR-T therapy is a promising
treatment of cancer that activates the body’s immune system to recognize tumor cells as
foreign material. The body mounts an aggressive immune attack to eliminate these tumor
cells; however, if too effective, the outcomes also result in sepsis and death. Preclinical
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studies demonstrate that the dual COX/sEHI, p-TUPB, improves survival rate in a cancer
cell debris model of cytokine-surge in mice [106].

Dual inhibition with COX and sEH is an attractive target for treating disease by m inimizing
the toxicities associated with NSAIDs while also increasing the efficacy of both compounds
[107]. Many NSAIDs and coxibs lead to mitochondrial dysfunction, which in turn increases
the production of reactive oxygen species. They have also been shown to increase ER-stress
[99], which can induce the transcription of COX2 and prostaglandin synthase [108] leading
to an increase in inflammatory eicosanoids and cytokines. Thus, the most widely used drugs
in the world are themselves inflammatory. Anti-inflammatory sEHI block this inflammation
axis both at the level of the mitochondria and the endoplasmic reticulum. Thus, when used
with NSAIDS and coxibs should make these drugs not only safer but also improve their anti-
inflammatory activity. Multiple rodent studies have shown that SEHI synergize with NSAIDs
and coxibs to reduce inflammatory pain and extend the utility of NSAIDs and coxibs to
include neuropathic pain. The sEHI also reduce gastrointestinal and cardiovascular side
effects of cyclooxygenase inhibitors. Since prescription and over the counter COX inhibitors
are so commonly used in pain management, this interaction is likely to be seen in the clinic
if patients in trials are continued on standard of care treatment.

Exploiting this interaction commercially will be more complex. Regulatory pathways
require that novel therapeutics demonstrate stand-alone efficacy before being combined with
other targets, thus the pathway toward human treatment with NSAID-sEHI combinations is
complicated. A polypharmaceutical approach: where one compound inhibits both COX and
sEH, such as PTUBP, would lessen this challenge; however, the FDA closely monitors
NSAID cardiovascular toxicity and requires extensive cardiovascular safety studies and
lengthy clinical trials prior to testing in humans, thus developing this dual target under the
current regulatory environment would likely be more expensive and risky than other targets.
For example, this regulatory scrutiny resulted in the FDA not approving a potent NSAID,
etoricoxib, after the FDA advisory committee recommended further cardiovascular risk
assessment, despite etoricoxib approval in other countries [109].

Other targets in the fatty acid metabolism pathway provide attractive opportunities for
treatments. For example, inhibition of LO is currently approved for the treatment of asthma.
Leukotrienes, the main target of LO metabolism, are potent inflammatory agents that
potentiate bronchoconstriction and exacerbate an asthma attack. Inhibiting LO activity
through direct inhibition (e.g. Zileuton) or through the inhibition of 5-lipoxygnase activating
protein (FLAP) is an approved treatment for asthma [110]. sEHI has also shown efficacy for
treating asthma [111]. Interestingly, Zileuton and the FLAP inhibitors, Zafirlukast and
Montelukast, also have weak activity for inhibiting the sEH (0.9-1.95 uM), but at
concentrations likely achieved at therapeutic doses [112]. Identifying improved dual LO-
sEHI with greater potency for the sEH is an attractive target for improving asthma
treatments.

The fatty acid amide hydrolase enzyme (FAAH) is a complicated target for drug therapy.
The endocannabinoids, a bioactive class of lipids formed through the addition of an amide to
the carboxylic acid of PUFA. For example, N-arachidonoyl phosphatidylethanolamine
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(NAPE), and related amides are associated with beneficial effects in a variety of disease
models including inflammation, pain, asthma, epilepsy, neurological disease, among others
(see [113] for review). Because FAAH metabolizes endocannabinoids, therapeutic
approaches of inhibiting this enzyme were considered for treatments of some diseases. Over
ten clinical trials have been initiated to test efficacy of FAAH inhibitors, but after significant
toxicities and one death were reported in a Phase 1 study of a claimed FAAH inhibitor in
France, all clinical trials were put on hold. Although the exact cause of the toxicity is
unknown, recent reports suggest that off-target effects on lipases caused the toxicity [114].
Renewed interests in FAAH as a target for pain came after a case study identified a woman
with a knock-out mutation in FAAH were thought to result in her inability to feel pain [115].
Administration of both sEH and FAAH inhibitors show synergistic effects in animal models
of pain [116] and continued efforts to develop a dual inhibitor suitable for clinical
development are ongoing [117].

