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Cardiovascular disease remains one of the leading causes of death in the Western societies. Heart failure (HF) is due primarily to progressive myocardial dysfunction accompanied by myocardial remodeling. Once HF develops, the condition is, in most cases, irreversible and is associated with a very high mortality
rate. Soluble epoxide hydrolase (sEH) is an enzyme that catalyzes the hydrolysis of epoxyeicosatrienoic acids (EETs), which are lipid mediators derived from
arachidonic acid through the cytochrome P450 epoxygenase pathway. EETs
have been shown to have vasodilatory, antiinflammatory, and cardioprotective effects. When EETs are hydrolyzed by sEH to corresponding dihydroxyeicosatrienoic acids, their cardioprotective activities become less pronounced.
In line with the recent genetic study that has identified sEH as a susceptibility gene for HF, the sEH enzyme has received considerable attention as an
attractive therapeutic target for cardiovascular diseases. Indeed, sEH inhibition has been demonstrated to have antihypertensive and antiinflammatory
actions, presumably due to the increased bioavailability of endogenous EETs
and other epoxylipids, and several potent sEH inhibitors have been developed
and tested in animal models of cardiovascular disease including hypertension,
cardiac hypertrophy, and ischemia/reperfusion injury. sEH inhibitor treatment
has been shown to effectively prevent pressure overload- and angiotensin IIinduced cardiac hypertrophy and reverse the pre-established cardiac hypertrophy caused by chronic pressure overload. Application of sEH inhibitors in
several cardiac ischemia/reperfusion injury models reduced infarct size and
prevented the progressive cardiac remodeling. Moreover, the use of sEH inhibitors prevented the development of electrical remodeling and ventricular
arrhythmias associated with cardiac hypertrophy and ischemia/reperfusion injury. The data published to date support the notion that sEH inhibitors may
represent a promising therapeutic approach for combating detrimental cardiac
remodeling and HF.

Introduction
Cardiovascular disease is the leading cause of death
in the Western societies [1]. In most instances, heart
failure (HF) is the final consequence of a variety of
etiologies including coronary heart disease, myocardial
infarction, hypertension, arrhythmia, viral myocarditis,
and genetic cardiomyopathies. Once heart failure develops, the condition is mostly irreversible. Although considerable progress has been made in the pharmacologic and
device management of heart failure in recent decades,
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the mortality in HF patients remains significant. Moreover, the incidence and prevalence of cardiac failure are
increasing as the population ages [2]. Therefore, novel
and effective treatments are desperately needed.
An integral part of the pathogenesis of HF is cardiac
remodeling. Cardiac remodeling represents the sum of
responses of the heart to a variety of stimuli including
ischemia, myocardial infarction, volume, pressure overload, infection, and mechanical injury. These responses,
including cardiomyocyte hypertrophy, myocardial fibrosis, inflammation, and neurohormonal activation,
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involve numerous cellular and structural changes that ultimately result in a progressive decline in cardiac performance.
There are a multitude of modulating mechanisms
and signaling events involved in cardiac remodeling.
Arachidonic acid, one of the pivotal signaling molecules
previously associated with inflammation, has been implicated as a potential pathway in the pathogenesis of cardiac remodeling [3–4]. Arachidonic acid is released in response to tissue injury and can be metabolized through
three major enzymatic pathways. The cyclooxygenase
(COX) pathway produces prostanoids. The lipoxygenase
(LOX) pathway yields monohydroxys and leukotrienes,
while cytochrome P450 (CYP450) epoxygenase pathway
generates epoxyeicosanoids. Many of these products are
known to be involved in the initiation and propagation
of diverse signaling cascades and play central roles in the
regulation of myocardial physiology, bioenergetics, contractile function, and signaling pathways.
The CYP450 epoxygenase products, the epoxyeicosanoids, also known as epoxyeicosatrienoic acids
(EETs), are major antiinflammatory arachidonic acid
metabolites with a variety of biological effects [5]. There
is mounting evidence supporting the notion that EETs
play a significant protective role in the cardiovascular system. EETs have been identified as potential endotheliumderived hyperpolarizing factors (EDHFs) [6–12]. Major
roles of EETs include modulation of both blood pressure and inflammatory signaling cascades. EETs are also
associated with a number of other physiological functions including modulation of ion-channel activity, angiogenesis, cell proliferation, vascular smooth muscle cell
migration, leukocyte adhesion, platelet aggregation,
thrombolysis, and neurohormone release [13–14]. It has
been proposed that diminished production or concentration of EETs contributes to cardiovascular disorders [15].
A polymorphism of the human CYP2J2 gene, which is
highly expressed in heart and active in the biosynthesis of EETs, encodes variants with reduced catalytic activity and is independently associated with an increased
risk of coronary artery disease [16]. Transgenic mice with
cardiomyocyte-specific over-expression of human CYP2J2
demonstrated enhanced postischemic functional recovery [17] and significant protection against doxorubicininduced cardiotoxicity [18]. As the protective role of
EETs in cardiovascular biology has been increasingly recognized, considerable interest has arisen in developing
methods to enhance the bioavailability of these compounds.
There are a variety of pathways involved in the degradation of EETs, but the major pathway is catalyzed by the
soluble epoxide hydrolase (sEH) enzyme. sEH converts
EETs to their corresponding diols, DHETs, thus modify-
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ing the function of these oxylipins [19]. Over the last
few years, the sEH enzyme has gained considerable attention as a therapeutic target for cardiovascular diseases
[20–23]. Pharmacological inhibition of sEH has emerged
as an intriguing approach to enhance the bioavailability
of EETs and EET-mediated cardiovascular protective effects [19,24–32]. The beneficial effects of several potent
sEH inhibitors in the prevention and reversal of cardiac
remodeling due to maladaptive hypertrophy and myocardial ischemia/reperfusion have been demonstrated
in several studies, including those from our laboratory
[27,30,33–34].

