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Abstract

The presence of epoxyeicosatrienoic acids (EETs) in tissues and their
metabolism by soluble epoxide hydrolase (sEH) to 1,2-diols were first re-
ported 30 years ago. However, appreciation of their importance in cell biol-
ogy and physiology has greatly accelerated over the past decade with the dis-
covery of metabolically stable inhibitors of sEH, the commercial availability
of EETs, and the development of analytical methods for the quantification
of EETs and their diols. Numerous roles of EETs in regulatory biology now
are clear, and the value of sEH inhibition in various animal models of disease
has been demonstrated. Here, we review these results and discuss how the
pharmacological stabilization of EETs and other natural epoxy-fatty acids
could lead to possible disease therapies.
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EpFA: epoxy-fatty
acid

EET:
epoxyeicosatrienoic
acid

sEH: soluble epoxide
hydrolase

DiHFA:
1,2-dihydroxy-fatty
acid

INTRODUCTION

Arachidonic acid (ARA), an ω-6, 20-carbon polyunsaturated fatty acid, is at the center of a group
of metabolic pathways, collectively termed the arachidonate cascade, that produces endogenous
signaling molecules regulating multiple biological processes such as inflammation (Figure 1).
Metabolic pathways for ω-3 fatty acid, such as eicosapentaenoic acid and docosahexaenoic acid,
parallel and compete with the better described ARA cascade. A large proportion of the world’s phar-
maceuticals target these lipid chemical mediators. Existing drugs target the cyclooxygenase (COX)
and lipoxygenase (LOX) pathways of the ARA cascade (1, 2), which largely biosynthesize proin-
flammatory mediators (Figure 1), whereas the more recently discovered cytochrome P450 branch
of the cascade has not been exploited as a pharmaceutical target. The P450 pathway produces
both the proinflammatory, terminally hydroxylated metabolite 20-hydroxyeicosatetraenoic acid
(20-HETE) (3) and the anti-inflammatory epoxy-fatty acids (EpFAs) such as epoxyeicosatrienoic
acids (EETs) from ARA (4, 5). P450 epoxidation retains the cis geometry of most natural fatty acids;
however, this geometry can isomerize, and peroxidase-dependent pathways can lead to bioactive
trans epoxides (6). EETs and other EpFAs have numerous actions (4, 5). Generally, EETs are
chemical mediators that move biological processes toward a homeostatic or status quo condition.
For example, EETs seem to encourage the resolution of inflammation rather than prevent it, in a
manner similar to that exhibited by mediators in the LOX pathway (7). EETs reduce inflammation
but are also analgesic, antifibrotic, and antihypertensive, acting in both autocrine and paracrine
manners (4, 5). Linoleic acid is our major dietary fat, and its metabolites—including its inflam-
matory diols or DiHOMEs—are known to be biologically active (Figure 1) (8). The high ω-6
composition of the American diet is of concern, but because ω-3 lipids are increasingly entering
the diet as value-added products, the study of the metabolites of ω-3 lipids is also crucial. This
review focuses largely on EETs and EpFAs, which encompass the isomers of EETs and the cor-
responding ω-3 lipids (9). The detailed biology of EET action was recently reviewed elsewhere
(5).

There is likely an equilibrium between the P450-derived, largely anti-inflammatory EETs
and the generally proinflammatory 20-HETE, and between anti- and proinflammatory pathways
in general. For example, when EET levels are increased in soluble epoxide hydrolase (sEH)
knockout mice, 20-HETE levels increase presumably to counterbalance the increase in EETs
(10). However, many physiological and pathophysiological states, including diabetes, pregnancy,
obesity, and possibly even aging, shift such equilibrium in favor of more inflammatory pathways
(3). Blocking the production of 20-HETE is likely to be beneficial in many disease states, but it
has not resulted in promising therapeutics. However, the inhibition of 20-HETE production in
combination with the stabilization of EETs appears to be a promising approach (11).

Although EETs and other EpFAs are rapidly metabolized by numerous pathways including
the sEH (discussed below), EETs have exceptionally high biological activity (5), making them
attractive for some therapeutic applications such as ocular inflammation and organ baths. These
beneficial biological effects of EETs illustrate the potential value of EET mimics (12). The op-
timization of EET mimics could be simplified by receptor-based screens, but the work to date
has been based on mimicking the EET structure while blocking likely routes of metabolism, such
as epoxide hydrolysis (13) and β-oxidation (14). Recently, an EET analog that also inhibits sEH
was used as a biological probe (15). An advantage of this approach over sEH inhibition is that
EET-like activity can be delivered to tissues where natural EET production is low.

EETs are metabolized by a variety of pathways (5). However, sEH, which adds water across
the epoxide to give the corresponding 1,2-dihydroxy-fatty acids (DiHFAs or diols), is the dom-
inant pathway in many tissues (4). Thus, inhibition of this pathway will likely increase the EET
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Figure 1
Overview of the arachidonic acid cascade emphasizing the conversion of largely anti-inflammatory epoxides
to their corresponding 1,2-diols by the soluble epoxide hydrolase. Abbreviations: ARA, arachidonic acid;
CoA, coenzyme A; COX, cyclooxygenase; CYP450, cytochrome P450; DHA, docosahexaenoic acid;
DHET, dihydroxyeicosatrienoic acid; DiHDPE, dihydroxydocosapentaenoic acid; DiHETE,
dihydroxyeicosatetraenoic acid; DiHOME, dihydroxyoctadecenoic acid; EET, epoxyeicosatrienoic acid;
EPA, eicosapentaenoic acid; EpDPE, epoxydocosapentaenoic acid; EpETE, epoxyeicosatetraenoic acid;
EpOME, epoxyoctadecenoic acid; HETE, hydroxyeicosatetraenoic acid; LA, linoleic acid;
LOX, lipoxygenase; PLA2, phospholipase A2; sEH, soluble epoxide hydrolase.

sEHI: soluble epoxide
hydrolase inhibitor

mEH: microsomal
epoxide hydrolase

concentrations in plasma and tissues significantly, whereas the other routes of metabolism ensure
that, even in the absence of sEH activity, EET levels can increase only to moderate levels. Thus,
even massive doses of sEH inhibitors (sEHIs) cannot lead to exceptionally high EET levels and
limit target-related side effects. Because sEHIs have advanced further toward clinical use than
other approaches, this review focuses on sEH and its inhibitors as probes for understanding the
ARA cascade and possibly as therapeutics.

