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Abstract

Therapeutics for arachidonic acid pathways began with the development of non-steroidal 

antiinflammatory drugs that inhibit cyclooxygenase (COX). The enzymatic pathways and 

arachidonic acid metabolites and respective receptors have been successfully targeted and 

therapeutics developed for pain, inflammation, pulmonary and cardiovascular diseases. These 

drugs target the COX and lipoxygenase pathways but not the third branch for arachidonic acid 

metabolism, the cytochrome P450 (CYP) pathway. Small molecule compounds targeting enzymes 

and CYP epoxy-fatty acid metabolites have evolved rapidly over the last two decades. These 

therapeutics have primarily focused on inhibiting soluble epoxide hydrolase (sEH) or agonist 

mimetics for epoxyeicosatrienoic acids (EET). Based on preclinical animal model studies and 

human studies, major therapeutic indications for these sEH inhibitors and EET mimics/analogs are 

renal and cardiovascular diseases. Novel small molecules that inhibit sEH have advanced to human 

clinical trials and demonstrate promise for cardiovascular diseases. Challenges remain for sEH 

inhibitor and EET analog drug development; however, there is a high likelihood that a drug that 

acts on this third branch of arachidonic acid metabolism will be utilized to treat a cardiovascular or 

kidney disease in the next decade.
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Introduction

The development of therapeutics for kidney and cardiovascular diseases has included 

targeting various lipids and fatty acids. Arachidonic acid is a fatty acid that is metabolized 
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into several metabolites known as eicosanoids. Pharmacological agents have targeted 

arachidonic acid metabolizing enzymes, eicosanoid metabolites, and eicosanoid receptors 

(Capra et al., 2007; Grosser et al., 2006; Riberio et al., 2006). There are three primary 

enzymatic pathways that produce eicosanoid metabolites; the cyclooxygenase (COX) 

pathway, the lipoxygenase (LOX), pathway, and the cytochrome P450 (CYP) pathway. 

Drugs have been successfully developed that target the COX and LOX pathways for 

indications such as pain, inflammation, asthma, and blood clotting (Capra et al., 2007; 

Grosser et al., 2006; Riberio et al., 2006). More recently, pharmacological agents directed at 

the CYP pathway have made their way to clinical trials but none have yet to be approved for 

human use (Bellien & Joannides, 2013; Imig & Hammock, 2009). This review will focus on 

the prospective for CYP epoxygenase eicosanoid therapeutics for renal and cardiovascular 

diseases.

CYP Enzymes

Arachidonic acid metabolism by CYP enzymes results in epoxygenase and hydroxylase 

metabolites. Epoxygenase metabolites are generated by CYP2C or CYP2J enzymes and 

hydroxylase metabolites are generated by CYP4A or CYP4F enzymes (Capdevila et al., 

2007; Karara et al., 1993; Roman, 2002; Zeldin, 2001). Renal and cardiovascular actions for 

these CYP eicosanoid metabolites have been extensively investigated. Epoxyeicosatrienoic 

acids (EETs) have acute and chronic actions that are beneficial to kidney and cardiovascular 

health. Soluble epoxide hydrolase (sEH) is the enzyme responsible for conversion of EETs 

to diols that lack the overall beneficial biological activities ascribed to EETs (Imig, 2012; 

Imig & Hammock, 2009). On the other hand, the hydroxylase metabolite, 20-

hydroxyeicsatraenoic acid (20-HETE), has acute and chronic actions that could contribute to 

renal and cardiovascular diseases (Roman, 2002). Although receptors for EETs have yet to 

be identified, GPR75 has recently been identified as a 20-HETE receptor that is responsible 

for 20-HETE’s cardiovascular actions (Garcia et al., 2017). Pharmacological agents have 

been developed that inhibit CYP epoxygenase, CYP hydroxylase, and sEH enzymes (Imig & 

Hammock, 2009; Miyata et al., 2001; Wang et al., 1998). Novel compounds that act as EET 

and 20-HETE mimetics and antagonists have also been synthesized and extensively 

examined (Alonso-Galcia et al., 1999; Campbell et al., 2017; Sudhahar et al., 2010). EET 

mimetics and sEH inhibitors have been demonstrated to oppose renal and cardiovascular 

diseases and their potential as a therapeutic will be detailed. For detailed information on the 

development of hydroxylase and 20-HETE targeted therapeutics please see these excellent 

references (Kroetz & Xu, 2005; Roman, 2002).

The primary CYP epoxygenase enzymes can regulate EET generation in an organ and cell 

specific manner (Capdevila et al., 2007; Imig, 2012; Zeldin, 2001). Metabolism of epoxy 

fatty acids to the corresponding diols is mediated by sEH (Imig, 2012; Imig & Hammock, 

2009). Protein expression for sEH is more homogeneous among organs and cell types but 

can be regulated in an organ or cell selective manner (Capdevila et al., 2007; Morisseau & 

Hammock, 2013). CYP epoxygenase expression in the renal and cardiovascular systems 

determines the specific epoxy fatty acids generated (Capdevila et al., 2007; Imig, 2012; 

Zeldin., 2001). One generalization that can be made is that 11,12-EET and 14,15-EET are 

the major EETs generated from arachidonic acid by CYP epoxygenase enzymes (Capdevila 
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et al., 2007; Zeldin, 2001). CYP2J enzymes are more prevalent in the heart and 

cardiomyocytes and convert arachidonic acid to EETs (Oni-Orisan et al., 2014; Zeldin, 

2001). Kidney EET levels are regulated by CYP2C enzymes located in tubular epithelial 

cells (Capdevila et al., 2007; Imig 2012). CYP2C enzymes are also located in endothelial 

cells to produce EETs that act as endothelial-derived hyperpolarizing factors (EDHFs) 

(Archer et al., 2003; Campbell & Fleming, 2010; Campbell et al., 1996; Fissthaler et al., 

1999; Fleming, 2001). EETs are metabolized by sEH that has a rank order affinity for EETs 

with 14,15-EET > 11,12-EET > 8,9-EET > 5,6-EET (Imig & Hammock, 2009; Morisseau & 

Hammock, 2013). In addition, 8,9-EET and 5,6-EET can be metabolized by COX and this 

metabolic pathway has been clearly demonstrated in the glomerulus of the kidney (Carroll et 

al., 1992; Imig, 2000; Spector et al., 2004). Regulation of enzymatic activity and the specific 

epoxy fatty acid metabolites formed will impact renal and cardiovascular function in health 

and disease.

It is well recognized that arachidonic acid metabolites have important renal and 

cardiovascular biological activities. Generation of epoxy fatty acid EETs and metabolism by 

sEH are altered in renal and cardiovascular disease states (Bellien & Joannides, 2013; Imig 

& Hammock, 2009). In most cases, decreased EETs are associated and contribute to renal 

and cardiovascular diseases. On the other hand, there is increasing evidence that CYP 

epoxygenase and sEH generation and regulation of omega-3 and omega-6 fatty acids can 

impact cardiovascular and renal function (Arnold et al., 2010a). Although the primary focus 

will be on the therapeutic potential for sEH inhibitors and EET analogs, eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA) based therapies are an area that is actively 

being pursued.

Evidence Renal and Cardiovascular Diseases: Animal Models & Human 

Studies

Extensive experimental studies in renal and cardiovascular disease animal models as well as 

human studies provides substantial evidence for EETs as a therapeutic target (Figure 1). 

Experimental animal studies have evaluated CYP2C, CYP2J, and sEH enzymatic 

expression, epoxygenase metabolite levels, and EET actions (Imig, 2012; Morisseau & 

Hammock, 2013; Tacconelli & Patrignani, 2015). Genetic and pharmacological 

manipulation to decrease or increase EETs has also been done to evaluate their contribution 

to heart, vascular, and kidney function (Campbell et al., 2017; Imig, 2012; Kroetz & Xu, 

2005; Morisseau & Hammock, 2013; Oni-Orisan et al., 2014) (Figure 2). Vascular, kidney, 

and heart EET actions include vasodilation, anti-inflammation, anti-fibrosis, and anti-

apoptosis (Campbell et al., 2017; Fleming, 2001; Node et al., 1999; Oni-Orisan et al., 2014). 

EETs act as EHHFs that are released from endothelial cells to activate vascular smooth 

muscle cell large conductance Kᐩ
Ca channels and vasodilation (Campbell et al., 1996; 

Fissthaler et al.). Heart specific EET actions on potassium KATP channels contributes to 

electrical conductivity (Batchu et al., 2012a; Bodiga et al., 2009; Oni-Orisan et al., 2014; 

Seubert et al., 2004). A renal specific action for EETs is inhibition of epithelial sodium 

channel (ENaC) to cause sodium excretion or natriuresis (Pidovaka et al., 2013; Sun et al., 

2010; Wei et al., 2004). EETs also have anti-platelet and angiogenic actions that are 
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beneficial for cardiovascular and kidney health (Campbell & Fleming, 2010; Imig & 

Hammock, 2009). These findings that EETs have renal and cardiovascular actions to oppose 

acute and chronic diseases has been extended to animal disease models and human studies.

Cardiovascular Disease

Cardiovascular disease animal models have provided significant evidence that decreased 

EETs or increased sEH enzymatic activity contribute to the disease process. Hypertension 

has been extensively studied and decreased vascular and kidney EET levels contribute to 

changes in water and electrolyte balance and the elevation in blood pressure (Imig et al., 

2002; Lee et al., 2010; Makita et al., 1994; Nakagawa et al., 2006; Zhao et al., 2003). 

Angiotensin dependent hypertension results in an increase in kidney sEH expression and 

activity that increases renal vascular resistance and decreases sodium excretion (Imig et al., 

2002; Zhao et al., 2004). On the other hand, salt-sensitive hypertension is associated with an 

inability to properly upregulate CYP2C epoxygenase enzymes (Zhao et al., 2003). As 

further evidence for epoxygenase enzymes contributing to salt-sensitive hypertension, 

Cyp2c44−/− mice develop hypertension when fed a high salt diet (Capdevila et al., 2014). 

Additionally, there is pervasive evidence for decreased EETs contributing to heart injury 

following myocardial infarction (Oni-Orisan et al., 2014). Increasing EETs in cardiac 

myocytes in vitro or in acute myocardial infarction rodent models protects the myocardium 

following ischemia via several interrelated signaling mechanisms (Batchu et al., 2009; 

Bodiga et al., 2012; Nithipatikom et al., 2006; Seubert et al., 2004; Seubert et al., 2006). 

These interrelated signaling mechanisms include the PI3K/Akt, MAPK, STAT3, oxidative 

stress signaling pathways, as well as, KATP channel activation, anti-inflammatory actions, 

and anti-fibrotic actions (Batchu et al., 2012a; Bodiga et al., 2009; Gross et al., 2007; 

Seubert et al., 2004). A decrease in EETs has also been demonstrated to contribute to cardiac 

hypertrophy and heart failure in several rodent diabetic and cardiovascular disease models 

(Imig & Hammock, 2009; Morisseau & Hammock, 2013; Oni-Orisan et al., 2014). 

Angiotensin II can induce sEH upregulation to drive cardiac hypertrophy and result in 

devastating consequences that include left ventricular dysfunction and arrhythmias (Ai et al., 

2007; Ai et al., 2009). Taken together, these findings established the important contribution 

for sEH and EETs in hypertension and heart diseases.

Renal Disease

Extensive evidence in renal disease animal models have implicated an important 

involvement for EETs and sEH in kidney vascular and epithelial cell injury (Imig, 2002; 

Imig, 2015; Morisseau & Hammock, 2013). Initial evidence for increased sEH activity and 

decreased EETs contributing to kidney injury was found in rat angiotensin-dependent 

hypertension (Imig et al., 2002; Zhao et al., 2003). These studies also discovered that 

increasing EETs with sEH inhibitors decreased renal inflammation and injury independent 

of blood pressure lowering (Imig et al., 2002; Olearczyk et al., 2009; Zhao et al., 2003). 