SEH inhibitors are more effective in reducing pain in the presence of cCAMP. Dual
phosphodiesterase 4 (PDE4) and sEH inhibition also show synergistic effects in decreasing
pain in animal models [118]. PDE inhibitors (PDEi) have been developed for the treatment
of inflammation by preventing the metabolism of cyclic adenosine monophosphate (CAMP);
however, increasing cAMP has also been associated with increased pain states. Interestingly,
PDE4 and 5 inhibitors increase EpFA through lipase activity, releasing arachidonate and
possibly EETs from phospholipids, and could possibly explain the mechanism for analgesic
effects of PDEi despite increases in CAMP [118]. In laboratory settings, investigators
demonstrated that decreasing EpFA concentrations through CYP450 inhibition while
treating with PDEi resulted in increased pain states. Conversely, increasing EpFA
concentrations through sEHI resulted in synergistic increases in pain relief. Efforts are
ongoing to identify dual inhibitors of PDE4 and sEH, and recent advances identified MPPA,
a compound with potent inhibition on both enzymes that is also efficacious in an LPS model
of inflammatory pain [119].

While some compounds are synthesized specifically to inhibit an enzyme, others are
identified after approval as having off-target effects against desirable or undesirable
enzymes. For example, sorafenib and regorafenib are receptor tyrosine kinases that have
anti-angiogenic properties by inhibiting VEGFR-2 and other kinases. They are approved for
the treatment of hepatocellular carcinoma and renal cell carcinoma, and both are potent
inhibitors of the sEH (12 and 0.5 nM ICs, respectively). The other approved small molecule
inhibitor of VEGFR, sunitinib, is not an sEH inhibitor. Although the biological relevance of
this dual activity is difficult to compare with other kinases that do not affect SEH because
kinases are in general promiscuous inhibitors of many kinases. Both sorafenib and
regorafenib are known for being difficult to formulate and for often serious side effects of
their use. Clinical doses of these Raf-1 and pan-kinase inhibitors are likely to inhibit most
SEH activity and increase EpFA /n vivo. It is likely that without the sEH inhibition, these
kinase inhibitors would have even worse side effects. It follows that the side effects of these
two kinase inhibitors could be dramatically reduced by increasing dietary w—3 and limiting
dietary =6 lipids. The kinase inhibition is not ubiquitous to the urea pharmacophore that
inhibits sEH; however, Sorafenib and regorafenib are unique compared to other published
SEH inhibitors used in preclinical or clinical studies in their ability to inhibit kinases, as can
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be predicted from structure activity relationships [120]. Although recent publications
indicate that TPPU is a weak inhibitor of p38 kinase (IC5p = 0.98 uM). The p38 kinase is a
mitogen-activated protein kinase and activates inflammatory cytokines, and inhibition of this
kinase would explain many of the beneficial effects seen in the preclinical studies using this
compound; however, p38 is also regulated by oxidative stress, and the study failed to show if
the activity was an indirect result of reducing oxidative stress vs. direct inhibition of the
kinase given that the /n vitro assays were conducted below the ICgg of 100 nM [121].

5.5 Summary and Future Directions for Targeting EpFA as Treatments for

Disease

The newest innovations in inhibiting the SEH focus on identifying natural compounds with
inhibitory activity, or polypharmaceutical approaches targeting multiple enzyme pathways.
The inhibitors being tested for sEH inhibition focus on a central pharmacophore of either a
urea, amide, or carbamate, and few new patents have been filed with different
pharmacophores. Instead, new technologies focus on identifying new targets of disease,
poly-pharmaceutical approaches developing a single compound to inhibit multiple targets
[122], or inhibitors isolated from natural products. Inhibiting the sEH affects a regulatory
pathway, ER stress, and is a relatively safe target that could offer benefits when combining
with other targets. In some cases, efforts for developing dual targets to provide added
benefits or safety have been intentional, while others have been discovered as off-target
effects after developments. Both approaches are described below.

Current clinical approaches are focused on developing small molecule inhibitors or EpFA
mimics; however, future approaches are investigating polypharmaceutical approaches, thus
capitalizing on the low toxicity of alerting this pathway. Yet despite widespread interest in
targeting this pathway, few new pharmacophores are identified that lack a carbamate or urea
as the active moiety. Recently, natural products have been identified as a new source of sEH
inhibitors that hold promise for future nutraceutical development; however, these products
have relatively poor potency, with I1Csqs in the uM range, which would require g/day
amounts of dosing. Techniques are being considered to improve production and isolation of
natural SEHI or identify more potent natural SEHI [123, 124].