MAMMALIAN EPOXIDE HYDROLASES

Epoxide hydrolases (EHs; EC 3.3.2.7–11) open epoxides to diols by the addition of water. Humans
have several EHs (16, 17), and a systematic nomenclature has been proposed for the genes that
code for EHs in the α/β-hydrolase fold family: EPHX1 corresponds to the microsomal epoxide
hydrolase (mEH), EPHX2 corresponds to sEH, and additional sequential numbers are being
assigned to new enzymes that have functional EH activity (17). Hepoxilin EH activity is largely
due to sEH (18). The leukotriene A4 hydrolase opens LTA4 to the 5,12-LTB4 diol and is itself a
drug target (1), and the cholesterol EH may be related to the tamoxifen-binding site (19). These
proteins have a catalytic mechanism that differs from that of other EHs. Whereas the leukotriene
A4 hydrolase and cholesterol EH work by a one-step mechanism, the sEH, mEH, and other
EHs in the α/β-hydrolase fold family work by a two-step, base-catalyzed mechanism (16). Such
EHs are common in evolution (17), but most work focuses on mEH (17, 20) and sEH (16, 21–24).
Numerous reviews have addressed the biochemistry and roles of mEH and sEH (5, 16, 17, 22–24).

The mEH is best known as an enzyme involved in foreign compound metabolism, in which
it degrades epoxides on cyclic systems such as arene oxides and aflatoxin epoxide, and it is the
biochemical basis of the valpromide-chlorpromazine drug interaction (17, 22). The substrate
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selectivity of mEH is broader and quite different from that of sEH. The rapid reaction between
most xenobiotic epoxides and glutathione and the turnover by glutathione S-transferase result
in a minor role for mEH and no role for sEH (16, 17). Because some of the xenobiotic epoxides
degraded by mEH are toxins, mutagens, and carcinogens and others are drug metabolites,
inhibition of mEH is thought to be therapeutically undesirable. Thus, sEHIs are routinely
counterscreened against mEH (25). Known inhibitors of mEH fail to inhibit sEH, and, reversibly,
potent sEHIs do not inhibit mEH (25, 26).

Although mEH hydrates EpFAs (20), sEH is far more efficient at hydrolyzing such substrates
(9, 27). In most tissues, such as the liver, the abundance and efficiency of sEH relative to mEH
with lipid epoxides relegate mEH to a minor role (10, 16, 27–30). In the absence of sEH and
the presence of high levels of mEH such as in some brain regions (27, 31), mEH may contribute
significantly to the hydration of EpFAs. Potent inhibitors of mEH are now available, but their
rapid metabolism makes them of marginal benefit in generating chemical knockouts in vivo (26).

EpFAs are the best substrates for sEH in terms of kcat/Km (9, 16); the sEH shows clear selectivity
among regioisomers and enantiomers (9, 32). In general, the lowest rates of hydrolysis are observed
for epoxides close to the carboxylic acid, and the highest rates are observed for regioisomeric
epoxides that are 14–16 atoms away from the carboxylic acid. In addition, the ω-3 lipid epoxides
are better substrates than the ω-6 lipid epoxides (9). Certainly, sEH is capable of degrading
xenobiotic epoxides that match its substrate preference, but no potent toxic or mutagenic epoxides
have been found to be good substrates. As expected, mice with the sEH gene knocked out are not
more sensitive to the application of carcinogens that act through a reactive epoxide (33).

The sEH is expressed in multiple human tissues (17, 22). Although it has broad distribution in
the liver, its expression in other tissues such as the kidney is localized (34). Similarly, in the brain,
sEH is highly expressed in the smooth muscles of the arterioles, as well as in the neuronal cell
bodies, oligodendrocytes, and astrocytes (31). Both peroxisome proliferator-activated receptor α

(PPARα) and PPARγ agonists (e.g., fibrates and glitazones) induce sEH expression (22). Although
PPARγ agonists upregulate sEH in adipose tissues, they have little effect in the liver (35), and
they downregulate sEH in cardiomyocytes (36). The physiological role for the induction of sEH
by PPAR agonists is not known. Interestingly, the 5′ flanking region of the sEH gene does not
contain PPAR-binding sites, suggesting that the action of PPARs on sEH expression is indirect
(37). The sEH is also induced by angiotensin II (38, 39), notably in adipocytes (35), and it is one
of the major proteins that increase during adipocyte maturation (35). Multiple SP-1 transcription
factor binding sites are present in the 5′ flanking region of the sEH gene (37), and methylation
and binding of the transcription factor c-Jun to these sites seem to regulate angiotensin II effects
on sEH expression (39, 40). A recent report shows that sEH induction is driven by homocysteine,
which appears to depend on activating transcription factor 6 (41).