Diabetic nephropathy has also been determined to involve increased sEH expression and 

decreased EET levels as contributors to the progressive renal damage (Chen et al., 2012; 

Elmarakby et al., 2011; Olearczyk et al., 2009). Decreased EETs participate in renal diseases 

that do not have an associated systemic symptom or disease such as hypertension and 

diabetes. Acute kidney injury, drug-induced nephrotoxicity, and obstructive kidney fibrotic 
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disease have detrimental changes in sEH or EETs that impact kidney injury (Bettaieb et al., 

2017; Hashimoto et al., 2015; Kim et al., 2014; Lee et al., 2012; Liu et al., 2012; Parrish et 

al., 2009; Zhu et al., 2016). The decrease in EET levels in renal ischemia reperfusion acute 

kidney injury contribute to endothelial dysfunction and epithelial apoptosis (Lee et al., 2012; 

Zhu et al., 2016). Endoplasmic reticulum stress is a key signaling mechanism in renal 

tubular cells that is increased by lower level EET levels in cisplatin drug-induced 

nephrotoxicity (Khan et al., 2013; Liu et al., 2012). Increased sEH activity and decreased 

EET levels in unilateral ureteral obstruction allows for inflammation and epithelial to 

mesenchymal transition mediated kidney fibrosis (Kim et al., 2014; Kim et al., 2015; Skibba 

et al., 2017). Thus, evidence for decreased EETs levels or increased sEH activity contribut 

ing to renal and cardiovascular disease in animal models provided substantial data to support 

the development of therapeutics directed at increasing EET levels.

Human Disease Studies

Human studies demonstrating that increased sEH activity or decreased EETs could 

contribute to cardiovascular diseases like hypertension has been investigated (Table 1). 

Reduced plasma EET levels have been demonstrated in humans with pregnancy-induced or 

renovascular hypertension (Bellien & Joannides, 2013; Elijovich et al., 2017; Jiang et al., 

2013). The changes in EET levels in these human studies is postulated to be due to a 

decrease in CYP production and increased sEH degradation of EETs. Genetic variations in 

the human CYP2C8, CYP2C9, and CYP2J2 result in decreased arachidonic acid epoxidation 

rates (Bellien & Joannides, 2013; Morisseau & Hammock, 2013). CYP2J2*7 allele is a 

genetic variant that results in reduced CYP2J2 transcription and decreased plasma EET 

levels (King et al., 2005; Polonikov et al., 2008). This CYP2J2 genetic variant associates 

with essential hypertension in a Russian cohort (Polinikov et al., 2008); however, other 

human studies have found that the CYP2J2*7 allele decreased risk or resulted in no change 

for developing hypertension (King et al., 2005). Studies have found that the CYP2C human 

genetic variants do not associate with hypertension in Caucasian or African American 

cohorts (Dreisbach et al., 2005; Spiecker et al., 2004). On the other hand, in hypertensive 

Asian women the frequency for the CYP2C9*3 allele was lower (Yu et al., 2004). Regarding 

sEH, the evidence for polymorphisms in the sEH gene, EPHX2, that associate with 

hypertension have not been found (Bellien & Joannides, 2013). Taken together, these 

findings provide varied evidence for increased sEH activity or decreased EETs in humans 

contributing to hypertension.

Evidence linking increased sEH activity or decreased EETs could contribute to 

cardiovascular diseases and endothelial dysfunction that increases kidney disease 

progression has accelerated therapeutic development. Investigations measuring forearm 

blood flow responses in humans has supplied the most convincing evidence that reduced 

EETs can have devastating cardiovascular and renal consequences (Bellien et al., 2006; 

Bellien et al., 2012a; Bellien et al., 2012b; Lee et al., 2011). CYP inhibition to lower plamsa 

EET levels reduces forearm blood flow in healthy human volunteers (Bellien et al., 2006). 

This finding demonstrates that EETs contribute to the basal level of forearm blood flow. 

Likewise, EPHX2 genetic variations alter the magnitude of human forearm blood flow 

responses to bradykinin (Lee et al., 2011). The Arg55 EPHX2 genetic variant increases sEH 
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activity and reduces bradykinin-induced increases in forearm blood flow (Lee et al., 2011). 

An EPHX2 genetic variant Gln287 that decreases sEH activity which would increase EET 

bioavailability augments forearm blood flow responses to bradykinin (Lee et al., 2011). 

Intriguingly, an impaired ability to induce EET release was observed in essential 

hypertensives that contributed to endothelial dysfunction assessed by flow mediated dilation 

(Bellien et al., 2012a; Bellien et al., 2012b). These human studies provide strong support to 

the notion that increased sEH activity or decreased EETs results in endothelial dysfunction 

which is a precursor for renal and cardiovascular diseases.

Other studies have linked genetic EPHX2, CYP2C8, and CYP2J2 variants to coronary artery 

disease risks (Bellien & Joannides, 2013; Campbell et al., 2017; Morisseau & Hammock, 

2013; Oni-Orisan et al., 2014). The CYP2J2 gene G-50 T single nucleotide polymorphism is 

associated with lower plasma EET levels and increased risk for coronary artery disease 

(Spiecker et al., 2004). Interestingly, the frequency for the CYP2J2 G-50 T polymorphism is 

higher in type 2 diabetics under the forty years of age (Wang, et al., 2010). The 

Atherosclerosis Risk in Communities (ARIC) study found that the EPHX2 Arg55 

polymorphism that results in increased sEH activity associated with greater risk for coronary 

heart disease (Lee et al., 2011). Likewise, this Arg55 gain-of-function polymorphism has 

been demonstrated to be associated with acute kidney injury following cardiac surgery 

(Shuey et al., 2017). Human studies have also found plasma EET levels to be elevated and 

the EET:DHETE ratio increased in coronary artery disease patients (Wang et al., 2010). 

Plasma EET levels are increased in patients following an ischemic stroke event (Ward, et al., 

2011). Likewise, biopsies of heart failure patients with a previous myocardial infarction 

were found to have decreased EPHX2 expression (Monti et al., 2008). These findings 

suggest that an increase in EET levels in patients with established coronary artery disease 

could be a compensatory mechanism. Interestingly, obesity and cigarette smoking was 

associated with lower EET levels and increased inflammation as measured by monocyte 

chemoattractant protein-1 (MCP-1) in this coronary artery disease population (Wei et al., 

2007; Yang et al., 2008). Evaluation of patients with chronic obstructive pulmonary disease 

(COPD) have found decreased EET levels and impaired forearm blood flow responses that 

could be responsible for the increased incidence of cardiovascular disease (Barbera et al., 

2001; Fritscher et al., 2012; Yang et al., 2017). The compelling human studies point to 

decreased CYP EET production and increased EET degradation by sEH as a contributor to 

endothelial dysfunction and cardiovascular disease risk; however, in many cases an increase 

in EET levels attempt to compensate following a cardiovascular event.

There is compelling animal renal and cardiovascular disease model and human experimental 

findings to support the concept that increasing EET levels or inhibiting sEH activity would 

be an excellent therapeutic. Two primary therapeutic approaches and emerging therapeutic 

approaches are being developed for renal and cardiovascular diseases. Inhibition of sEH is 

the most advanced therapeutic approach and has reached the human clinical trial level for 

hypertension, diabetes, and chronic obstructive pulmonary disease (Arete Therapeutics, 

2009; GlaxoSmithKline, 2013). EET analog development has gained steam in the past five 

years and seems poised to be in human clinical trials within five years. An emerging 

therapeutic area is bifunctional therapeutics that have sEH inhibition as one the drug 

activities. This area began with dual sEH / COX inhibitors and now includes peroxisome 
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proliferator-activated receptor (PPAR) agonists and farnesoid X receptor (FXR) agonists 

activities combined with sEH inhibition. The promise for these three therapeutic approaches 

for renal and cardiovascular disease will be covered in subsequent sections.

Soluble Epoxide Hydrolase Inhibitors

The development of sEH inhibitors occurred rapidly over the course of one decade and 

resulted in the first human clinical trial in 2008 (Arete Therapeutics, 2009; Imig & 

Hammock, 2009). This rapid development was largely due to the determination of Dr. Bruce 

Hammock and colleagues to advance sEH inhibitors from being an experimental tool to 

being a drug that could be given orally to animals and humans. The renal and cardiovascular 

positive effects for sEH inhibitors has been attributed to the increase arachidonic acid EET 

levels or EET:DHETE ratio (Imig & Hammock, 2009). Although this scenario is highly 

likely and supported by investigations in animal models and humans, the sEH hydrolase 

activity can convert other epoxy fatty acids to diols (Morrisseau & Hammock, 2013; Imig et 

al., 2005). Plasma linoleic acid epoxy to diol ratios increase in animals administered sEH 

inhibitors (Imig et al., 2005). Likewise, long-chain ω−3 polyunsaturated epoxy fatty acids 

are metabolized by sEH to their corresponding diols (Schunk et al, 2018). These EPA and 

DHA epoxy fatty acids are thought to be partially responsible for the positive renal and 

cardiovascular effects of eating a high dietary ω−3 fatty acid fish oil diet (De Caterina et al., 

2011; Schunk et al, 2018; Westphal et al., 2011). Experimental studies are exploring the 

renal and cardiovascular actions for the different types of epoxy fatty acids (Schunk et al., 

2018; Sharma et al, 2016; Ulu et al., 2014). Irrespective of the epoxy fatty acid that provides 

beneficial renal and cardiovascular actions, positive results in animal models of 

cardiovascular and kidney diseases combined with medicinal chemistry and a knowledge of 

the sEH protein structure allowed for the design of potent and selective sEH inhibitors with 

excellent oral bioavailability (Imig & Hammock, 2009).

Major advantages for sEH inhibitor development were that the sEH gene was cloned and the 

sEH enzyme structure and catalytic mechanism were known (Imig & Hammock, 2009; 

Marino, 2009; Shen et al., 2012). The enzyme is high conserved with the carboxy-terminal 

domain containing the epoxide hydrolase domain and the amino-terminal domain containing 

phosphatase activity (Imig & Hammock, 2009; Newman et al., 2003; Shen et al., 2012). 

Although initial sEH inhibitors were potent competitive inhibitors that included chalcone 

oxides and glycidols, these were quickly inactivated by glutathione and glutathione 

transferases (Imig & Hammock, 2009; Shen et al., 2012). The development of potent 

amides, ureas, and cabamate sEH inhibitors led to the first animal studies (Kim et al., 2005; 

Morisseau et al., 1999; Newman et al., 2003; Yu et al., 2000). Thus far, these inhibitors for 

sEH have been designed to inhibit the C-terminal epoxide hydrolase activity while lacking 

alteration of the N-terminal phosphatase activity (Imig & Hammock, 2009; Marino, 2009; 

Shen et al., 2012). Over the past 15 years, multiple generations of sEH inhibitors have been 

developed with various structures that include urea-based sEH inhibitors, an amide series of 

sEH inhibitors, piperidyl urea sEH inhibitors, and aminoheteroarlyl sEH inhibitors (Figure 

3) (Imig & Hammock, 2009; Marino, 2009; Shen et al., 2012).
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Early Development for sEH Inhibitors

Small molecule sEH inhibitors of the amide, urea, and carbamate classes changed the 

landscape because these were found to be potent and stable transition state sEH inhibitors 

(Imig & Hammock, 2009; Kim et al., 2005; Morisseau et al., 1999; Newman et al., 2003). 

N-cyclohexyl-N’-decylurea (CDU), a potent inhibitor (human sEH Ki 6 nM), was co-

crystalized and demonstrated to be bound in the active site of murine sEH (Argiriadi et al., 

2000). Crystal structure studies for sEH and urea inhibitors revealed that the carbonyl urea 

accepts hydrogen bonds from Tyr-381 and Tyr-465 (Imig & Hammock, 2009; Shen et al., 

2012) (Figure 4). Urea and/or -NH groups form a hydrogen bond with sEH Asp-333. 