Many early sEHI, such as AUDA, were designed as mimics of specific EpFA. This dual
action was clearly demonstrated in earlier publications [125]. Subsequent synthesis led to
compounds that inhibited the EH without mimicking EpFA or compounds that mimicked
specific EpFA without inhibiting sEH. Shen and Hammock discussed the advantages and
limitations of each of these approaches [126]. The resulting molecules made biological data
much easier to interpret when they were used as physiological probes, and likely simplified
patent positions as well. Possibly it is worth reconsidering dual acting compounds. For
example, one could have an sEHI pharmacophore which would increase EpFA systemically,
while also targeting mimicry of 17,18 EEQ or 19,20 EDP to control atrial fibrillation [127].
Such compounds would offer the advantages of stabilizing all EpFA while allowing direct
action of the EpFA mimic in tissue with a reduced ability to epoxidize PUFA.
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In summary, lipid epoxides and their mimics or stabilizers are of increasing interest in
treating disease due to their many beneficial and homeostatic functions as well as limited
observed toxicities. However, their multimodal mechanism of action, including effects on
angiogenesis and cancer, raises caution for monitoring safety in clinical trials. Furthermore,
few studies report toxicities associated either with direct supplementation of EpFA, or
inhibition of sEH; however, one study reported that SEH null mice displayed reduced
survival in a cardiac arrest model compared to wild type mice [128] demonstrating one of
the few examples of increased toxicities in preclinical models modulating the sEH. While
the most recent advances are focused on investigating the polypharmaceutical advantages of
increasing EpFA, other approaches that could increase EpFA include altering the release and
reincorporation into the cell membrane and could provide attractive benefits to the current
clinical approaches being investigated (Fig. 5.4.). Currently small molecule inhibitors of
SEH are being tested in clinical settings to investigate the effects of increasing EpFA
concentrations in the body as a way of treating pain, diabetes, and reducing the symptoms of
subarachnoid hemorrhage. Other strategies focus on mimicking the beneficial EpFA and are
targeted in clinical investigations for treating pain, fatty liver disease, hypertriglyceridemia,
and atrial fibrillation. Overall, previous clinical trials targeting strategies to increase EpFA
lack on-target toxicities, and most studies using SEH knock-out animals lack toxic side
effects, which increases confidence in the safety of increasing EpFA concentrations in the
body. The combined safety profile and wide-ranging efficacy in treating disease encourage
continued investigation in the beneficial effects of this pathway as a treatment option.
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Fig. 5.1.
Metabolic fate of polyunsaturated fatty acids Free fatty acids are primarily metabolized

through p-oxidation, Cyclooxygenase (COX), Lipoxygenase (LOX or LO), and
CytochromeP450 (CYP450). A simplistic overview of the biological action of the resulting
metabolites is shown in parenthesis.

COX 1 and COX 2 metabolize PUFA to PGH2 which is the precursor to other
inflammatory prostanoids and thromboxanes that regulate the immune system (PGD5),
increase pain and inflammation (PGE>) and control platelet aggregation (PHI, and TXA)).
[108]

5-L. O metabolizes PUFA to 5-HpETE or 15-L O to 15-HpETE, both are precursors to
inflammatory leukotrienes and cytotoxic leukotoxins. These metabolites are important in
exacerbating asthma by acting as powerful bronchoconstrictors, and they can also sustain
inflammatory reactions through chemotaxis of inflammatory mediators. LO metabolism of
omega-3 fatty acids result in pro-resolving lipid mediators called Resolvins, Protectins and
Maresins. [139]

CY P450 metabolizes PUFA to anti-i nflammatory epoxy fatty acids (EpFAS), n-terminal
hydroxylated n-HETE, w—1 oxidation, or allylic hydroxylations. 20-HETE regulates blood
pressure by acting as a potent vasoconstrictor in kidneys and preventing sodium reabsorption
in nephrons [140, 141]. The biological significance of mid-chain hydoxylations is less
understood; however, biological significance has been observed with 12-HETE in corneal
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inflammation and neovascularization [142, 143]. Formation of EpFA, particularly if induced,
is primarily accomplished by CYP2C and CYP2J subfamily; however, other CYP enzymes
can generate EETs [144]. The EpFA act as homeostatic regulators to other metabolites in
this pathway by stabilizing mitochondria, reducing ROS, decreasing ER-stress [20] and
inflammation [15], regulating the vascular endothelium [88] and increasing bronchodilation
[145]
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Formation of EpFA