Soluble Epoxide Hydrolase
sEH catalyzes the hydrolysis of the epoxide group of
EET regioisomers to form corresponding vicinal diol
compounds—the DHETs [19]. sEH was originally found
in the liver and kidney and was first assumed to be primarily involved in the metabolism of xenobiotic compounds [35]. It is now known to be distributed in a
variety of organs and tissues, where it can modulate
the activity of endogenous epoxides, including the EETs
[24–25,33,36]. On the subcellular level, it found in the
cytosolic or soluble fraction, but in some cases it can be
localized in the peroxisomes [37]. Mammalian sEH exists largely as a homodimer of ∼62 kDa monomeric subunits [38–39]. Each monomer is comprised of two distinct structural domains, linked by a proline-rich segment
[40]. The ∼35-kDa C-terminal domain displays epoxide
hydrolase activity, while the N-terminal domain exhibits
phosphatase activity, which has an undetermined biological role [41]. The homodimeric sEH enzyme possesses a
domain swapped architecture, in which the N-terminal
domain of one subunit interacts with the C-terminal domain of the other [42]. The structures of murine [43] and
human [44] sEH have been solved, providing new insights into the catalytic mechanism, which involves twostep processes. Specifically, the two amino acid residues,
asparagine (Asp-333) and tyrosine (Tyr-485), represent
the main active sites in the C-terminal domain of both
murine and human sEH. The attack on the epoxide group
in the substrate by Asp-333 initiates enzymatic activity,
leading to the formation of an α-hydroxyacyl-enzyme intermediate. Hydrolysis of the acyl-enzyme occurs by the
addition of an activated water, resulting in the regeneration of the active enzyme and the release of the diol product [37,45].
The human sEH is the product of EPHX2, a single copy gene on chromosome 8 with 19 exons and
18 introns [38,46]. In rodents, a number of studies
have demonstrated pharmacological induction of sEH by
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exposure to peroxisome-proliferating activated receptor
alpha (PPARα) ligands like clofibrate, tiadenol, or acetylsalicylic acid [36,47–48], but PPARα response elements
have not been found upstream of human EPHX2 [49].
Several studies have shown hormonal regulation of sEH
in mammals, with sEH activity being elevated in males
versus females [48,50–52]. Age-dependent changes in
sEH have also been reported in male C57/B6 mice, where
sEH activity increased until 15 months after which there
was a decline of 59% during senescence [53]. Recently,
an AP1-mediated regulation of sEH by Angiotensin-II has
been demonstrated [25], and Monti et al. identified a genetic variant in EPHX2 gene associated with HF in rats,
which is characterized by the existence of a new AP1binding site in the promoter region [54]. Significant insights into the endogenous role of the sEH have been
gained recently. The generation of sEH null mice have
provided the first direct evidence for a possible role of sEH
in blood pressure regulation [55]. On the other hand, a
subsequent study reported that the Ephx2-null genotype
is not associated with alterations in basal blood pressure.
An adaptive response in renal lipid metabolism was observed which may work to maintain normal basal blood
pressure in this model [56].
EPHX2 has been identified as a HF susceptibility gene
in spontaneously hypertensive heart failure (SHHF) rats
[54]. A number of nonsynonymous nucleotide polymorphisms have been identified for human EPHX2 [57–59]
that affect the protein coding sequence as well as enzymatic activity. Of these, sEH variant Lys55Arg, which has
increased epoxide hydrolase activity, is associated with
coronary artery disease in Caucasians [60]. These studies suggest that sEH may play an important role in the
pathogenesis of cardiovascular disease, thus providing rationale for the therapeutic use of sEH inhibitors.
Finally, because polymorphisms in the rat sEH gene
have been reported [61], care must be taken when interpreting data from rodent disease models. A recent study
examining the susceptibility of different strains of the
spontaneously hypertensive rat (SHR) model to the development of brain vascular disease detected multiple
variations in the sEH gene [62]. They reported the existence of haplotypes with differing levels of sEH protein
and activity. It was further found that brain sEH expression as well as sEH activity was significantly lower in the
stroke-resistant rats compared to the stroke-prone rats.