Favorable van der Waal interactions occur between the N-cyclohexyl group because of the 

closeness to Phe-265, Tyr-381, Phe-406, Val-499, and Trp-524 (Imig & Hammock, 2009; 

Shen et al., 2012). The N’decyl group has favorable van der Waal contacts with hydrophobic 

residues and is directed towards the opening of the active site (Argiriadi et al., 2000; Imig & 

Hammock, 2009; Shen et al., 2012). This and other crystallography studies provided 

information that allowed for attempts to introduce water solubilizing groups on the urea side 

chain. A transformation small molecule sEH inhibitor, 12-(3-adamantan-l-yl-

ureido)dodecanoic acid (AUDA), was developed largely based on this structural data (Imig 

& Hammock, 2009; Marino, 2009; Shen et al., 2012). AUDA was transformational because 

it had enough solubility to get into a water solution, could be delivered to animals 

chronically, and had favorable potency and bioavailability (Jung et al., 2005; Zhao et al.,

2003). This led to the development of several sEH inhibitors that have potential to be used in 

humans to treat renal and cardiovascular diseases.

Multiple approaches were used to improve the physical properties and metabolic stability for 

urea-based sEH inhibitors. One successful approach was to replace the AUDA urea moiety 

with an amide that resulted in better physical properties at the expense of decreased potency 

(Marino, 2009; Shen et al., 2012). Eventually, the decreased potency for the amide-based 

sEH inhibitors was overcome with proper amide substitutions (Marino, 2009; Shen et al., 

2012). Peptidyl moieties were also incorporated into sEH inhibitors and required that the 

peptidyl group be located a proper distance from the primary pharmacophore (Morisseau et 

al., 2006). Functional groups such as piperazines were added to a series of sEH inhibitors as 

a secondary pharmacophore that greatly enhanced solubility of the urea-based sEH 

inhibitors with some loss of potency (Li et al., 2006). Adamantane replacements with other 

aliphatics or aromatics dramatically increased bioavailability across several species 

following oral administration (Imig & Hammock, 2009; Tsai et al., 2010). This information 

was utilized to develop Arête’s AR9281 that exhibited good gut permeability, good potency 

against sEH, excellent water solubility, and reasonable plasma protein binding (Anandan et 

al., 2011; Jones et al., 2006). AR92821 was the first sEH inhibitor to be tested in humans 

(Arete Therapeutics, 2009).

Several sEH inhibitors have been developed to various stages by pharmaceutical companies. 

Boehringer Ingelheim developed a series of sEH inhibitors based on results from a high 

throughput screen (Eldrup et al., 2009). Their findings led to hybridization of nicatinamide 

and urea, piperidylureas, and pyrazole aniline derived amide sEH inhibitors (Eldrup et al., 

2009; Shen et al., 2012). The pyrazole amides are good sEH inhibitors with a modest half-
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life that would be an appealing lead for future optimization (Lo et al., 2010). Merck initially 

developed 3,3-disubsituted piperidine-derived tri-substituted ureas (Shen et al., 2009b). 

Another distinct series of potent sEH inhibitors developed by Merck included novel amino-

heteroaryl analogues (Shen et al., 2009a). GSK developed the second sEH inhibitor to be 

tested in humans, GSK2256294 (Lazaar et al., 2015). GSK2256294 is a potent, tight-binding 

but reversible sEH inhibitor that displays target selectivity and proper physiochemical 

properties (Lazaar et al., 2015). Like AR92821, GSK2256294 was well-tolerated in humans 

in Phase I clinical trials and demonstrates excellent potential to advance (Lazaar et al., 2015, 

Yang et al., 2017).

Hypertension Preclinical Studies

The evolution for sEH inhibitors for use in animals and humans can be traced back to the 

initial study that an sEH inhibitor, N,N’-dicyclohexylurea (DCU), given i.p. in a corn oil 

suspension to a spontaneously hypertensive rat (SHR) lowered blood pressure (Yu et al., 

2000). Subsequent studies determined that chronic i.p. administration of sEH inhibitors 

lowered blood pressure in angiotensin dependent hypertension (Imig et al., 2002). This led 

to a major push to develop sEH inhibitors with pharmacological properties that could 

eventually be used in humans. As previously mentioned, a key step forward was the 

development of the orally active sEH inhibitor AUDA (Imig & Hammock, 2009; Zhao et al., 

2003). AUDA decreased blood pressure in angiotensin hypertension in rats and mice when 

used in a therapeutic manner (Jung et al., 2005; Zhao et al., 2003). This provided the 

launching point to move towards an sEH inhibitor to be used in humans.

Experimental studies in hypertension animal models were the starting point for several 

studies to determine the benefits for sEH inhibitors to treat cardiovascular diseases (Figure 

5). The most consistent finding from these hypertension studies was that sEH inhibitors are 

very effective in lowering blood pressure in angiotensin dependent hypertension (Imig & 

Hammock, 2009; Jung et al., 2005; Zhao et al., 2003; Zhao et al., 2004). Angiotensin 

infusion hypertension results in an upregulation of the sEH enzyme in the kidney (Imig & 

Hammock, 2009; Zhao et al., 2003). Chronic oral administration of the sEH inhibitor, 

AUDA, results in an increase in the EET to DHETE ratio, increased sodium excretion, and 

lowering of blood pressure in angiotensin infusion hypertension in rats and mice (Imig & 

Hammock, 2009; Jung et al., 2005; Zhao et al., 2003). Blood pressure lowering actions for 

sEH inhibitors have also been demonstrated in salt-sensitive hypertension (Manhiani et al., 

2009; Zhao et al., 2004). Inhibition of sEH in DOCA-salt hypertension and angiotensin salt-

sensitive hypertension results in decreases in mean arterial pressure (Manhiani et al., 2009; 

Zhao et al., 2004). A primary mechanism responsible for sEH inhibitor blood pressure 

lowering actions in salt-sensitive hypertension is increased urinary sodium excretion, 

natriuresis (Manhiani et al., 2009; Zhao et al.,2004). Another potential mechanism that 

contributes to the anti-hypertension for sEH inhibition in salt-sensitive hypertension is a 

decrease in renal and systemic inflammation (Manhiani et al., 2009; Zhao et al., 2004). 

Renal vascular actions also contribute to the blood pressure lowering actions and can be 

ascribed to sEH inhibitor mediated elevation in EETs that oppose the actions of angiotensin 

II to constrict afferent arterioles (Zhao et al., 2004). These sEH anti-hypertensive actions in 
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angiotensin hypertension provided a strong foundation for their cardiovascular therapeutic 

potential.

On the other hand, a major consideration for sEH inhibitor clinical development was the fact 

that there were three classes of renin-angiotensin system inhibitors that effectively lowered 

blood pressure in human hypertension. Unfortunately, the ability for sEH inhibitors to lower 

blood pressure in other hypertension animal models was variable (Dorrance et al., 2005; 

Fornage et al., 2002; Olearcyk et al., 2009). The ability for sEH inhibitors to lower blood 

pressure in SHR has been based on the rat strains (Fornage et al., 2002). Several SHR strains 

have been shown to have polymorphisms in the Ephx2 gene that could partially explain the 

lack of ability for sEH to lower blood pressure in these SHR strains (Fornage et al., 2002). 

Chronic administration of sEH inhibitors have failed to lower blood pressure in Goto-

Kakizaki diabetic rats with salt-sensitive hypertension and stroke-prone SHR (Dorrance et 

al., 2005; Olearczyk et al., 2009). Although blood pressure was not lowered in these 

hypertensive strains, sEH inhibition did protect from diabetic nephropathy in Goto-Kakizaki 

diabetic rats and ischemia-induced brain injury in stroke-prone SHR (Dorrance et al., 2005; 

Olearczyk et al., 2009). A major mechanism responsible for decreased kidney damage in the 

Goto-Kakizaki diabetic rats with salt-sensitive hypertension by sEH inhibition was the 

decrease in renal inflammation (Olearczyk et al., 2009). The cerebral protective actions for 

sEH inhibition in stroke-prone SHR included actions on vascular remodeling and anti-

apoptotic actions on neural tissue (Dorrance et al.,2005). These outcomes provided 

convincing evidence that sEH inhibitors could protect organs in hypertension and other 

cardiovascular diseases. Thus, the therapeutic potential for sEH inhibitors was significantly 

expanded.

Cardiac Disease Preclinical Studies

Cardioprotective actions for sEH inhibitors have been extensively studied and remains a 

viable area for therapeutic development. The potential for sEH inhibitors has been 

extensively evaluated for left ventricular hypertrophy and ischemia reperfusion injury 

whereas atrial fibrillation and cardiac arrhythmias have been less well evaluated 

(Nithikapatkon & Gross, 2010; Oni-Orisan et al., 2014; Seubert et al., 2007). Experimental 

studies have compared sEH inhibitors to sEH genetic deletion in mice and found comparable 

results (Ai et al., 2009; Oni-Orisan et al., 2014; Xu et al, 2006). The cardioprotective actions 

for sEH inhibitors include anti-inflammatory and anti-apoptotic mechanisms (Imig, 2012; 

Oni-Orisan et al., 2014; Fleming, 2007). There is also significant evidence for sEH 

inhibitors resulting in cardiomyocyte KATP and mitoKATP activation (Batchu et al., 2011; 

Batchu et al., 2012b). In addition, the cardiac protective actions for sEH inhibitors are 

dependent on actions on several cell types within the heart (Nithikapatkon & Gross, 2010; 

Oni-Orisan et al., 2014; Seubert et al., 2007).

The therapeutic promise for sEH inhibitors to combat cardiac hypertrophy is well 

documented in animal disease models. Left ventricular hypertrophy in rodent models is 

associated with decrease EET generation and increased sEH activity (Ai et al., 2009; Xu et 

al; 2006). Pressure overload left ventricular hypertrophy in mice is prevented and reversed 

by sEH inhibitors (Xu et al; 2006). Decreased left ventricular hypertrophy in this model in 
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response to sEH inhibition is associated with decreased cardiac myocyte NFkB mediated 

inflammation (Xu et al; 2006). Angiotensin II mediated cardiac hypertrophy is also 

attenuated by sEH inhibition (Ai et al., 2009). Likewise, sEH inhibitors decreased cardiac 

hypertrophy in angiotensin II hypertension; however, the improved heart function could be 

partially due to the anti-hypertensive effect (Cervenka et al., 2015; Zhao et al., 2004). 

Cardiac hypertrophy, fibrosis, and inflammation in mice fed a high fat diet was decreased by 

chronic administration of the sEH inhibitor, t-AUCB (Roche et al., 2015a). Collectively, 

these studies have supplied strong evidence for sEH inhibitors to oppose cardiac 

hypertrophy in several animal models.

Improved cardiac function following an ischemic event has been determined with sEH 

inhibitors. These experimental studies have been conducted in the Langendorff-perfused 

heart and in vivo in rodents and canines (Gross et al., 2007; Oni-Orisan et al., 2014; Seubert 

et al., 2006). Acute sEH inhibitor administration to the heart before ischemia or at the start 

of reperfusion results in decreased cardiac infarct size (Batchu et al., 2009; Oni-Orisan et al., 

2014; Seubert et al., 2006; Seubert et al., 2007). Coronary artery administration of AUDA 

reduced ischemia reperfusion injury in dogs and enhanced the cardioprotective actions of 

14,15-EET (Gross et al., 2008). Other studies in rodents have demonstrated that sEH 

inhibition reduces infarct size and improves left ventricular developed pressure following 

ischemia reperfusion (Batchu et al., 2011; Seubert et al., 2004). Administration of sEH 

inhibitors improves cardiac ischemic tolerance in normotensive and hypertensive animals 

(Merkel et al., 2010; Motoki et al., 2008; Neckar et al., 2012). Anti-apoptotic mechanisms 

contributing to sEH inhibitor mediated reduction in infarct size include the ERK/MAPK and 

JAK/STAT signaling pathways (Batchu et al., 2011; Merkel et al., 2010; Motoki et al., 

2008). Experimental studies have determined that KATP channel activation is a crucial 

component for sEH inhibition cardiac protection in ischemia reperfusion injury (Gross et al., 

2007; Oni-Orisan et al., 2014; Seubert et al., 2006). Cardiac KATP channel activation acts via 

downstream PI3 kinase signaling resulting in Akt phosphorylation and increases in phospho-

glycogen kinase 3B (p-GSK3B) (Chaudhary et al., 2009; Imig, 2012; Katragadda et al., 

2009). This KATP signaling cascade ultimately delays or inhibits mitochondrial permeability 

transition pore (mPTP) opening and shifts cardiac cells from apoptosis and necrosis toward 

survival (Chaudhary et al., 2009; Katragadda et al., 2009). Further research has 

demonstrated that in addition to the short-term cardiac protective actions afforded by sEH 

inhibitors that this therapeutic approach can decrease the chronic consequences following 

ischemia reperfusion injury.