The sEH protein in mammals, a 125-kDa dimer composed of two identical 62-kDa monomers
arranged in an antiparallel fashion, is found mostly in the cytosol but also in the peroxisomes of
some organs (17, 22, 42). The N- and C-terminal regions of sEH are separated by a proline-rich
linker (43). The C-terminal contains the EH activity, and the smaller N-terminal is a phosphatase
(EC 3.1.3.76) (44) that apparently acts on lysophosphatidic acids (45). The few inhibitors developed
for this phosphatase are not efficient in vivo, and its biological role is not known; the phosphatase
and EH domains may be inhibited independently (46). The evolutionary pressure for sEH to
remain as an EH-phosphatase fusion protein in higher animals remains mysterious (17). Several
single-nucleotide polymorphisms of sEH have been identified (47–49), two of which have been
associated with various cardiovascular diseases: K55R (17% of the population) and R287N (8–14%
of the population) (recently reviewed in 5 and 17). These observations point to an essential role
of sEH in human health.
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SOLUBLE EPOXIDE HYDROLASE INHIBITORS

The catalytic mechanism and structure of sEH are detailed in other reviews (16, 17, 25, 50).
The sEH adds water to its substrate in a two-step exothermic process that involves a covalent
intermediate. The catalytic mechanism suggests that mimics of the reaction intermediates or
transition states could be useful inhibitors, as observed for other α/β-hydrolase fold enzymes.
Subsequently, the discovery of dicyclohexyl urea as a reversible nanomolar inhibitor of sEH paved
the way for the generation of low-nanomolar to picomolar inhibitors with a variety of structures
(Figure 2) (16, 25, 50, 51, 52). Similarly, amides and carbamates with appropriate substituents
can also be powerful inhibitors of sEH (52). Crystallographic studies show that the urea binds to
the sEH active site by mimicking the reaction intermediate (reviewed in 16, 17, 25, 50).

Structure-activity relationships show that the primary urea central pharmacophore should have
a relatively small group such as a phenyl, hexyl, or cyclohexyl on one side but could accommodate
a large group on the other side (53). Because EpFAs are endogenous substrates of sEH, the early
compounds used fatty acid mimics, leading to AUDA (Figure 2, compound 1). With the adaman-
tane sensitive to P450 oxidation and the fatty acid chain sensitive to β-oxidation, AUDA is rapidly
metabolized in vivo. AUDA is a weak PPAR ligand and actually mimics EETs (54), but despite
these limitations, AUDA has been used in many animal studies. A key in making sEHIs that have
improved physical properties was the discovery that a polar group termed the secondary pharma-
cophore can be positioned approximately 7 Å from the carbonyl of the primary pharmacophore
(55). The ether in AEPU (Figure 2, compound 2) is an example of the secondary pharmacophore,
which in most modern sEHIs is an ether, a heterocycle, or an amide (55). Replacement of the
ether chain by a conformationally restricted molecule—such as piperidine (Figure 2, compounds
3 and 4), cyclohexyl (Figure 2, compounds 5 and 7), or phenyl (Figure 2, compound 6)—has led
to potent compounds that have favorable pharmacokinetics in a variety of species (56). Although
APAU was taken through Phase IIA trials, the more metabolically stable and potent TPPU may
represent a better clinical candidate (56). In general, compounds with cyclohexyl ether are ac-
tive on a wider spectrum of mammalian species than are piperidine derivatives (56). Modern
compounds show low-nanomolar potency, exhibit good oral bioavailability and pharmacokinetics
(in rodents, canines, felines, and primates), and are easier to formulate. The compounds tested
show little off-target activity on targets such as cytochrome P450s and hERG (human ether-à-go-
go-related gene). Interestingly, the registered Raf kinase inhibitor sorafenib is a low-nanomolar
sEHI that is similar to t-CUPM. Although most sEHIs are not kinase inhibitors, researchers
have prepared a variety of compounds that are good sEHIs with interesting selectivity profiles on
kinases (57).

The development of sEHIs, although led by academia, has also benefited from industry re-
search. Using cell-based high-throughput screening, Boehringer Ingelheim found some potent
amide and trisubstituted urea leads (e.g., Figure 2, compounds 8 and 9) that were exploited in
several studies (58, 59). These compounds were optimized in part by solving a cocrystal with
sEH (58). Merck scientists also developed promising compounds, including a phenylcyclopropyl
derivative (Figure 2, compound 10) with the second nitrogen of the urea in a piperidine ring (60).
This compound was used to generate spirocyclic trisubstituted ureas (e.g., Figure 2, compound
11), which were highly potent and showed good bioavailability (61). These developments led to
other trisubstituted spirocyclic ureas, such as compound 12 in Figure 2, that show both high po-
tency and good rat pharmacokinetics. However, these compounds failed to reduce blood pressure
in a spontaneously hypertensive rat model (25). The Merck group also developed aminobenzisox-
azoles, including compound 13 in Figure 2, which succeeded in replacing the urea or amide
pharmacophore with a benzisoxazole (62). Pfizer chemists recently used structure-based virtual
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Figure 2
Structure and commonly used acronyms of soluble epoxide hydrolase inhibitors used in biological assays,
animal models of diseases, and clinical trials. References for compounds: 1 (53); 2 (55); 3–5, 7 (56); 6 (57); 8
(58); 9 (59); 10 (60); 11, 12 (61); 13 (62); and 14 (63). Abbreviations: AEPU, 1-adamantanyl-3-{5-[2-(2-
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screening driven by new X-ray structures to design a combinatorial library that yielded nanomolar
benzoxazole derivatives (Figure 2, compound 14) (63).

Numerous available structures are potent and selective enough to be used as orally available
in vivo chemical probes and possibly even to be moved into the clinic. However, keeping the
compounds—even most of the recent ones—in true solution to promote high biological activity is
important. The evolution of sEHIs has been the subject of detailed reviews in the published and
patent literature (25, 50, 51).

BIOLOGICAL EFFECTS OF EPOXY-FATTY ACIDS AND SOLUBLE
EPOXIDE HYDROLASE INHIBITORS

EETs and other EpFAs have broad activities as both autocrine and paracrine chemical mediators
(24). Increasingly, new activities are discovered through the use of biologically stable EET mimics
and the use of sEHIs (5). EETs have numerous biochemical targets, but an EET receptor has not
been identified. However, ample evidence shows that such receptors exist, and EETs have been
proposed to act on vascular smooth muscle through a G protein (Gs)-dependent mechanism (5).
EETs and their diol products (termed DHETs) are PPARα agonists (64). The regioisomers of
EETs activate tissue plasminogen activator, PI3 kinase, protein kinase A, and the KATP and BK
channels (65). They act on Trp channels; modulate MAP kinase activity (66); inhibit apoptosis
(67); inhibit thromboxane A2 signaling, L-type Ca2+ channels, and cardiac sodium channels; and
reduce nuclear factor κB (NF-κB) nuclear translocation (24, 68, 69). Many vascular effects of EETs
are modulated by nitric oxide (NO) (70). EET concentration is regulated by both biosynthesis
and release, as discussed above, and by their degradation, which is dominated by sEH in most
situations (reviewed in 4). Thus, the discussion below about the effects of sEHIs reflects on the
biological actions of both EETs and other EpFAs.