sEH Inhibitors
The first inhibitors discovered for the sEH were epoxidecontaining compounds. However, most of these compounds are alternative substrates of the enzyme with
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a relatively low turnover that give only a transient inhibition in vitro and are inefficient in cell cultures and
in vivo [35,63–64]. It was not until ureas, amides, and
carbamates were found to inhibit the enzyme that compounds could be developed with sufficient in vivo stability to unequivocally demonstrate a biological role [65].
Potent compounds in this class are competitive tightbinding inhibitors with pico to nanomolar Ki s that interact stoichiometrically with purified recombinant sEH
[65–66] (Table 1). Crystal structures show that the urea
inhibitors establish hydrogen bonds and salt bridges between the urea functionality of the inhibitor and residues
of the sEH active site, mimicking the intermediate formed
during catalysis [43–44,67]. Structural modifications of
the 1,3-disubstituted ureas over the last several years
have been made to simplify in vivo use of these sEH inhibitors. The availability of several X-ray structures has
dramatically helped the structure-activity studies aimed
toward development of potent inhibitors of the enzyme.
Using classical quantitative structure activity relationship (QSAR), 3D-QSAR, and medicinal chemistry approaches, the structure of these inhibitors were improved
to yield compounds that have orders of magnitude better inhibition potency than first generation compounds
[66,68–70].
The key to developing effective in vivo inhibitors is
to optimize the absorption, distribution, metabolism,
and excretion (ADME) as well as ease of formulation. Earlier compounds such as 12-(3-adamantan1-yl-ureido)-dode-canoic acid (AUDA) and its esters
and salts have been widely used to evaluate the biological role of the enzyme. However, their poor
metabolic stability, relatively high melting point, and
limited solubility in water or even many organic solvents make them difficult to use pharmacologically
[66,70–71]. AUDA was followed by several compounds
which incorporated groups anticipated to bind to hydrogen bonding sites within the catalytic site. One
of these compounds, termed 1-adamantanyl-3-(5-(2-(2ethoxyethoxy)ethoxy)pentyl))urea (AEPU) had dramatically improved water solubility and a lower melting point
facilitating formulation [70]. It passed freely through cell
membranes and showed efficacy in vivo that was better than what would be predicted from blood levels.
Newer compounds such as trans-4-(4-(3-adamantan-1yl-ureido)-cyclohexyloxy)-benzoic acid (t-AUCB) and 1trifluoromethoxyphenyl-3-(1-acetylpiperidin-4-yl) urea
(TPAU) have better oral bioavailability and metabolic
stability than their predecessors, possibly due to greater
water solubility and resistance to metabolism [72–74].
Following oral administration in the drinking water, a fairly stable blood concentration of t-AUCB
is maintained for several days [75]. The therapeutic
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Table 1 Structures of representative sEH inhibitors
Inhibitor