Long-term treatment with sEH inhibitors reduces myocardial hypertrophy and fibrosis 

progression and improves cardiac function following a myocardial infarction (Imig, 2012; 

Morisseau & Hammock, 2013; Merabet et al., 2012; Oni-Orisan et al., 2014). A major 

contributor to these longer term sEH inhibitor cardioprotective actions is a reduction in 

myocardial inflammation. A mouse model of myocardial infarction heart failure where the 

left anterior descending artery was acutely occluded demonstrated that administration of an 

sEH inhibitor for three weeks reduced cardiac fibrosis, decreased arrhythmias, and improved 

left ventricular shortening (Li et al., 2009). Treatment with a sEH inhibitor for five weeks in 

a rat with permanent coronary artery occlusion reduced collagen deposition in the infarct 

zone (Kompa et al., 2013). The timing for the sEH inhibitor at various points following the 
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permanent coronary artery occlusion in rats elicits cardioprotective actions (Sirish et al., 

2013; Sirish et al., 2016). Administration of sEH inhibitors at 8 days or 47 days post 

coronary artery ligation improved left ventricular ejection fraction at 50 days whereas the 

long-term sEH inhibitor treatment elicited an improvement in left ventricular end diastolic 

pressure (Sirish et al., 2013). Cardiac fibrosis at one month can be reduced when sEH 

inhibition is started a week following acute coronary occlusion in mice (Sirish et al., 2016). 

These experimental outcomes establish the therapeutic potential for sEH inhibitors to 

combat the acute and chronic heart problems associated with myocardial infarction.

Atrial fibrillation and cardiac arrhythmias are other cardiac disorders where sEH inhibitors 

have been evaluated. Evidence for protective sEH inhibitor actions against atrial fibrillation 

and cardiac arrhythmias come from studies with ischemia reperfusion and pressure overload 

animal models (Monti et al., 2008; Sirish et al., 2013; Sirish et al., 2016; Shrestha et al., 

2014). Cardiac atrial and ventricular arrhythmias in cardiac hypertrophy models of high dose 

chronic angiotensin II or transverse aortic constriction were reduced by sEH inhibition 

(Monti et al., 2008). More recently, the molecular mechanisms responsible for sEH 

inhibitors to prevent atrial arrhythmias in a thoracic aortic constriction cardiac hypertrophy 

model has been investigated (Sirish et al., 2013). The anti-inflammatory sEH inhibitor 

actions is a key mechanism responsible for preventing atrial arrhythmias in cardiac 

hypertrophy (Sirish et al., 2013; Sirish et al., 2016). Treatment with sEH inhibitors 

significantly lowers systemic levels of inflammatory cytokines and inhibits NFkB activation 

in mice following thoracic aortic constriction (Sirish et al., 2016). This sEH inhibitor anti-

inflammatory action in this cardiac hypertrophy model led to decreased MAPK and 

endoplasmic reticulum stress activation in atrial fibroblasts and atrial myocytes to decrease 

structural remodeling (fibrosis) and electrical remodeling (hypertrophy) to ultimately 

decrease atrial fibrillation (Sirish et al., 2016). These findings demonstrate that sEH 

inhibitors have broad cardioprotective actions including reducing atrial fibrillation and 

cardiac arrhythmias.

Vascular Disease Preclinical Studies

Vascular beneficial therapeutic actions for sEH inhibitors extends to atherosclerosis and 

vascular remodeling (Fleming, 2001; Imig, 2012; Imig & Hammock, 2009). Vascular 

smooth muscle cell culture experiments have ascertained that sEH inhibitors decrease 

proliferation and migration (Davis et al., 2002; Fleming, 2001; Kim et al., 2017). Acute 

vascular inflammation in mice is attenuated by increased endothelial cell EET levels or sEH 

inhibition (Deng et al., 2011). Vascular hypertrophic remodeling and collagen deposition in 

the middle cerebral artery of stroke-prone SHR was attenuated by sEH inhibition (Simpkins 

et al., 2009). Chronic sEH inhibitor administration attenuated renal arteriolar hypertrophy in 

angiotensin dependent hypertension (Zhao et al., 2003; Zhao et al., 2004). Likewise, 

arteriosclerosis in rats and atherosclerosis in apolipoprotein e genetic deficient (Apo-e −/−) 

mice are reduced by chronic sEH inhibition (Ula et al., 2008; Zhang et al., 2009). Vascular 

remodeling effects of sEH inhibitors have been assessed in carotid ligation and femoral wire 

injury model (Simpkins et al., 2010). Even though sEH inhibition decreased the hyperplastic 

carotid artery ligation response, wire induced femoral artery vascular remodeling was 

unaltered by sEH inhibition (Simpkins et al., 2010). These findings suggest that an intact 
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endothelium is required for sEH inhibition to prevent vascular neointimal formation. The 

sEH inhibitor, AR9276, was evaluated in Apo-e −/− mice infused with angiotensin II to 

induce aneurysm development (Zhang et al., 2009). Aneurysm and atherosclerosis 

development was attenuated by AR9276 treatment (Zhang et al., 2009). Vascular remodeling 

and atherosclerosis studies have consistently found that sEH inhibitors decrease pro-

inflammatory mediators including cytokines, chemokines and adhesion molecules (Simpkins 

et al., 2009; Simpkins et al., 2010; Ula et al., 2008; Zhang et al., 2009; Zhang et al., 2015). 

Lipid and cholesterol levels have been determined to be decreased by sEH inhibition in 

many but not all studies (Li et al., 2009; Li et al., 2014; Li et al., 2016; Shen et al., 2015; 

Zhang et al., 2009; Zhang et al., 2015). Thus, anti-inflammatory actions for sEH inhibitors is 

a major mechanism providing cardiovascular protection.

Ischemic Stroke Preclinical Studies

Stroke is another cardiovascular disease that is reduced by sEH inhibition. Treatment with 

sEH inhibitors has been time and again demonstrated to decrease cerebral ischemia in rats 

and mice (Imig, 2012; Morisseau & Hammock, 2013). The sEH inhibitor AUDA reduced 

cerebral infarct size following ischemia in stroke-prone SHR and normotensive rats 

(Dorrance et al., 2005; Simpkins et al., 2009). Cerebral ischemia reperfusion injury in mice 

is also decreased by sEH inhibition (Koerner et al., 2008; Zhang et al., 2008). These cerebral 

protective actions have been demonstrated with chronic sEH inhibitor administration, sEH 

inhibitor administration a couple of hours prior to ischemia, and sEH inhibitor treatment at 

the time of reperfusion (Dorrance et al., 2005; Koerner et al., 2008; Simpkins et al., 2009; 

Zhang et al., 2008). Several studies have demonstrated that sEH inhibition results in 

increased EET and decreased DHETE levels to improve stroke outcomes (Jouihan et al., 

2013; Kujal et al., 2014; Shaik et al., 2013; Zuloaga et al., 2014). Additional evidence has 

demonstrated blockade of CYP epoxygenase EET generation abolishes the reduction in 

cerebral injury afforded by sEH inhibition (Koerner et al., 2008; Zhang et al., 2008). 

Cerebral protection provided by sEH inhibition is due largely to changes in vascular 

structure, cerebral blood flow, and neuronal cell apoptotic pathways (Koerner et al., 2008; 

Shaik et al., 2013; Simpkins et al., 2009; Zhang et al., 2015). Neuronal cell signaling 

pathways altered by sEH inhibition include increasing several anti-apoptotic genes encoding 

inhibitors of FAS-induced apoptosis, increasing Mapk8ip that sequesters MAPKs in the 

cytoplasm to prevent apoptosis, and PI3 kinase-AKT activation to provide neuronal 

cytoprotection (Simpkins et al., 2009; Zhang et al., 2008). The combination of vascular and 

neuronal cell protective actions for sEH inhibitors provide support for this as a therapeutic 

approach for stroke and other cerebral vascular diseases.

Renal Disease Preclinical Studies

Renal diseases are another disease area where there is mounting experimental data in animal 

models demonstrating therapeutic potential for sEH inhibitors (Figure 6). The therapeutic 

benefits for sEH inhibitors is evident in progressive kidney disease in hypertension, diabetic 

nephropathy, drug-induced nephrotoxicity, and renal fibrotic disease (Imig, 2012; Imig, 

2015). Initial studies in hypertension demonstrated decreased renal glomerular injury and 

fibrosis in angiotensin hypertension and salt-sensitive hypertension with sEH inhibitor 

treatments (Manhiani et al., 2009; Zhao et al., 2003; Zhao et al., 2004). It was difficult to 
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determine if this was due to a direct effect because sEH inhibitors lowered blood pressure. 

These experimental studies found the sEH inhibition decreased macrophage infiltration and 

renal inflammation (Manhiani et al., 2009; Zhao et al., 2003; Zhao et al., 2004). Additional 

studies found that there was a renal protective action for sEH inhibitors that was independent 

of blood pressure lowering in hypertension (Olearczyk et al, 2009; Kujal et al., 2014; Roche 

et al., 2015b). Inhibition of sEH also provides significant renal protection in Ren-2 

transgenic hypertensive rats that have had 5/6 nephrectomy to induce chronic kidney disease 

without lowering blood pressure (Kujal et al., 2014). Diabetic nephropathy is reduced by 

sEH inhibitors that have antidiabetic and anti-inflammatory effects (Elmarakby et al., 2011; 

Olearczyk et al., 2009). These studies clearly established that sEH inhibitors attenuate 

hypertensive and diabetic kidney disease.

The therapeutic potential for sEH inhibitors has also been demonstrated in kidney diseases 

that are not associated with a systemic disease. Drug-induced nephrotoxicity studies 

provided strong evidence for a direct renal protection by sEH inhibition. Cisplatin induced 

acute kidney injury was opposed by sEH inhibition (Liu et al., 2012; Parrish et al., 2009). 

The decrease in renal tubular damage afforded by sEH inhibition was due to decreased 

NFkB activation and TNFα inflammation (Liu et al., 2012). Renal fibrosis induced by 

unilateral ureter obstruction is prevented by sEH inhibitor administration. EET levels were 

increased and tubulointerstitial fibrosis decreased by sEH inhibition in unilateral ureter 

obstruction mice (Kim et al., 2014). Decreased inflammation was demonstrated by 

decreased neutrophil influx, decreased MCP-1, TNFα and ICAM-1 levels in unilateral 

ureter obstruction mice administered an sEH inhibitor (Kim et al., 2014). Another 

mechanism responsible for the sEH inhibitor anti-fibrotic actions is changes in epithelial to 

mesenchymal transition. Epithelial to mesenchymal transition induction in cultured 

NRK-52E renal epithelial cells decreases E-cadherin, increases α-smooth muscle actin (α-

SMA) resulting in a myofibroblast phenotype (Liang et al., 2015). AUDA suppressed 

epithelial to mesenchymal transition by increasing E-cadherin, decreasing α-SMA, and 

preventing the phenotype transition (Kim et al., 2014; Liang et al., 2015). Epithelial cell 

signaling GSK-β and PI3-Akt activation were inhibited by sEH inhibition (Liang et al., 

2015). Overall, sEH inhibitors provide renal protection through anti-inflammatory and anti-

fibrotic mechanisms that are consistent with the cardiovascular protective mechanisms 

attributed to sEH inhibitors.