Effects of Soluble Epoxide Hydrolase Inhibitors on Inflammation

Inflammation is a complex biological response that helps an organism remove injurious stimuli
and initiate the healing process. However, chronic inflammation can lead to a host of diseases,
and most disease states are associated with a major inflammatory component. Inflammation was
treated pharmacologically first using traditional medicines and then, starting 150 years ago, using
synthetic chemicals such as aspirin. It was not until the 1970s that some oxylipins (prostaglandins
and thromboxanes) were discovered to be at the center of the anti-inflammatory action of aspirin
and other newer COX2-selective inhibitors (COXIBs) (2). At approximately the same time, some
lipoxygenase products also were found to have proinflammatory roles (1). Discovered a decade
later (71) the products of the P450 branch of the ARA cascade, especially the epoxides (EETs),
also were thought to play a role in the inflammatory response. However, the lack of available
EETs and their rapid metabolism by sEH (28) slowed progress. The first evidence of a role for
EETs in inflammation was the observation that 11,12-EET prevents the tumor necrosis factor-α
(TNF-α)-induced activation of NF-κB and the subsequent increase in VCAM-1 (vascular cell
adhesion molecule-1) expression in mice (72, 73). 14,15-EET is also strongly anti-inflammatory
(74). The role of EETs as potent anti-inflammatory lipid mediators was supported by the use of
sEHIs (75, 76) and transgenic animals in various inflammatory models. The overexpression of
CYP2J2, which produces EETs, is protective against ischemia-reperfusion injury (77), whereas
the knockout of this P450 results in activation of the inflammatory response (78). The deletion
of the sEH gene reduces the inflammatory response to endotoxin (79). The availability of ω-3
EpFAs has led to the recent observation that these natural oxiranes also have anti-inflammatory
properties (80). The hydrolysis of EETs to DHETs by sEH was considered only a deactivation
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PDE:
phosphodiesterase

process (22); however, recent findings suggest that the DHETs are proinflammatory (81), as
are the diols from the linoleate epoxides (8). Thus, sEH inhibition could be a powerful tool to
reduce inflammation not only by stabilizing the anti-inflammatory EpFAs but also by reducing
the production of proinflammatory diols.

Reduced activation of NF-κB is a key event in the anti-inflammatory activity of EpFA
(Figure 3). It results in transcriptional downregulation of numerous cytokines and enzymes
induced during inflammation, such as iNOS, LOX5, and COX2; downregulation of COX2
results in lower production of proinflammatory prostaglandins (75, 76, 82). EETs seem to reduce
the activation of NF-κB by three complementary cellular mechanisms (Figure 3b). First, EETs
or epoxyeicosatetraenoic acids (EpETEs) reduce the TNF-α-induced activation of NF-κB by
inhibiting IκB kinase (72, 80). Second, EETs and EpETEs activate PPARγ transcription activity
(38, 80). The Kd values of EETs and EpETEs for the ligand-binding domain of PPARγ are in
the micromolar range (38). PPARγ interferes with the activity of proinflammatory transcription
factors such as NF-κB or AP-1, thus resulting in anti-inflammatory action (83). Third, EETs
directly affect the inflammatory activity of PGE2 (84).

The stabilization of EpFAs by sEHIs represents a potentially novel way to treat numerous
inflammatory diseases, such as atherosclerosis (85) and end organ damage (5). As discussed below,
sEHIs synergize with classical anti-inflammatory drugs, including COX and LOX inhibitors (82,
86) as well as phosphodiesterase (PDE) inhibitors (84).

Regulation of Pain by Epoxy-Fatty Acids and Soluble
Epoxide Hydrolase Inhibitors

Like inflammation, pain is a component of many disease states. Because EpFAs and sEHIs dra-
matically reduce inflammation, they also were anticipated to reduce inflammatory pain (75). This
effect was subsequently tested in multiple rodent models of inflammatory pain in which sEHIs
and EpFAs reduce pain perception (Figure 4a) (87). The direct application of high-dose EETs
to naive rodents increases pain-like behavior and is biphasic (88). In contrast, in an induced pain
state, the same application of EETs is antihyperalgesic, as is sEHI treatment (88, 89). However,
sEHIs do not alter pain perception in healthy animals. Intriguingly, sEH knockout mice show
slow recovery from induced inflammatory pain, whereas exogenous EETs, with the exception of
the 8,9-EET isomer, do not cause pain-like responses (90). In addition, regioisomers of docosa-
hexaenoic acid epoxides show unequal effects on inflammatory pain (9). Thus, a more complex
homeostatic balance has yet to be explored. Overall, however, increasing EpFA concentrations
with sEHIs reduces heightened pain perception in inflammatory models.

Chronic or neuropathic pain is notoriously resistant to treatment. Thus, it was surprising
to find that sEHIs block pain-like behavior in streptozocin-induced type 1 diabetic neuropathy
(Figure 4b) (89). sEHIs are more potent than the widely used drug gabapentin at reducing
neuropathic pain, without inducing sedating effects. Neuropathic pain remains a poorly met
clinical need, and the ability of sEHIs to reduce this type of pain in animal models suggests
potential clinical applications (25).