Structure

IC50 against human sEH (nM)

References

CDU

85.2

[32,76]

AUDA

3.2

[29,30,77,78]

AUDA-BE

0.8

[27]

AEPU

14.7

[28,33]

t-AUCB

1.3

[34]

TUPS

2.9

[25]

AR9276

1.6

[81]

CDU, 1-cyclohexyl-3-dodecyl urea; AUDA, 12-(3-adamantan-1-yl-ureido)-dode-canoic acid; AUDA-BE, 12-(3-adamantan-1-yl-ureido)-dodecanoic acid
butyl ester; AEPU, 1-adamantanyl-3-(5-(2-(2-ethoxyethoxy)ethoxy)pentyl))urea; t-AUCB, (trans-4-(4-(3-adamantan-1-yl-ureido)-cyclohexyloxy)-benzoic acid;
TUPS, 1-(1-methanesulfonyl-piperidin-4-yl)-3-(4-triﬂuoromethoxy-phenyl)-urea; and AR9276, 1-(1-nicotinoylpiperidin-4-yl)-3-(4-(triﬂuoromethoxy)phenyl)urea.

effectiveness of these sEH inhibitors has been demonstrated in various animal models of cardiovascular disease
[20].

sEH Inhibitors and HF
HF is associated with significant morbidity and mortality
attributable largely to progressive myocardial dysfunction
accompanied by progressive cardiac remodeling. Persistent pressure/volume overload that occurs in hypertension and cardiac injuries such as myocardial infarction
are the most common cause of cardiac remodeling leading to eventual HF. The cardiovascular protective actions
of sEH inhibitors were first described in animal models
of hypertension [19,32]. There is accumulating evidence
to demonstrate that sEH inhibitors lower blood pressure
in several animal models of hypertension, such as SHR
as well as angiotensin II-induced hypertensive models
[19,32,76–78]. Nonetheless, the findings have not been
completely uniform. A few studies using different selec-
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tive sEH inhibitors failed to show a significant hypotensive effect in SHRs [79–80].
Apart from their possible antihypertensive action, sEH
inhibitors offer protective effects against cardiovascular
disease-related end organ damage [76–77]. Treatment
of apolipoprotein E-deficient mice with sEH inhibitors
significantly attenuated atherosclerosis development and
abdominal aortic aneurysm formation [28,81]. Several
studies have documented the cardioprotective roles of
sEH inhibition in myocardial ischemia-reperfusion injury [27,30–31]. Mice with targeted disruption of the
EPHX2 gene exhibit improved recovery of left ventricular (LV) developed pressure and less infarction after
global ischemia in isolated heart preparation [31] and
after regional myocardial ischemia-reperfusion injury
in vivo [27]. In wild-type mice treated with a sEH inhibitor, 12-(3-adamantan-1-yl-ureido)-dodecanoic acid
butyl ester (AUDA-BE), 30 min before ischemia or 10
min before reperfusion, infarct size is significantly reduced [27]. Similar beneficial effects of AUDA were
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addressed in a canine model of cardiac ischemia/
reperfusion and the combination of the low dose of
AUDA with 14,15-EET resulted in a synergistic effect on
reducing infarct size (expressed as a percentage of the
area at risk) [30].
Using metabolomic profiling and other biological approaches, our group tested the effects of sEH inhibitors
on prevention and reversal of cardiac hypertrophy and
postischemia remodeling, which are among the most
common causes leading to HF. Specifically, we have previously demonstrated that sEH inhibitors can prevent
the development of pressure-induced cardiac hypertrophy using a murine model of thoracic aortic constriction
(TAC) [33]. In addition, sEH inhibitors reversed the preestablished cardiac hypertrophy caused by chronic pressure overload. Moreover, by using in vivo electrophysiologic recordings, our study demonstrated a beneficial
effect of the compounds in the prevention of cardiac arrhythmias that are associated with cardiac hypertrophy
[33].
Most recently, our laboratory has tested the biological effects of sEH inhibitors on the progression of cardiac
remodeling using a clinically relevant murine model of
MI [34]. It was demonstrated that sEH inhibitors were
highly effective in reducing infarct size and preventing
progressive cardiac remodeling post-MI (Figure 1). Moreover, the use of sEH inhibitors resulted in the prevention of electrical remodeling post-MI and in so doing, prevented the propensity for the development of cardiac arrhythmias as assessed by in vivo electrophysiologic studies
(Figure 2).
A high level of expression of sEH in mouse atrial and
ventricular myocytes has been previously documented
[33]. To directly test whether MI may up-regulate the
sEH expression level, a Western blot was performed using
left ventricle free wall tissue from sham, MI and MI animals treated with sEH inhibitors at 3 weeks. Even though
no significant differences in the sEH protein expression
were observed, the EETs/DHETs ratio was significantly
decreased in MI animals, indicating an increased sEH
activity in this animal model [34]. Treatment with sEH
inhibitors in the MI animals resulted in a significant increase in the plasma ratios of EETs/DHETs compared to
MI alone [34].