Potential Adverse Effects

Although there is great promise for sEH inhibitors to treat renal and cardiovascular diseases, 

there are potential unwanted effects that need to be considered. Possible adverse effects 

include angiogenesis, tumorigenesis, and metastasis, (Michaelis et al., 2003; Panigraphy et 

al., 2012; Pokreisz et al., 2006; Pozzi et al., 2010; Wei et al., 2014; Yang et al., 2009). 

Angiogenesis and anti-apoptotic actions for sEH inhibitors are likely contributing factors to 

the potential for tumorigenesis and metastasis (Michaelis et al., 2003; Panigraphy et al., 

2012; Pozzi et al., 2010; Yang et al., 2009). Initial data demonstrated that sEH inhibitors 

enhance tumorigenesis and metastasis in lung small cell carcinomas (Panigraphy et al., 

2012); however, subsequent data have demonstrated anti-tumor actions for sEH inhibitors 

alone or when combined with COX-2 inhibitor (Zhang et al., 2013a; Zhang et al., 2013b; 
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Zhang et al., 2014). Angiogenesis can also be a negative or positive effect depending on the 

renal or cardiovascular disease being treated (Tanaka et al., 2015; Tanaka & Nangaku, 2013; 

Khurena et al., 2005; Simons & Ware, 2003). Augmentation of angiogenesis to vascularize 

ischemic tissue is a potential use for sEH inhibitors. Targeted delivery or incorporation of 

sEH inhibitors into biomaterials for the ischemic tissue could be done (Deveza et al., 2012).

Vascular actions on the pulmonary circulation to cause hypoxic vasoconstriction could lead 

to adverse events (Keseru et al., 2010; Pokreisz et al., 2006). Recovery from 

cardiopulmonary resuscitation is delayed in mice by sEH inhibitors or EPHX2 gene deletion 

(Hutchens et al., 2008). Increased generation of EETs is associated with pulmonary 

hypertension and epoxygenase inhibition reduces hypoxic pulmonary vasoconstriction 

(Keseru et al., 2010; Pokreisz et al., 2006). Likewise, EPHX2 gene deletion in mice resulted 

in acute hypoxic-induced pulmonary vasoconstriction (Keseru et al., 2010). These findings 

suggest that sEH inhibitors could have the potential unwanted effect of pulmonary 

vasoconstriction. In contrast, sEH inhibition reduced pulmonary vascular remodeling and the 

development of monocrotaline-induced pulmonary hypertension (Revermann et al, 2009). 

Interestingly, this potential pulmonary effect was not observed in initial clinical trials for 

sEH inhibitors (Arete Therapeutics, 2009; GlaxoSmithKine, 2013). One human clinical trial 

gave an sEH inhibitor to obese smokers with no significant consequences on the pulmonary 

circulation (Yang et al., 2017). Even with these concerns for unwanted side effects with sEH 

inhibitors, human clinical trials have proceeded primarily for chronic diseases.

Human Clinical Trials

The development of sEH inhibitors has advanced to a point where they have been tested in 

human clinical trials for several diseases including cardiovascular diseases. The first sEH 

inhibitor to enter human clinical trials was Arête Therapeutics small molecule drug AR9281 

(Arete Therapeutics, 2009). AR9281 was well-tolerated and did not demonstrate major side 

effects of toxicity in Phase I clinical trials (Chen et al., 2012). A Phase IIa clinical trial with 

AR2981 for hypertension and diabetes failed to provide sufficient positive results (Arete 

Therapeutics, 2009). The second sEH inhibitor to reach the human clinical trial level was 

GSK2256294 developed by GSK to potentially treat chronic obstructive pulmonary disease 

(GlaxoSmithKline, 2013; Yang et al., 2017). Phase I clinical trial results were positive for 

GSK2256294 when evaluating safety and pharmacokinetics (Lazaar et al., 2015). 

GSK2256294 was well-tolerated and there were no serious adverse events when 

administered to healthy male subjects or obese smokers (Lazaar et al., 2015). The most 

frequent adverse effects for GSK2256294 were headache and contact dermatitis (Lazaar et 

al., 2015). A major finding for the human clinical trial was that GSK2256294 improved 

endothelial dysfunction in obese smokers assessed by forearm blood flow response to the 

vasodilator bradykinin (Yang et al., 2017). This finding provides the first evidence in 

humans that sEH inhibitors have beneficial cardiovascular actions. Evaluation for 

GSK2256294 in another cardiovascular disease has begun (Martini, 2017). Recruitment 

began in October 2017 for a Phase I clinical trial to evaluate GSK2256294 as a treatment for 

subarachnoid hemorrhage (Martini, 2017). Taken together, these human clinical trials offer 

exciting initial results that sEH inhibitors could treat renal or cardiovascular disease in the 

future.
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EET Analogs

The development of EET mimetics or analogs initially occurred to provide pharmacological 

tools for investigators to evaluate EET biological activities (Campbell et al., 2017; Imig, 

2012; Sudhahar et al., 2010). EETs are difficult to use for biological experiments due to 

limited solubility and storage issues. Modifications were made to the carboxylic acid to 

prevent β-oxidation and to the epoxide to prevent metabolism by sEH (Gauthier et al., 2003; 

Imig et al., 1999; Imig et al., 2008; Imig et al., 2010; Sodhi et al., 2009). Another important 

aspect for the EET analog advancement was to determine structure activity relationships for 

EETs (Falck et al., 2003; Falck et al., 2009; Falck et al., 2014; Gauthier et al., 2004). The 

EET structure activity relationship also led to the discovery of EET antagonists (Bukhari et 

al., 2011; Gauthier et al., 2003; Gauthier et al., 2004;). EET antagonists selective for 11,12-

EET and 14,15-EET have established that 14,15-EET selective antagonism attenuated the 

mesenteric resistance artery flow-mediated relaxation, whereas 11,12-EET selective 

antagonism did not significantly decrease the response (Bukhari et al., 2012). This finding 

supports the notion that 11,12-EET and 14,15-EET have distinct biological activities and 

binding sites/receptors that are responsible for distinct vascular functions. These studies 

indicate that 14,15-EET, but not 11,12-EET contribute to flow-mediated vasodilation 

(Bukhari et al., 2012). Progress also eventually led to EET analogs for 11,12-EET and 

14,15-EET that could be administered orally and chronically to renal and cardiovascular 

disease animal models (Imig et al., 2010; Jichova et al., 2016; Khan et al., 2013a; Khan et 

al., 2013b; Sodhi et al., 2009). One current drawback is that EET antagonists that can be 

administered to animals chronically are not currently available. Even with this being the 

case, EET analogs have demonstrated great potential as a therapeutic for renal and 

cardiovascular diseases.

EET Agonists and Antagonists

The bulk of the initial development for EET analogs concentrated on 14,15-EET analogs and 

11,12-EET analogs (Figure 7). First generation EET analogs that resisted β-oxidation were 

developed by synthesizing methyl esters and sulfonamide carboxylic acids (Gauthier et al., 

2003; Imig et al., 1999; Imig et al., 2008). These were followed by a next series of EET 

analogs that eliminated double carbon bonds to improve solubility (Falck et al., 2003; Falck 

et al., 2009; Gauthier et al., 2004. Sulphur and ether moieties replaced the 11,12- or 14,15 

epoxide oxygen to prevent metabolism of sEH and to mimic the epoxide (Falck et al., 2003; 

Gauthier et al., 2004; Imig et al., 2010). Carbon chain length modifications were another 

aspect that provided structure activity information on EETs (Falck et al., 2009; Gauthier et 

al., 2004; Sudhahar et al., 2010). These EET analogs were extensively tested in vitro for 

cardiovascular activity (Gauthier et al., 2004; Sudhahar et al., 2010). 14,15-EET-Me, 11,12-

EET-Me, 14,15-EET-SI and 11,12-EET-SI all demonstrated full agonistic vasorelaxation 

when tested on coronary arteries and afferent arterioles (Gauthier et al., 2003; Gauthier et 

al., 2004; Imig et al., 2008). Evaluation of EET analogs by these three major modifications 

to 11,12-EET and 14,15-EET revealed a structure activity relationship that included an 

acidic carboxyl group at carbon 1, a Δ8 carbon double bond, and 20-chain carbon length for 

full vascular agonistic function (Campbell et al., 2017; Sudhahar et al., 2010). These 

experimental findings have also provided important insight concerning biological actions 
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that are EET versus DHETE dependent. Overall, experimental findings from EET analogs 

validate that EETs are the primary contributors to epoxyeicosanoid renal and cardiovascular 

actions (Campbell et al., 2017; Sudhahar et al., 2010).

Along with determining structure activity relationship, the development of EET analogs led 

to the identification of EET antagonists (Bukhari et al., 2011; Bukhari et al., 2012; Gauthier 

et al., 2004). The first major EET antagonist was 14,15-epoxyeicosa-5 (Z)-enoic acid 

(14,15-EE5ZE) (Gauthier et al., 2003; Gauthier et al., 2004). Vascular studies evaluating 

14,15-EE5ZE found that it was a non-selective EET antagonist (Gauthier et al., 2003; 

Gauthier et al., 2004). 14,15-EE5ZE inhibited bradykinin and methacholine EDHF mediated 

coronary artery relaxations (Gauthier et al., 2002). EET cardioprotective actions against 

ischemia reperfusion injury are eliminated by 14,15-EE5ZE administration (Gross et al., 

2009; Nithipatikom et al., 2006). Surprisingly when evaluating coronary artery relaxation, it 

was found that the sulfonamide for 14,15-EE5ZE, 14,15-EE5ZE-SI, was a selective 

antagonist for 14,15-EET vasodilation (Bukhari et al., 2011; Gauthier et al., 2004). In 

addition, 14,15-DHE5ZE, the 14,15-EE5ZE hydrolysis product, inhibited vasorelaxations to 

14,15-EET but was without effect on the relaxations to other EET regioisomers (Bukhari et 

al., 2011; Gauthier et al., 2004). Thus, 14,15-DHE5ZE is a selective 14,15-EET antagonist. 

Subsequent evaluation of novel EET small molecules demonstrated that 11,12,20-THE8ZE 

is a selective 11,12-EET antagonist (Bukhari et al., 2012). These EET antagonists allow for 

experimental studies to distinguish the contribution of 11.12-EET and 14,15-EET to renal 

and cardiovascular functions. These EET selective antagonists await extensive evaluation by 

investigators and further development for chronic use in animal models of renal and 

cardiovascular diseases.