The effectiveness of sEHIs in both inflammatory and neuropathic pain is associated with ele-
vated levels of EpFAs (9, 75, 82, 84, 88, 89), suggesting a common mechanism of action (87). sEHIs
are more efficient than the COXIB celecoxib at reducing inflammatory pain (Figure 4a), suggest-
ing that sEHI/EpFA action on inflammatory pain goes beyond a simple decrease in COX2/PGE2-
dependent inflammation (Figure 3). Furthermore, the analgesic effect of sEHIs may depend on
the presence of cyclic adenosine monophosphate (cAMP), a common second messenger of pain
perception (84). Both the mechanism of EETs and the action of sEHIs on neuropathic pain appear
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Figure 3
(a) Role of epoxy-fatty acids (EpFAs) in inflammation. (b) Effects of soluble epoxide hydrolase inhibitors (sEHIs). Abbreviations:
COX, cyclooxygenase; DiHFA, 1,2-dihydroxy-fatty acid; FA, fatty acid; IKK, IκB kinase; IL, interleukin; iNOS, inducible nitric oxide
synthase; LKT, leukotriene; LOX, lipoxygenase; NF-κB, nuclear factor κB; NO, nitric oxide; PG, prostaglandin; PLA2, phospholipase
A2; PPAR, peroxisome proliferator-activated receptor; sEH, soluble epoxide hydrolase; TNF-α, tumor necrosis factor-α; VCAM-1,
vascular cell adhesion molecule-1.
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Figure 4
(a) Effect of a soluble epoxide hydrolase inhibitor (sEHI), APAU (Figure 2, compound 3), in a
lipopolysaccharide (LPS)-induced inflammatory pain model (82, 88). (b) Effect of sEHIs in a streptozocin-
induced type 1 diabetes neuropathic pain model (89). APAU is compared with celecoxib (which reduces
inflammatory pain) and gabapentin (which reduces neuropathic pain). Nociceptive responses were measured
with a von Frey apparatus and electronic aesthesiometer before the induction of diabetes or before the
injection of LPS. Rats (n = 6 per group) were treated with the tested drugs 60 min prior to 10-μg
intraplantar LPS injection in the inflammatory pain model; pretreatment was not possible for the
neuropathic pain model. The measurements were taken at 2 h postinjection and are reported as a percent of
the pretreatment naive baseline (no pain). All compounds were formulated in PEG400 vehicle and
administered by subcutaneous injection. Asterisk indicates that compared to the vehicle control, the
treatment significantly reduced the pain (p < 0.01). Abbreviation: APAU, 1-(1-acetypiperidin-4-yl)-3-
adamantanylurea.

to involve neurosteroids (84). Furthermore, in the central nervous system, sEHIs alter the syn-
thesis and release of endogenous analgesic peptides (91). An increase in the release of the opioid
peptides β-endorphin and met-enkephalin is evident when EpFAs are injected directly into the
ventrolateral periaqueductal grey matter, and EpFA regioisomers induce the release of somato-
statin (92). Because of the mechanism of action, coadministering sEHIs with other synergizing
drugs such as COX inhibitors and PDE inhibitors, particularly PDE isozymes 4 and 5 (82, 84), may
offer therapeutic benefit. A dual COXIB/sEHI has been shown to be more effective at reducing
pain than either of the inhibitors alone (93).

Soluble Epoxide Hydrolase Inhibition in Cardiovascular Diseases

Inhibition of sEH protects against a variety of cardiovascular diseases, including hypertension-
induced end organ damage, atherosclerosis, inflammation, and cardiac hypertrophy (5). Possible
clinical applications of sEHIs in these diseases are summarized in Table 1.

The first demonstration of the biological efficacy of sEHIs was in the reduction of blood pres-
sure in spontaneously hypertensive rats (30). This observation was exciting because the sEHIs
represented a new mechanism to treat hypertension, possibly providing another tool to reduce
refractory hypertension with drug combinations. In the intervening years, sEH inhibition and the
resulting increase in EETs have been shown to reduce hypertension in many models while not
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Table 1 Clinical perspective for the usage of soluble epoxide hydrolase inhibitors in human health

Disease state Clinical perspective
Inflammation In many models, sEHIs compare favorably with COXIBs in reducing inflammation.

However, the best results are obtained with cotreatment of sEHIs with inhibitors of the
COX or LOX pathway. sEHIs also reduce some side effects of COXIBs.

Inflammatory pain sEHIs reduce inflammatory pain, but penetrating this market will be difficult because
numerous drugs already exist in this area. Reducing pain in the companion animal area,
however, is an unmet need. sEHIs appear to provide better safety profiles than do existing
treatments for the treatment of chronic inflammatory pain.

Neuropathic pain Because neuropathic pain is an unmet medical need, the analgesic effects of sEHIs suggest
high potential for therapeutic benefit. In addition, sEHIs have the potential to be used in
synergistic combinations with COX and PDE inhibitors.

Hypertension sEHIs reduce hypertension in numerous but not all animal models. In addition, they often
are less effective than existing drugs. One sEHI failed in a Phase IIA human clinical trial for
hypertension. However, sEHIs can help reduce the hypertensive side effects of other drugs,
including NSAIDs and antiangiogenesis compounds.

Cardiac hypertrophy/arrhythmia In animal models, sEHIs reduce cardiac hypertrophy, arrhythmia, and electrical remodeling.
These results provide a strong scientific basis for targeting heart failure and cardiac
arrhythmia in humans.

Atherosclerosis/aneurysm In rodent models, sEHIs effectively reduce atherosclerotic lesions and attenuate abdominal
aortic aneurysm formation.

Renal failure sEHIs display a protective effect on kidney damage induced by various conditions, including
hypertension, inflammation, and chemotherapeutics.

Blood clotting EETs reduce platelet aggregation. sEHI cotreatment with COX2 inhibitors does not result
in an imbalance in prostacyclin and thromboxane or an increase in 20-HETE. Thus, sEHIs
could increase the safety of COX2-selective drugs.

Stroke/heart attack In rodent and dog models, sEHIs reduce infarct size and ischemia-reperfusion injury
resulting from stroke and heart attack.