Polyunsaturated fatty acids (PUFASs) differ in both structure and function based on number
of carbons and location of double bonds. They are incorporated as glycerides in fat cells,
cellular membranes or circulating micelles and are liberated to free fatty acids by different
phospholipases (PL) that act upon different areas of the glyceride or phospholipid (A). EpFA
are formed through the oxygenation of FFA by CYP450. The metabolism of Arachidonic
Acid (AA, 20:4 n-6) by cytochrome P450 yields EpFAs, epoxyeicosatrienoic acids (EET),
which are further degraded by the soluble epoxide hydrolase into dihydroxyeicosatrienoic
acids (DHET). The epoxide and diol on the 11,12 position is shown, but similar
regioisomers are possible on all the double bonds in the PUFA. The n-6 fatty acid linoleic
acid, LA, has been attributed to largely inflammatory epoxides, EPOMES; however, recent
studies show that they are only toxic in the presence of sEH, suggesting that the diols of LA,
DIHOMES, are responsible for this inflammatory action [137]. The 18:3 omega-3 fatty acid,
linolenic acid (ALA), does not seem to have this same inflammatory action. The omega-6
fatty Adrenic Acid, AdA, is named for its abundance in the adrenal gland. Less is known
about this PUFA and its metabolites, although the AdA EpFA, dihomoEETSs are thought to
regulate blood flow to the adrenal gland [138]. n-3 fatty acids alpha eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) form EpFA epoxyeicosatetraenoic acids (EEQs)
and epoxydocosapentaenoic acids (EDPs) respectively. Omega-3 EpFA are largely beneficial
with anti-inflammatory and pain resolving properties in vitro and in vivo. Little biological
activity has been associated with the diols of Ada (dihomoDHET) or the diols of EPA and
DHA, dihydroxyeicosatetraenoic acids (DHEQSs) and dihydroxydocosapentaenoic acids
(DiHDPAS) respectively. (see [86] for review)
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Mechanism of epoxide to diol metabolism by the soluble epoxide hydrolase (SEH)

Two acidic tyrosines are oriented by pi-stacking to bind to and polarize the epoxide moiety.
sEH inhibitors functionally mimic transient intermediates and the transition state of the
enzyme (middle panel). The NH groups of the urea, amide, carbamate or other
electronegative groups possibly encourage a salt bridge formation, for example between a
polarized urea and the catalytic aspartic acid, likely stabilized by hydrogen bonds with the

tyrosine. [146]
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Possible ways of increasing natural epoxy fatty acid chemical mediators to prevent and treat

disease Increasing EpFA concentrations in the body have been associated with treating many
diseases. The figure above demonstrates potential pathways of increasing their
concentrations through increasing their biosynthesis or through preventing their metabolism.
EpFA can be increased by increased PUFA consumption, increasing release from lipid
membranes, or increased formation through CYP450 activity. Inhibiting the metabolic
enzymes that convert EpFA to more polar compounds that are rapidly eliminated from the
body, or supplementing the diet with EpFA mimics that prevent degradation by B oxidation
are other ways in increasing the concentrations of the beneficial fatty acids

Adv Exp Med Biol. Author manuscript; available in PMC 2020 December 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

McReynolds et al. Page 36

Table 5.1

Altered ratios of EpFA: diol correlate to disease outcomes

Alzheimersdisease (AD) [130]

AD patients with and without type 2 diabetes (T2D) had increased DHET compared to healthy controls. However, there were no effects
following adjustments for multiple comparisons.

Arthritis [131]

In synovial fluid of arthritic vs. normal joints, 11,12-DHET and 14,15-DHET were higher in affected joints of people with unilateral
osteoarthritis. In addition, these and 8,9-DHET were associated with worse progression over 3.3 years.

Anorexia Nervosa [34, 35]

111 anorexia nervosa patients have higher DHA diol metabolites 19,20 DiHDPE:EpDPE compared to either recovered AN patients or healthy
human subjects, while both ill and recovered AN patients have higher ALA diol metabolites 15,16 DiHODE:EpODE ratios compared to healthy
subjects.

Peripheral arterial disease [132]

Increased 8,9 DHET correlated with increased risk of coronary and cerebrovascular events in patients with peripheral arterial disease.

Coronary artery disease [133]

Decreased EETs in patients with obstructive coronary artery disease compared to healthy controls

Depression [134]

In patients with major seasonal depression syndrome, SEH-derived oxylipins (12,13 DiIHOME, 7,8- and 19,20 DiHDPE), in addition to other
eicosanoids, increased in winter compared to summer-fall, while 14,15 EET and corresponding diol both decreased in the winter.

Preeclampsia [135]

In preeclamptic women 14,15-DHET was higher in urine samples compared to healthy pregnant women.

Vascular dementia [136]

In patients with cognitive impairment, an increase in 9,10- and 12,13 DiIHOME: EpOME was associated with poor performance in function but
not memory.
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