Although EET antagonists await further advancement to be used in animal disease models, 

EET analogs have progressed to a state where they can be evaluated chronically in 

hypertension, cardiac diseases, and kidney diseases (Campbell et al., 2017; Imig, 2012; 

Sudhahar et al., 2010). A series of 11,12-EET analogs based on the 11-nonyloxy-

undec-8(Z)-enoic acid structure with an acyclic ether were generated to enhance solubility, 

resist sEH metabolism, and resist β-oxidation (Hye Khan et al, 2014; Imig et al., 2008; Imig 

et al., 2010). Renal vascular dilation responses were evaluated for nine 11,12-EET analogs 

and three evaluated for blood pressure lowering in angiotensin hypertension (Imig et al., 

2010). One promising 11,12-EET analog, NUDSA, that is the aspartic amide of 11-no 

nyloxy-undec-8(Z)-enoic acid was found to be active following intraperitoneal 

administration (Imig et al., 2010; Sodhi et al., 2009). The next generation was focused on 

more efficacious 11,12-EET and 14,15-EET analogs with sEH resistant bioisosteres or 

surrogates (Falck et al., 2014). These EET analogs found that replacing the acyclic ether 

with a 1,3-disubstituted urea gave an EET analog with similar vasorelaxation activity (Falck 

et al., 2014). An advantage for the EET analog series was that the epoxide bioisosteres are 

achiral and lack an asymmetric center (Falck et al., 2014). These EET analogs are therefore 

capable of binding to receptors or recognition binding sites irrespective of enatiomeric 

preferences. In addition to changes at the epoxide, major modifications were made with 

various bioisosteres to the carboxylic acid (Falck et al., 2014). These carboxylic acid 

changes to the EET analogs had the goal of improving water solubility, oral bioavailability, 

and plasma half-life. Small molecular weight amides were functional whereas phosphonate 
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was less effective despite being more acidic than the carboxylic acid (Campbell et al., 2017; 

Falck et al., 2014). Other small heterocyclic bioisosteres for the carboxylic acid included 

tetrazoles and oxathiadiazole-2-oxides (Falck et al., 2014). There appears to be significant 

latitude for the design for EET analogs because a departure from the carbon backbone to a 

fused bicyclic maintained vascular activity. These third generation EET analogs provided a 

pharmacological toolbox with good water solubility, oral bioavailability, and a reasonable 

plasma half-life to allow for chronic administration in renal and cardiovascular diseases.

Hypertension and EET Analogs

EET analogs were administered by intraperitoneal injection initially in animal models of 

hypertension (Hye Khan et al., 2014; Imig et al., 2010; Sodhi et al., 2009). NUDSA was the 

first EET analog tested and decreased blood pressure in angiotensin hypertension after a 

single injection (Imig et al., 2010). Subsequent evaluation demonstrated that NUDSA 

decreased blood pressure over a 5-day period in SHR and ameliorated the metabolic 

syndrome phenotype by decreasing blood pressure and endothelial dysfunction in heme-

oxygenase 2 null mice (Hye Khan et al., 2014; Sodhi et al., 2009). A major next step was 

identification of novel orally active 14,15-EET analogs, EET-A and EET-B (Khan et al., 

2013 a). Administering a series of EET analogs to SHR determined that blood pressure 

lowering required at least three days and the blood pressure returned to hypertensive levels 

within a week after discontinuing treatment (Hye Khan et al., 2014). Anti-hypertensive 

actions were demonstrated for EET-A or EET-B when administered for two weeks in SHR 

and angiotensin hypertension (Hye Khan et al., 2014). These studies also determined that 

EET analogs lowered blood pressure through vasodilation and inhibition of the renal 

epithelial sodium channel, ENaC, to promote sodium excretion (Hye Khan et al., 2014). In 

these hypertension studies blood pressure was lowered to near normal levels and renal injury 

was prevented by orally administered EET analogs (Hye Khan et al., 2014). Angiotensin-

mediated malignant hypertension in Cyp1a1-Ren-2 transgenic rats was prevented by EET-A 

administration for two weeks (Jichova et al., 2016). Importantly, EET-A was effective in 

genetic deficient Cyp2c44 −/− mice with decreased EET production and salt-sensitive 

hypertension. EET-A resulted in afferent arteriolar dilation, reduced ENaC activity and 

expression, and lowered blood pressure in Cyp2c44 −/− salt-sensitive hypertensive mice 

(Capdevila et al., 2014; Hye Khan et al.,2014). Experimental studies in hypertension animal 

models also revealed that EET analogs were antiinflammatory by decreasing MCP-1 levels 

and renal macrophage infiltration (Hye Khan et al., 2014; Khan et al., 2103b). Endothelial 

dysfunction associated with hypertension was also prevented with chronic EET analog 

treatment (Khan et al., 2013b; Sodhi et al., 154). Taken together, these findings are 

consistent with multiple EET analog activities including vasodilation, anti-inflammation, 

and natriuresis as contributing to blood pressure lowering in hypertension.

Cardiac Diseases and EET Analogs

Therapeutic potential for EET analogs has also been demonstrated in various heart disease 

animal models (Figure 3). The EET analog NUDSA provided the starting point for 

evaluation in cardiac ischmia reperfusion models (Seubert et al., 2007). NUDSA 

administered to mice after myocardial infarction resulted in improvements in heart function 

(Cao et al., 2015; Seubert et al., 2007). Treatment with NUDSA was started five days 
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following a left anterior descending coronary artery ligation and continued for one month 

(Cao et al., 2015). Echocardiography and cardiac histological analysis revealed that NUDSA 

treatment improved left ventricular end diastolic area and fractional area and significantly 

decreased diastolic dysfunction (Cao et al., 2015). Cardiac histological analysis showed 

decreased fibrosis in myocardial infarcted animals administered NUDSA (Cao et al.,2014). 

Cardio-protective action of the EET analog UA-8 against acute ischemia/reperfusion injury 

was also demonstrated (Seubert et al., 2007). Indeed, acute administration of UA-8 improved 

cardiac ischemic tolerance in isolated mice hearts (Seubert et al., 2007). Experimental 

studies in hypertension demonstrated that EET-B treatment administered for two months in 

SHR subjected to a 30-minute left coronary artery occlusion attenuated progressive heart 

failure and decreased cardiac fibrosis (Neckar et al., 2018). EET-B administration was also 

found to prevent lung edema and reduce ischemic zone fibrosis induced by myocardial 

infarction (Neckar et al., 2018). The cardioprotective EET analog actions are through 

multiple mechanisms. EET analogs oppose apoptosis and provide mitochondrial protection 

(Campbell et al., 2017; Oni-Orisan et al., 2014). Mitochondrial protection via EET analogs 

includes an increase in OPA1 oligomers and mitochondrial cristae density and activation of 

mitochondrial KATP channels (El-Shikhry et al., 2016; Oni-Orisan et al., 2014). Pro-survival 

activation of MAP kinase signaling in the heart occurs with EET analog treatment to prevent 

ischemic stress induced cardiac cell apoptosis (El-Shikhry et al., 2016; Oni-Orisan et al., 

2014). EET analogs can decrease hypertension induced left ventricular hypertrophy and 

heart fibrosis (Khan et al., 2013b). Overall, the ability for EET analogs to oppose cardiac 

fibrosis has been demonstrated in hearts exposed to pressure overload, myocardial 

infarction, and insulin resistance (Cao et al., 2015; Oni-Orisan et al., 2014; Sodhi et al., 

2009).

Renal Diseases and EET Analogs

The kidney is another major organ that EET analogs have demonstrated significant 

therapeutic potential (Figure 5). EET analogs can decrease drug-induced nephrotoxicity, 

acute kidney disease, and chronic kidney disease (Imig, 2015; Khan et al., 2013a; Khan et 

al., 2013b; Skibba et al., 2017). Orally active EET analogs were first demonstrated to be 

effective in combating drug-induced nephrotoxicity (Khan et al., 2013a). EET-A or EET-B 

treatment protected the kidneys from cisplatin-induced injury through reduced 

inflammation, oxidative stress, and decreased apoptosis (Khan et al., 2013a). Cyclosporine-

induced nephrotoxicity and hypertension were prevented by EET analog therapy (Yeboah et 

al., 2016). EET-B treatment for one month decreased cyclosporine-mediated oxidative stress, 

inflammation, fibrosis, and apoptosis (Yeboah et al., 2016). Experimental studies in renal 

epithelial cells provided evidence that EET-B eliminates cyclosporine-induced apoptosis 

through decreasing endoplasmic reticulum stress and pro-apoptotic GRP78 levels (Yeboah et 

al., 2016). Taken together, these findings demonstrate that EET analogs have therapeutic 

potential to combat drug-induced nephrotoxicity.

Progressive kidney disease associated with hypertension is also prevented by EET analogs 

(Hye Khan et al., 2014; Khan et al., 2013b). EET-B administration to Dahl salt-sensitive 

hypertensive rats decreased renal fibrosis, intratubular cast formation, and glomerular injury 

(Khan et al., 2013b). EET-B dramatically decreased renal inflammation, oxidative stress, and 
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endoplasmic reticulum stress in the kidneys of Dahl salt-sensitive hypertensive rats (Khan et 

al., 2013b). EET analog treatment decreases renal injury and improves renal hemodynamics 

in Cyplal-Ren-2 transgenic malignant hypertensive rats (Jichova et al., 2016). Experimental 

studies in unilateral ureter obstruction mice support the notion that EET analogs can combat 

progressive chronic kidney disease by direct renal actions (Skibba et al., 2017). EET-A had a 

strong anti-fibrotic effect in unilateral ureter obstruction mice (Skibba et al., 2017). Renal 

collagen positive area, kidney hydroxyproline content, and renal α-smooth muscle actin 

levels were reduced by EET-A treatment (Skibba et al., 2017). Interestingly, EET-A 

markedly prevented the elevation in the epithelial to mesenchymal transition inducers 

including renal Snaill and ZEB-1 expression in unilateral ureter obstruction mice (Skibba et 

al., 2017). Myofibroblast markers FSP-1, fibrotic cytoskeletal protein markers (fibronectin 

and desmin), E-cadherin, and renal matrix protein collagen type III were reduced by EET-A 

treatment (Skibba et al., 2017). Therefore, the anti-fibrotic EET analog actions were due to 

preventing activation of the renal epithelial to mesenchymal signaling pathways.

EET-A has also been demonstrated to reduce renal injury due to radiation exposure (Hye 

Khan et al, 2016a). Administration of EET-A two days following exposure to 11 GY 

radiation mitigated the progression of nephropathy (Hye Khan et al., 2016a). Three months 

following radiation exposure led to increases in blood urea nitrogen, albuminuria, and renal 

histopathological injury (Hye Khan et al., 2016a). EET-A treatment reduced these renal 

injury parameters through reductions on the p53/Fas/FasL (Fas ligand) apoptotic pathway 

(Hye Khan et al., 2016a). Renal afferent arteriolar endothelial dysfunction in radiation 

nephropathy was also prevented by EET-A treatment (Hye Khan et al., 2016a). Overall, EET 

analogs can oppose chronic kidney disease through multiple mechanisms that improve 

epithelial cell and renal hemodynamic function.

Future for EET Analogs

The development of EET analogs have lagged sEH inhibitors for obvious reasons. EET 

analogs lack defined protein targets, actions could be different for analogs of each EET 

regioisomer, and synthesis for the EET analogs is more complex. The precise molecular and 

protein target for EETs has yet to be identified which does not allow for target-based 

screening drug design approaches; however, this has been overcome by a structure-activity 

approach that has defined the pharmacophore model for EET analogs (Campbell et al., 2017; 

Sudhahar et al., 2010). Interestingly, when comparing FDA drugs approved between 1999–

2008 it was found that phenotypic screening was the most successful approach for first-in-

class drugs whereas target-based screening was most successful for follower drugs (Swinney 

& Anthony, 2011). Intriguingly, nitro fatty acid analogs that lack a protein target are 

currently in clinical trials for focal segmental glomerulosclerosis and pulmonary arterial 

hypertension (Klinke et al., 2014; Liu et al., 2013; Wang et al., 2106). To define the potential 

differences between EET regioisomeric analogs biological actions and cell-signaling 

mechanisms have been extensively evaluated for regioisomeric EETs (Fleming, 2001; Imig, 

2012; Spector et al., 2004). The recent development of 11,12-EET and 14,15-EET selective 

antagonists will provide a means to clearly define biological actions for regioisomeric EETs 

and their corresponding EET analogs (Bukhari et al., 2011; Bukhari et al., 2013). In 

addition, 8,9-EET analogs have been developed and could have selective actions on the 
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kidney glomerulus barrier function (Sharma et al., 2009). Additional evaluation for the 8,9-

EET analogs needs to be conducted. Even though EET analog development has been slower, 

there is great potential for EET analogs to successfully treat renal and cardiovascular 

diseases.