COPD In a smoke-induced rat COPD model, sEHIs reduce lung inflammation and improve lung
function. This benefit might extend to other disorders involving pulmonary inflammation.

Pulmonary hypertension In rodent models, sEHIs show promise in treating pulmonary hypertension. However, some
EpFAs increase pulmonary vascular remodeling, pulmonary artery constriction, and
hypertension. The hypoxia-driven pulmonary vasoconstriction could be used to increase
blood oxygenation.

Diabetes/metabolic syndrome sEHIs tend to normalize dysregulated glycemic states in many but not all models of diabetes
and metabolic syndrome. Unexpectedly, sEHIs and EETs are efficient at modulating insulin
secretion in both type 1 and type 2 diabetes through a range of mechanisms. sEHIs
currently are more attractive in treating the comorbidities associated with diabetes than in
treating the underlying disease.

Abbreviations: 20-HETE, 20-hydroxyeicosatetraenoic acid; COPD, chronic obstructive pulmonary disease; COX, cyclooxygenase; COXIB,
COX2-selective inhibitor; EET, epoxyeicosatrienoic acid; EpFA, epoxy-fatty acid; LOX, lipoxygenase; NSAID, nonsteroidal anti-inflammatory drug;
PDE, phosphodiesterase; sEH, soluble epoxide hydrolase; sEHI, soluble epoxide hydrolase inhibitor.

reducing blood pressure in normal animals, with the most dramatic effects found in angiotensin-
driven and salt-sensitive hypertension (reviewed in 5, 23, 24, 66, 73). A caution with some hyper-
tension models is that laboratory rats have two major haplotypes of the cis regulatory element of
the EPHX2 gene that can alter sensitivity to sEHIs (25, 94).

The reduction in blood pressure by sEHIs is associated with elevated levels of EpFAs, espe-
cially EETs (23, 30, 66). EETs regulate blood pressure by two different mechanisms: action on
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the vascular tone in small resistance arteries, and action in the kidney through enhanced natri-
uresis (23, 95). In the wall of small arteries, EETs released from the endothelial cells activate
large-conductance, calcium-activated potassium channels on the smooth muscle cells, causing
vasodilatation. The endothelium-dependent mechanisms of EETs were recently reviewed (66).
Supporting this endothelium-derived hyperpolarizing factor–like action, EETs also increase en-
dothelial nitric oxide synthase expression and NO release in endothelial cells (70). Some but not
all of the actions of sEHIs and EETs on blood pressure appear to be mediated by NO (96). In the
kidney, EETs tend to promote sodium excretion and increase renal blood flow (95). In a 2-kidney,
1-clip model, sEHIs reduce blood pressure but fail to improve autoregulation of the glomerular
filtration rate (97). In a transgenic rat model with overexpression of renin, sEHIs reduce blood
pressure, improve the pressure-natriuresis relationship, and reduce development of hypertension
and organ damage (98). These effects are greater when sEHIs are combined with inhibitors of
20-HETE biosynthesis (11). A caution is that sEHIs in mice with progressive renal disease cause
an increase in albuminuria, possibly by altering LOX metabolites (99).

EPHX2 polymorphism in humans results in a significant association between forearm vasodila-
tor response to vasoactive stimulants and sEH activity (100). AUDA (Figure 2, compound 1) given
topically on the human forearm increases subcutaneous blood flow (101). Following oral adminis-
tration, AR9281 (Figure 2, compound 3) showed a high level of safety in Phase I and IIA clinical
trials (102) but failed to show efficacy in early-stage hypertension. This failure, coupled with ef-
fective existing drugs for angiotensin-driven hypertension, suggests that hypertension is not a
good primary indication for sEHI clinical trials. However, each antihypertensive agent has its
own efficacy and safety profiles, and agents with unique modes of action are greatly needed (73).
In addition, the antihypertensive properties of sEHIs are attractive in dealing with hypertension
as a comorbidity associated, for example, with the use of nonsteroidal anti-inflammatory drugs
(NSAIDs) to treat inflammatory diseases (23, 73). sEHIs have the potential to lower blood pres-
sure increased by antiangiogenesis drugs (66). Furthermore, sEHIs attenuate endothelial injury,
which is a common underlying condition associated with hypertension, hyperhomocysteinemia,
atherosclerosis, and coronary heart disease (5).

Low EET levels and high sEH levels have been associated with cardiac hypertrophy (103,
104). Treatment with sEHIs results in many cardioprotective and antihypertrophic effects—both
therapeutic and prophylactic—including the lowering of fetal gene markers of hypertrophy, a
reduction in heart size, and a reduction of fibrosis in numerous models (104–108). EETs appear
to act in part by reducing inflammation in cardiomyocytes (104, 105). Enhanced susceptibility or
tendency for cardiac arrhythmia is prevented by sEHIs in many hypertrophy models (103, 105,
108). These results provide a scientific basis for targeting heart failure as a possible clinical trial
indication (108).

sEH inhibition protects not only against systemic inflammation (Figure 3) but also against
vascular inflammation, which involves endothelial activation, leukocyte adhesion/infiltration into
the arterial wall, and endothelial dysfunction. The anti-inflammatory actions of EETs and sEHIs
in the vasculature include attenuation of cytokine-induced endothelial activation and leukocyte
adhesion (72, 75, 78, 79), as well as prevention of endothelium-dependent vascular remodeling
(109). Inhibition of sEH also attenuates homocysteine-induced endothelial injury (41) and im-
proves vascular inflammation and endothelial dysfunction in cardiovascular diseases (96, 109).
Vascular inflammation leads to atherosclerosis and aneurysm formation, both of which are re-
duced by sEHIs (110, 111). Therefore, sEHIs have potential utility to protect against vascular
inflammation, atherosclerosis, and end organ damage (5).