Possible Mechanisms for the Observed
Beneﬁcial Effects of sEH Inhibitors
The underlying mechanisms of the observed beneficial effects of sEH inhibitors in preventing cardiac remodeling
due to pressure overload induced hypertrophy and postischemia remodeling have only begun to be addressed.
A number of studies have demonstrated that cardiopro-
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tection mediated by sEH inhibition is mainly attributed
to decreased hydration of EETs to DHETs resulting in
higher levels of endogenous EETs. This notion is supported by the observation that pre-reperfusion administration of an EET antagonist, 14,15-epoxyeicosa-5(Z)enoic acid (14,15-EEZE), abolishes the cardioprotective
effect of sEH inhibitors [27,31]. EETs, generated mainly
by enzyme CYP2J2 in the heart, have been shown to
be cardioprotective [17]. It has been demonstrated that
EETs promote postischemic functional recovery in isolated mouse hearts overexpressing CYP2J2 gene [17,82].
Endothelial CYP2J overexpression also reduces hypoxiareoxygenation injury [83]. Exogenous administration of
11,12-EET and 14,15-EET produced markedly significant
reductions in infarct size in the canine heart, whether
given before occlusion or at reperfusion [84].
Using LC-MS/MS based techniques, we have documented a significant decrease in the EETs/DHETs ratio
in a MI model, indicating increased sEH activity, which
may play a role in the progression of postischemia remodeling [34]. Treatment with sEH inhibitors resulted in
the normalization of the ratios of EETs/DHETs and less
postischemia LV remodeling (Figure 1A) [34]. sEH enzyme is expressed in the heart and is localized in cardiomyocytes from LV tissue [27]. The expression of sEH is
upregulated by angiotensin II in cardiac myocytes in vitro
and in vivo, suggesting a potential regulatory role of sEH
in angiotensin II-induced maladaptive hypertrophy [25].
Finally, recent human epidemiological studies have identified associations between variations in EETs metabolic
pathway genes and increased cardiovascular risk. A polymorphism leading to reduced gene activity of CYP2J2 is
associated with an increased risk of coronary artery disease [16], and EPHX2 has also been identified as a susceptibility factor for HF [54]. Taken together, these findings
suggest that increased sEH activity and reduced bioavailability of EETs may play a significant role in the pathogenesis of HF.
We have previously documented using both in vivo and
in vitro models that sEH inhibitors can block the activation
of the nuclear transcription factor (NF-κB) [33]. NF-κB is
inactive when bound to IκB, an inhibitory protein that
is degraded by proteosomes when phosphorylated by IκB
kinase (IKK) [85–87]. It has been shown that EETs inhibit IKK, preventing degradation of IκB. This maintains
NF-κB in the inactive state and inhibits NF-κB-mediated
gene transcription [5,88]. Activation of NF-κB may lead
to enhanced oxidative stress, which has been implicated
in the various types of HF. Hence, one possible mechanism of the beneficial effect of inhibitors of sEH in heart