New Vistas

There are new vistas that are in the beginning stages and remain largely unexplored for 

epoxyeicosanoid based drugs. These areas include the expansion of novel small molecules 

that are bifunctional (Proschak et al., 2017). Development of sEH inhibitors with 

complementary activities such as COX-2 inhibition are being developed (Hwang et al., 

2011; Hye Khan et al., 2016b; Zhang et al., 2014). Expanding the therapeutic indications for 

sEH inhibitors, EET analogs, EET anatagonists, and bifunctional molecules is another vista 

worthy of exploration. Diseases such as pre-eclampsia and metabolic disorders including 

non-alcoholic fatty liver disease could be treated by epoxyeicosanoid based drugs. There is 

recent evidence that EPHX1 can hydrolyze epoxyeicosanoids and contributes to cardiac 

ischemia reperfusion injury recovery (Edin et al., 2018). This finding suggest that 

therapeutics that target EPHX1 could have benefits in cardiovascular diseases. In addition to 

omega-6 EETs, CYP epoxygenases convert the omega-3 EPA and DHA into novel 

epoxyeicosatetraenoic acids (EEQs) and epoxydocosapentaenoic acids (EDPs), respectively 

(Westphal et al., 2011). Targeting and developing drugs for EEQs and EDPs has begun for 

renal and cardiovascular diseases (Arnold et al., 2010a; Westphal et al., 2011). Lastly, there 

has also been interest in plant-derived sEH inhibitors as a potential therapeutic.

Bifunctional Small Molecules

The concept that bifunctional small molecules could be developed to treat cardiovascular 

and renal diseases has been energized by the approval of Entresto, a combined neprilysin 

and angiotensin type 1 receptors inhibitor, for heart failure (Schiering et al., 2016; von 

Lueder et al., 2015). Bifunctional molecules that include sEH inhibitor activity are being 

developed because of the positive cardiovascular effects (Proschak et al., 2017) (Figure 4). 

These dual-acting sEH inhibitors have focused on including inhibition of another fatty acid 

enzymatic pathway, kinases, and nuclear receptor agonists (Proschak et al., 2017). The first 

novel dual-acting COX-2/sEH inhibitor, PTUPB [4-(5-phenyl-3-{3-[3-(4-

trifluoromethylphenyl)-ureido]-propyl}-pyrazol-1-yl)-benzenesulfonamide] was developed 

because selective inhibition of either COX-2 or sEH provides beneficial outcomes in models 

of hypertension, inflammation, cardiovascular disease and diabetes (Hwang et al., 2011). 

Interestingly, PTUPB was first tested in a cancer animal model and was shown to suppress 

tumor growth and metastasis (Zhang et al., 2014). The ability for PTUPB to combat 

metabolic abnormalities and diabetic kidney injury was demonstrated in the Zucker Diabetic 

Fatty rat (Hye Khan et al., 2016b). Like sEH inhibitors, PTUPB reduced oxidative stress and 

inflammation in the Zucker Diabetic Fatty rat kidney (Hye Khan et al., 2016b). Several other 

dual acting bifunctional small molecules that include sEH inhibitor activity have been 

developed (Proschak et al., 2017). These dual-acting molecules combine sEH inhibition with 

c-Raf inhibition, fatty acid amide hydrolase inhibition, 5-LOX inhibition, farnesoid X 

receptor agonism, or PPAR agonism (Meirer, et al., 2016; Proschak et al., 2017; Schmidt et 
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al., 2017; Temml et al., 2017). In addition, a few sEH inhibitors such as AUDA have EET 

agonistic activity and EET analogs have sEH inhibitor activity that varies from none to 

nanomolar IC50 sEH inhibitor activity (Falck et al., 2014; Olearczyk et al., 2006). EET 

analogs have also been designed that have PPAR agonistic activity (Blocher et al., 2016; 

Proschak et al., 2017). Although several of these dual-acting small molecules with sEH 

inhibitor or EET analog activity exists there has been very limited testing in renal and 

cardiovascular diseases.

Novel Epoxy Fatty Acid Therapeutic Targeting Approaches

Additional means for therapeutically targeting EETs and other epoxy fatty acids include 

development of EET antagonists, EEQ and EDP analogs, and plant derived sEH inhibitors. 

There is increasing recognition that sEH inhibition can metabolize other epoxy fatty acids 

other than EETs (Arnold et al., 2010b; Arnold et al., 2016). EET antagonists that are 

selective for 11,12-EET and 14,15-EET have been developed based on the structure activity 

relationship for these EET regioisomers (Bukhari et al., 2012). There are potential 

therapeutic applications where elevated EET levels could be contributing to disease. 

Although there has been limited evaluation of pathological conditions where elevated EETs 

have been described, potential clinical areas are ones with increased angiogenesis or 

elevated organ blood flow.

Epidemiological and clinical studies demonstrate that long-chain 𝛚-3 polyunsaturated fatty 

acids protect against cardiovascular diseases (De Caterina et al., 2011, Kris-Etherton et al., 

2002; Westphal et al., 2011). Several cardiac beneficial effects have been attributed to 

increases in dietary 𝛚-3 EPA and DHA levels (Westphal et al., 2011). Clinical studies have 

increased EPA and DHA levels by formulating concentrated fish oil supplements or giving 

purified EPA/DHA-ethylesters. Cardiac sudden death, arrhythmias, and heart failure 

incidences were reduced by consuming approximately 1 gram EPA/DHA supplements 

(Lavie et al., 2009; Mozaddrian & Rimm, 2006). Dietary EPA and DHA were found to 

protect against arrhythmias and cardiac sudden death in angiotensin II hypertension (Fischer 

et al., 2008). These findings led to evaluating specific EPA and DHA metabolites for 

cardiovascular protective actions and led to the development of metabolite analogs. 

Experimental studies have found protective effects on the heart for EPA epoxygenase EEQ 

metabolites (Arnold et al., 2010a; Falck et al., 2011; Westphal et al., 2011). These EPA 

metabolites are known to increase with increased cold water fish consumption and are 

strongly associated with decreased incidence in cardiovascular disease (Arnold et al., 2010a; 

Fischer et al., 2014). Regarding EEQ and EDP analogs, this field is actively being pursued 

for therapeutic potential based on the biological activities found for EPA and DHA 

metabolites (Arnold et al., 2010a).

Based on evidence for 17,18-EEQ having cardioprotective actions, EEQ analogs are actively 

being examined as a treatment for atrial fibrillation and cardiac arrhythmias (Arnold et al., 

2010b; Falck et al., 2011; Schunck et al., 2018). Experimental studies in neonatal rat 

cardiomyocytes EPA and 17,18-EEQ were found to have antiarrhythmic actions (Falck et al, 

2011; Kang et al., 1995). DHA metabolites also appear to have beneficial cardiovascular 

actions to combat disease progression (Arnold et al., 2010a). DHA metabolites have been 
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demonstrated to cause coronary artery relaxation (Arnold et al., 2010a; Falck et al., 2011). 

19, 20-EDP was found to reduce cardiomyocyte contractility (Arnold et al., 2010b). To date, 

17,18-EEQ analogs have been synthesized and tested for cardioprotective actions (Falck et 

al., 2011). 17,18-EEQ analogs attenuate ventricular tachyarrhythmia following coronary 

artery ligation in rats (Schunk et al, 2010). More recently, atrial fibrillation in mice has been 

demonstrated to be reduced by 17,18-EEQ analogs (Fischer et al., 2017). A clinical phase 1 

trial began in February 2017 (EudraCTNo. : 2016–003445-28) by OMEICOS Therapeutics 

for a lead candidate 17,18-EEQ analog (Schunck etal., 2018).

Kidney and cardiovascular diseases are being explored for dietary DHA and DHA 

metabolites. Increasing dietary DHA levels combined with sEH inhibitors has anti-

hypertensive and kidney protective actions (Ula et al., 2013). This therapeutic combination 

could be more effective than sEH inhibitors given alone. Other studies have demonstrated 

that the DHA epoxygenase metabolite 19,20-EDP given intraperitoneally decreases kidney 

fibrosis in mice with unilateral ureter obstruction (Sharma et al, 2016). The 19,20-EDP renal 

anti-fibrotic effects were due to inhibition of epithelial to mesenchymal transition (Sharma et 

al, 2016). Anti-arrhythmic actions have also been described for 19,20-EDP in rat neonatal 

cardiomyocytes (Arnold et al, 2010b). Newly described co-3 endocannabinoid epoxide 

metabolites have been demonstrated to have vascular and anti-inflammatory actions 

(McDougle et al, 2017). Thus, there is an expanding number epoxide metabolites that 

demonstrate biological activities that could be manipulated to treat renal and cardiovascular 

diseases.

The search for therapeutics in nature that could alter epoxy-fatty acid levels has recently 

intensified. Plant-derived sEH inhibitors have recently been identified from Cimicifuga 

dahurica roots and from plants in the order Brassicales (Kitamura et al., 2017; Thao et al., 

2017). These plant-derived sEH inhibitors have not been tested for favorable renal and 

cardiovascular actions. Interestingly, flaxseed consumption results in sEH inhibition and 

lowering of blood pressure in patients with hypertension (Caligiuri et al, 2014). Overall, the 

future for EET anatagonists, EPA metabolites, DHA metabolites, and plant-derived sEH 

inhibitors will require considerable effort, however; initial data in preclinical renal and 

cardiovascular disease animal data provide excitement for their therapeutic prospective.

Additional Diseases for Epoxy Fatty Acid Therapies

The utility of sEH inhibitors, EET analogs, and new novel drugs aimed at epoxy fatty acids 

will expand the potential for treating several diseases. These diseases include non-alcoholic 

fatty liver disease, cancers, neuropathies, retinopathies, pre-eclampsia, and organ 

transplantation (Bellien & Joannides, 2013; Morisseau & Hammock, 2013). Recent findings 

demonstrate that decreased EET levels contribute to insulin sensitivity in mice and humans 

(Gangadhariah et al., 2017). Exciting data with sEH inhibitors and dual-acting sEH 

inhibitors in obesity and metabolic diseases have demonstrate positive actions on the 

pancreas and liver (Blocher et al., 2016; Elmarkby et al., 2011; Hye Khan et al., 2016b; 

Luria et al., 2011). The anti-inflammatory, anti-apoptotic, and decreases in endoplasmic 

stress described for EETs and sEH inhibition provide a means for combating complex 

diseases like metabolic syndrome, diabetes, and non-alcoholic fatty liver disease (Imig, 
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2012; Imig & Hammock, 2009). Other areas being investigated that demonstrate initial 

promise for sEH inhibitors, EET analogs, and new novel drugs aimed at epoxy fatty acids 

include cancer, neuropathies, and retinopathies (Morisseau & Hammock, 2013; Taguchi et 

al., 2016). Recently, novel epoxy fatty metabolites have been identified in retinopathies that 

contribute to the disease (Hu et al., 2017). Another area that has long-been associated with 

alterations in EET metabolites is pre-eclampsia (Herse et al., 2012; Jiang et al., 2013; 

Vedove et al., 2015). There have been initial studies in pre-clinical animal models of pre-

eclampsia that require additional follow up (Huang et al., 2006; Zhou et al., 2005). Lastly, 

organ transplantation is an area worthy of additional investigation for epoxy fatty acid based 

drugs. The first indication for EETs was that the addition of EETs to an organ 

transplantation solution demonstrates positive effects on organ function (Yang et al., 2003). 

Additionally, EET analogs have been demonstrated to combat cyclosporine hypertensive and 

renal vasoconstrictive actions (Yeboah et al., 2016). Because cyclosporine is used as an 

immunosuppressive in greater than ninety percent of the transplants worldwide, a 

therapeutic that could combat these devastating side effects could ensure better 

transplantation outcomes. Even though the future for sEH inhibitors, EET analogs, and new 

novel drugs aimed at epoxy fatty acids to combat these diseases is possible, extensive 

investigations in these disease indications need to be conducted.