EETs and sEHIs modulate blood clotting. Platelet aggregation plays a key role in thrombic
events, and EETs, especially the 11,12- and 14,15-EETs, reduce platelet aggregation through
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COPD: chronic
obstructive pulmonary
disease

membrane hyperpolarization and enhanced expression and activity of endothelial fibrolytic en-
zymes (112). Numerous hypotheses have been proposed to explain why rofecoxib (Vioxx R©) causes
a higher incidence of strokes, perhaps by decreasing platelet stability, resulting in more rapid
clotting (2). One hypothesis is that selective inhibition of COX2 causes an increase in 20-HETE
(113); another is that it leads to a shift in relative prostacyclin and thromboxane levels, leading
to platelet instability (reviewed in 2). sEHIs and the resulting increase in EET levels return this
ratio to normal (82), resulting in more normal blood-clotting times. Thus, sEHIs could increase
the safety of COXIBs.

EETs have a cardioprotective role in ischemia-reperfusion injury that results in vascular and
myocardial dysfunction, leading to heart attacks and strokes (24, 79, 108, 114). Administration
of sEHIs in multiple rodent and canine cardiac ischemia-reperfusion injury models prevented
progressive cardiac remodeling and reduced infarct size in the heart (reviewed in 106, 115). Similar
effects were observed in rodent stroke models (reviewed in 116), and the combination of sEHIs
and EETs seems promising in this area in rodent and canine models (115, 117). The R287N
single-nucleotide polymorphism, which results in a low-sEH-activity phenotype, is associated with
improved tolerance against ischemia (106), suggesting that in humans sEHIs have the potential
to improve recovery from stroke and heart attacks.

Soluble Epoxide Hydrolase and Pulmonary Diseases

Whereas LOX pathway inhibitors, steroids, and other drugs are widely used to reduce acute lung
inflammation, medications are needed for chronic lung inflammation (118, 119). Because sEHIs
can reduce systemic inflammation and hypertension in the periphery, investigators decided to
examine the role of sEHIs and EpFAs in lung diseases. As a result, EpFAs were shown to regulate
pulmonary vascular tone and human lung inflammation (80).

Chronic obstructive pulmonary disease (COPD) is poorly treatable. In a smoke-induced rat
COPD model, sEHIs can attenuate the inflammation associated with acute exposure to to-
bacco smoke (76, 120). In addition, sEHI administration improved lung function by reducing
tobacco smoke–induced total respiratory resistance and tissue damping, and attenuating the to-
bacco smoke–induced increase in alveolar airspace size (120). These data suggest that sEHIs have
potential for treating COPD and possibly other pulmonary disorders that have an inflammatory
component, such as asthma and cystic fibrosis.

Because of the potent effects of EpFAs on other vascular diseases (see above) and their in
vitro effects on pulmonary vascular tone (80, 119), EpFAs were studied for their action on the
lung vasculature. EETs, sEHIs, and sEH gene deletion reduced pulmonary artery pressure in rat
models of pulmonary hypertension (reviewed in 121). Although sEHIs and EpFAs show promise
in treating acute pulmonary hypertension and EETs dilate many peripheral blood vessels, they
can cause hypoxia-driven pulmonary vessel constriction. This result raises the possibility that
increasing EETs could worsen some forms of pulmonary hypertension.

Effects of Soluble Epoxide Hydrolase Inhibitors on Diabetes
and Metabolic Syndrome

Although early work indicated that EETs are a component of the glycemic system (122), it took
almost 25 years to reiterate the role of EETs in the pathophysiology of the endocrine system in
relation to glucose homeostasis. EETs and sEHIs do not change blood glucose and insulin levels
or insulin sensitivity of normal animals but tend to normalize dysregulated glycemic states in
many but not all models of diabetes and metabolic syndrome (123, 124). These studies converge
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on the ability of EETs, sEH gene deletion, and sEHIs to increase insulin secretion in both type 1
and type 2 diabetes. Although the range of actions of sEHIs in diabetes is still unknown, current
knowledge suggests that numerous mechanisms (including an increase in the size and output of
pancreatic β-cells, the prevention of adipocyte dysregulation, and an effect on insulin tolerance)
are at play (123, 124).

In rodent models of metabolic disorders, sEHIs are reported to lower blood pressure, lessen
body weight gain, increase insulin sensitivity, reduce adipose tissue, and decrease inflammatory
markers (125, 126). Expression of sEH is increased in developing adipose tissue of obese mice,
suggesting a role of sEH and EETs in lipid regulation and adipogenesis (35). Moreover, in rats and
mice fed different types of high-fat diets, sEHIs normalize the dysregulated metabolic parameters
that are mirrored in human patients (124, 126). Taken as a whole, current knowledge suggests that
inhibition of sEH has potential in addressing deregulated components of metabolic disorders.

Cautionary notes are that sEHIs are not effective in all rodent models of diabetes, that no clear
mechanism of action for their positive effects is known, and that Arête Therapeutics failed to see
benefit of an sEHI in a Phase IIA clinical trial. Thus, sEHIs have not shown clear promise as a
monotherapy for metabolic disorders (27). However, in addition to possibly exerting direct effects
on parameters related to glucose homeostasis, sEHI treatment may address major comorbidities of
diabetes including inflammation, cardiac hypertrophy, renal failure, peripheral vascular disorders,
fibrosis, and neuropathic pain.

Possible Beneficial Effects of Soluble Epoxide Hydrolase Inhibitors:
Drug Combinations

PPARα agonists such as fibrates (which are used as hypolipidemic agents) and PPARγ agonists
such as rosiglitazone (which are used as antidiabetic drugs) induce sEH expression in rodents (22,
35, 36). Because sEH appears to play roles in adipogenesis and in the development of diabetes (35,
124–126), the induction of sEH appears to be counterproductive to the goals of PPAR agonist
administration. In addition, the overexpression of sEH could explain some of the adverse effects
observed with PPAR agonists (127). Thus, cotreatment of PPARα or PPARγ ligands with sEHIs
has the potential to improve their efficacy and reduce side effects.

The strong anti-inflammatory activities of sEHIs occur in part through the transcriptional
downregulation of COX2, resulting in lower production of proinflammatory prostaglandins such
as PGE2 (75, 76, 82). The data predict an additive or synergistic reduction in inflammation by
combining sEHIs and COXIBs (82). This observation has since been extended to a beneficial
interaction among sEHIs and aspirin, NSAIDs, COXIBs, and blockers of the LOX5 pathway
(86). As discussed above, COXIBs increase cardiovascular risk, particularly in individuals with low
levels of NO (2). In rodent models, both the prostacyclin/thromboxane ratio and the high levels
of 20-HETE associated with COXIB treatment have been normalized with sEHIs, resulting in
more normal bleeding times (82). Similarly, sEHIs are antihypertensive, whereas many NSAIDs
and COXIBs are hypertensive. Thus, blood pressure reduction may represent another benefit
of combining sEHIs with COX inhibitors. Of particular note in models of diabetic neuropathic
pain, the combination of sEHIs with some NSAIDs causes a dramatic synergism in pain reduction
(82, 87). Thus, combinations of sEHIs with other therapeutics that target the ARA cascade are
attractive for enhancing efficacy while reducing dose and side effects.

sEHIs reduce the allodynia and hyperalgesia of the enhanced pain state but show little hypoal-
gesia and have little if any effect on pain perception in a normal animal (87). Coadministration of
PDE inhibitors, particularly PDE4 inhibitors, enhances the action of sEHIs and EETs, support-
ing the hypothesis that they exert their analgesic effects in the presence of cyclic nucleotides such
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as cAMP (84). Because PDE inhibitors increase EET levels in the absence of sEHIs, PDE in-
hibitors and sEHIs should have additive or synergistic effects. This combination greatly improves
the efficacy of sEHIs as anticonvulsants (84). The use of many PDE inhibitors has been limited
because of side effects, but combining them with sEHIs may extend their utility by reducing the
dose required for efficacy.

Potential Side Effects of Soluble Epoxide Hydrolase Inhibitors

No adverse reactions were observed in Phase I and IIA human clinical trials with AR9281
(Figure 2, compound 3), even when given at high doses (25, 102). However, this encourag-
ing observation should be tempered with caution because sEHIs might cause side effects, which
can be divided into mechanism-related side effects and compound-related ones. The high potency
and good pharmacokinetic profile of the compounds developed recently suggests that there might
be a good therapeutic index. Most sEHIs are not kinase inhibitors. However, the anticancer drug
sorafenib represents an example whereby the activity on one target overlaps with that of another
(128). A search for such off-target effects needs to be systemically addressed. To date, no off-target
action by sEHIs of diverse structures has been reported (25, 50). One possible reason for the lack
of mechanism-related side effects is that, even with total inhibition or knockout of sEH, it is dif-
ficult to obtain large increases in plasma levels of EpFAs because other metabolic pathways then
dominate (4, 25). Nevertheless, the plethora of effects of EpFAs suggests caution.

Several eicosanoids have opposite effects in the peripheral versus pulmonary circulation.
Whereas rodent studies suggest that sEHIs reduce some forms of pulmonary hypertension (121),
EETs are tied to regulation of hypoxia-inducible transcription factors, pulmonary vascular re-
modeling, pulmonary artery constriction, and hypertension (121). Thus, their potential use in
patients with pulmonary hypertension, hypoxia, or heart failure should be approached with cau-
tion (5, 24). Although sEHIs and presumably EETs improve cardiac function following ischemia
and cardiac failure, survival was reduced in sEH knockout animals in a cardiac arrest resuscita-
tion model (129). Whether this reduced survival rate resulted from an increase in EETs or from
another strain-related change is not known. sEHIs stabilize blood clotting time, whether it is
perturbed by agents such as rofecoxib, which decrease clotting time, or those such as aspirin,
which increase clotting time (2). Because many people take aspirin to increase clotting time, over-
coming this side effect could be seen as deleterious. EETs have long been known to be mildly
angiogenic, particularly in the presence of vascular endothelial growth factor. A recent study
(130) illustrates a common difficulty with such drugs. The very angiogenesis that is attractive
in wound healing or the treatment of some developmental abnormalities can pose a danger of
enhanced growth and metastasis of some tumors (5, 131). These data also suggest that the ben-
efits and risks of EET mimics and sEHIs be balanced and that patient populations be selected
carefully.

CONCLUSIONS AND FUTURE DIRECTIONS

Angiogenesis, which is the formation of new blood vessels from preexisting vessels, is vital for many
physiologic processes including wound healing, tissue regeneration, and multiple pathological
processes such as tumor progression and metastasis. Defining the conditions under which EETs
and sEHIs can be used therapeutically to enhance or limit angiogenesis is critical (130–132).
However, 17,18-EpETE-derived eicosapentaenoic acid inhibits endothelial proliferation (133);
this apparent opposing effect requires further investigation into the roles played by EpFAs and
sEH in angiogenesis and cancer biology.
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Fibrosis, the formation of excess fibrous connective tissue in an organ or tissue, usually happens
along with chronic inflammation in the remodeling process. An increasing number of studies show
that EETs and sEHIs reduce undesirable fibrosis and, taken together, suggest that reduction of
fibrosis could be a common mechanism across numerous diseases (107, 128, 134, 135). Of course,
the availability of new tools to study the P450 branch of the ARA cascade should provide deeper
insight into the biology it regulates.

The sEHIs have proven to be valuable tools for dissecting the biology of the ARA cascade
by illustrating the numerous actions of EpFAs. Because many of these actions generate favorable
biology, sEHIs and EpFA mimics can potentially be used as therapeutic agents—both as primary
medicines and in combination with other agents (Table 1). The therapeutic index of sEHIs appears
large, and both genetic and chemical knockout studies indicate a high degree of safety. However,
future trials and risk-benefit evaluations will determine whether sEHIs have clinical utility.
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