Unexplored Areas - Microsomal Epoxide Hydrolase (mEH) and sEH Phosphatase

Microsomal epoxide hydrolase (EPHX1, mEH) was identified three decades ago as being 

capable of hydrolyzing EETs to DHETEs (Morisseau & Hammock, 2005; Vaclavikova et al, 

2015). The contribution for mEH to EET conversion to DHETEs is thought to be minimal 

due to the low catalytic turnover (Decker et al, 2012). On the other hand, mEH is known to 

importantly contribute to the metabolism of environmental contaminants and epoxide drugs 

like carbamazepine (Morisseau & Hammock, 2005; Newman et al., 2005). Mutations in 

EPHX1 are associated with the cardiovascular disease condition, preeclampsia (Zusterzeel et 

al., 2001). More recently, the development of mice with EPHX1 and EPHX2 gene deletion 

provide evidence that EPHXl(mEH) could contribute to EET metabolism and alter the 

response to cardiac recovery following ischemia (Edin et al., 2018). In this study EPHX1 

was found to contribute to EET hydrolysis in vivo especially when EET formation rates are 

low and mice with EPHX1 and EPHX2 gene deletion had improved cardiac function after 

ischemia when compared to wild-type of EPHX2 gene deleted mice (Edin et ah, 2018). 

Other novel epoxide hydrolases include EPHX3 and EPHX4; however, a significant 

contribution to EET hydrolysis or renal and cardiovascular diseases has yet to be identified.

Unlike the C-terminal domain that encodes the lipid epoxide hydrolase activity, the sEHN-

terminal domain that contains phosphatase activity is less well investigated. There has been 

insight into the structure and single nucleotide polymorphisms in the sEH phosphatase 

domain and speculation as to the physiological roles for the domain (Kramer & Proschak, 

2017). Three single nucleotide polymorphisms have been identified in the phosphatase 

domain that result in amino acid substitutions and the Lys55Arg that reduces phosphatase 

and increases hydrolase activity (Lee et al., 2011; Przbyla-Zawislak et al., 2003). A 

physiological role for the sEH phosphatase domain is that it can influence cholesterol, lipid, 

and steroid levels (Luria et al., 2009). Sphingosine-1-phosphatase and lysophosphatidic acid 
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are substrates for the sEH phosphatase domain and could be linked to vascular endothelial 

growth factor signaling (Kramer & Proschak, 2017). Another potential physiological role 

would impact endothelial nitric oxide and coronary artery endothelial function (Harris & 

Hammock, 2013; Hou et al., 2012). Assays for the sEH N-terminal phosphatase domain 

have been developed and have led to the identification of sEH phosphatase inhibitors 

(Kramer & Proschak, 2017; Morisseau et al., 2013). SMTP-7 has been identified as a sEH 

phosphatase inhibitor that demonstrates antiinflammatory actions and enhances thrombolytic 

activity by plasminogen modulation that could be promising for the treatment of ischemic 

stroke (Matsumoto et al., 2015). Evaluation of SMTP-7 revealed that it acts as an allosteric 

inhibitor of the sEH phosphatase domain (Kramer & Proschak, 2017). Future research is 

required to clearly identify the physiological role for the sEH N-terminal phosphatase 

domain and the potential for sEH phosphatase inhibitors to treat cardiovascular diseases.

Conclusion

The development of epoxy fatty acid therapeutics to treat renal and cardiovascular diseases 

has progressed rapidly since the turn of the century. A wealth of information was gathered 

from biochemical evaluation of the arachidonic acid CYP pathway that led to studies to 

determine biological activities. EET renal epithelial cell and vascular actions were initially 

described followed by EET effects to combat inflammation. Pharmacological manipulation 

of the pathway through sEH inhibition to increase EET levels led the way to evaluate sEH 

inhibitors in renal and cardiovascular diseases. Another major piece to the development for 

sEH inhibitors as a therapeutic was experimental studies in humans that linked increased 

sEH activity or decreased EET levels with cardiovascular diseases. Ultimately, sEH 

inhibitors have successfully developed to a point that they have made it to the human clinical 

trial phase for hypertension, diabetes, chronic obstructive pulmonary disease, and 

subarachnoid hemorrhage. EET analogs have lagged in development; however, EET analogs 

look poised to advance to human clinical trials.

A major consideration going forward for sEH inhibitors, EET analogs, dual-acting sEH 

inhibitors, and other epoxy fatty acid based drugs will be deciding on the appropriate clinical 

indication and proper design for the human clinical trials. Previous clinical trials have 

determined that sEH inhibitors appear to lack toxicity and are devoid of major side effects 

(Arete Therapeutics, 2009; Lazaar et al., 2016). In addition, the GSK clinical trial with 

GSK2256294A demonstrated improved endothelial function in obese males with chronic 

obstructive pulmonary disease (Yang et al., 2017). This finding clearly demonstrates 

potential for sEH inhibitors to combat cardiovascular disease in humans. On the other hand, 

the renal and cardiovascular diseases that would be viable from a pharmaceutical economic 

development standpoint will likely require a sophisticated clinical trial design. Drugs to 

improve organ preservation and transplantation are needed but have been largely avoided 

due to the very difficult clinical trial design. Cerebral ischemic stroke is another indication 

where sEH inhibitors and EET analogs have demonstrated great promise. Clinical trials for 

stroke are extremely difficult to design in a way to truly determine drug effectiveness. 

Myocardial infarction and acute kidney injury are two other ischemic reperfusion injury 

problems that are in dire need of a therapeutic. Several clinical trials for these indications 

have all failed due to difficulties in predictable progression and outcomes, different 
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etiologies, and poor biomarkers to evaluate therapeutic effectiveness. There continue to be 

improvements in designing these difficult clinical trials to overcome these problems. Even 

with these barriers, the sEH inhibitors, EET analogs, dual-acting sEH inhibitors, and other 

epoxy fatty acid based drugs have actions in preclinical animal models and initial human 

trials that make them worthy of pursuing their therapeutic value in renal and cardiovascular 

diseases.
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ABBREVIATIONS

α-SMA α-smooth muscle actin

AUDA 12-(3-adamantan-l-yl-ureido)dodecanoic acid

ARIC Atherosclerosis Risk in Communities

CARDIA Coronary Artery Risk Development in young adults

COX cyclooxygenase

CYP cytochrome P450

DHETEs dihydroxyeicosatrienoic acids

DHA docosahexaenoic acid

EDHFs endothelial-derived hyperpolarizing factors

EPA eicosapentaenoic acid

ENaC epithelial sodium channel

EDPs epoxydocosapentaenoic

EEQs epoxyeicosatetraenoic

EETs epoxyeicosatrienoic acids

FXR and farnesoid X receptor

HETEs hydroxyeicosatetraenoic acids

LOX lipoxygenase

mPTP mitochondrial transition pore

PPAR peroxisome proliferator-activated receptor
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sEH soluble epoxide hydrolase

SHR spontaneously hypertensive rat
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Figure 1. Cardiovascular and renal disease pathological mechanisms associated with increased 
soluble epoxide hydrolase (sEH) activity or decreased epoxyeicosatrienoic acids (EETs).
Left panel illustrates the arachidonic acid metabolism by epoxygenase and sEH enzymes. 

Polymorphisms leading to decreased EET levels or increased sEH activity are described. 

Right panel illustrates decreased EET levels resulting in inflammation, vascular dysfunction, 

and endoplasmic reticulum stress that leads to progressive renal and cardiovascular disease.
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Figure 2. Epoxyeicosatrienoic acids (EETs) cardiac, vascular, and renal mechanisms of action.
Left panel illustrates EETs actions on cardiomyocyte to activate cell membrane KATP and 

mitochondrial KATP (mitoKATP) to reduce opening of the mitochondrial permeability 

transition pore (mPTP) resulting in decreased apoptosis. Middle panel illustrates CYP2C 

EETs generation in endothelial cells that activate large conductance Ca2+-activated K+ 

channels (BKCa) resulting in K+ efflux from the smooth muscle cell, membrane 

hyperpolarization, closing L-type Ca2+ channels to result in vasorelaxation. Right panel 
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illustrates EETs inhibiting cortical collecting duct apical Na+ channels (ENaC) and 

basolateral K+ channels to decrease sodium reabsorption and cause natriuresis.
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Figure 3. Soluble epoxide hydrolase (sEH) inhibitor development to treat renal and 
cardiovascular diseases.
DCU: one of the initial amide, urea, and carbamate classes found to be a potent and stable 

transition state sEH inhibitor. AUDA: the first sEH inhibitor to be administered orally. 

Merck-1: a piperidine-derived urea sEH inhibitor. Merck-2: a novel aminohetroaryls that 

inhibit sEH. Boehringer Ingelheim: a pyrazole amide sEHO inhibitor. Arête Therapeutics 

AR9281 : the first sEH inhibitor to be tested in humans for hypertension and diabetes. GSK 

GSK2256294A: second sEH inhibitor to be tested in humans for the indication of chronic 

obstructive pulmonary disease (COPD).
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Figure 4. Bifunctional soluble epoxide hydrolase (sEH) inhibitor structure and binding to the 
enzymatic pocket.
Left panel illustrates the bifunctional sEH inhibitor and peroxisome proliferator-activated 

receptor-γ (PPAR-γ) agonist, RB394, bound in the sEH (PDB structure 4JNC) enzymatic 

pocket. Right panel illustrates RB394 sEH inhibition that results in increased 

epoxyeicosatrienoic acid (EET) levels.
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Figure 5. Epoxyeicosatrienoic acid (EET) analogs and soluble epoxide hydrolase (sEH) inhibitors 
combat cardiovascular diseases.
EET analogs and sEH inhibitors decrease cardiac cell inflammation and oxidative stress. 

Cardiac cell signaling mechanisms leading to fibrosis, endoplasmic reticulum stress and 

hypertrophy are combated by EET analogs and sEH inhibitors to opposed heart diseases.
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Figure 6. Epoxyeicosatrienoic acid (EET) analogs and soluble epoxide hydrolase (sEH) inhibitors 
combat renal diseases.
Renal hemodynamic actions, epithelial cell actions, and anti-inflammatory are responsible 

for EET analogs and sEH inhibitors ability to oppose kidney diseases. EET analogs and sEH 

inhibitors improve endothelial responses, enhance sodium excretion, decrease apoptosis, and 

oppose epithelial to mesenchymal transition mediated fibrosis.
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Figure 7. Epoxyeicosatrienoic acid (EET) analog development to treat renal and cardiovascular 
diseases.
NUDSA: 11,12-EET analog first EET analog to be found to combat cardiovascular disease. 

14,15-EE5ZE: non-selective EET antagonists used widely to determine EET biological 

actions. EET-A: initial 14,15-EET analog to be administered orally to rodents with renal and 

cardiovascular diseases. EET-B: departure from the carbon backbone to a fused bicyclic 

maintained renal and cardiovascular protective activity.
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Table 1.

Human gene variants and sEH / EET changes that associate with cardiovascular and renal diseases

Genetic Variant Disease
Association

References

CYP2C9 CYP2C9*3 Hypertension Yu et al., 2004

CYP2J2 Cyp2J2*7
Decreased EET levels

G50-T

Hypertension
Coronary artery disease

Type 2 Diabetes

Driesbach et al., 2005
King et al., 2005
Polonikov et al., 2008
Spiecker et al., 2004
Wang et al., 2010

EPHX2 Arg55
Increased sEH activity

Gln297
Decreased sEH activity

Decreased forearm blood flow
Coronary artery disease Acute kidney injury

Increased forearm blood flow
Coronary artery plaque

Lee et al., 2006
Lee et al., 2011
Shuey et al., 2017
Fornage et al., 2004

Plasma
EETs

Coronary artery disease Inflammation 
Ischemic stroke Decreased forearm blood 

flow
COPD

Insulin resistance

Bellien et al., 2012b Fritscher et al., 2012
Gangadhariah et al., 2017
Wang et al., 2010 Ward et al., 2011 Yang et al., 2017

EPHX2
Expression

Heart failure Monti et al., 2008
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