failure may be a reduction in oxidative stress. In addition, NF-κB regulates the expression of several genes involved in inflammation, the immune response, apoptosis,
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Figure 1 Beneﬁcial effects of sEH inhibitors on LV remodeling in a mouse
MI model. (A) Plasma level of selected oxylipins from sham operated, MI
mice and MI mice treated with t-AUCB at 3 weeks of follow up (∗ P < 0.05
comparing sham or treated MI groups to MI alone). These data show that
MI in general reduces the fatty acid epoxide to diol ratios while sEH inhibitor
administration increases it. (B) Histologic sections of sham-operated and
MI mouse hearts showing infarct area with scaring and gross cardiac dilatation at 3 weeks in the MI mouse. Treatment of MI mice with t-AUCB in
drinking water prevented the development of cardiac remodeling. (C) Masson’s trichrome staining of LV anterior wall, showing connective tissues in
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blue. (D) Representative photomicrographs of bright-ﬁeld images of single isolated LV cardiomyocyte remote from infarcted area. (E) Summary
data of whole-cell capacitance measured from those LV cardiomyocytes
(∗ P < 0.05). Treatment with sEH inhibitor reduces the development of
myocardial scarring and myocyte hypertrophy. (Adapted from Li N, Liu
JY, Timofeyev V, Qiu H, Hwang SH, Tuteja D, Lu L, Yang J, et al. Beneﬁcial
effects of soluble epoxide hydrolase inhibitors in myocardial infarction
model: Insight gained using metabolomic approaches. J Mol Cell Cardiol.
2009;47:835–845.)
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Figure 2 Prevention of cardiac arrhythmia inducibility and electrical remodeling in MI mice by sEH inhibitors. (A) in vivo EPS in sham and treated
compared to untreated MI animals, showing evidence of inducible atrial
ﬁbrillation (lower left-hand panel) and ventricular tachycardia (lower righthand panel), which can be prevented by t-AUCB treatment (upper righthand panel). (B) Action potential (AP) recordings from LV free wall myocytes at 3 weeks of follow up. (C) Summary data for AP duration at 50
and 90% repolarization (APD50 and APD90 in milliseconds). (D) Examples

of Ca2+ -independent outward K+ current traces elicited from a holding
potential of −80 mV using test potentials of 2.5 s in duration from −60
to +60 mV in 10-mV increments. (E) Summary data for the density of
the peak outward components (∗ P < 0.05 comparing sham and treated
MI animals to MI alone). (Adapted from Li N, Liu JY, Timofeyev V, Qiu H,
Hwang SH, Tuteja D, Lu L, Yang J, et al. Beneﬁcial effects of soluble epoxide
hydrolase inhibitors in myocardial infarction model: Insight gained using
metabolomic approaches. J Mol Cell Cardiol. 2009;47:835–845.)

cell survival, and proliferation. Many of these same
genes are activated during cardiac hypertrophy and LV
remodeling [89–93]. Moreover, we have documented
that the significant decrease in the EETs/DHETs ratio in
the MI model showed a striking parallel with the changes
in inflammatory cytokines at 3 weeks post-MI, which indicated a heightened inflammatory state [34]. Additionally, the normalization of the ratios of EET/DHET by sEH

inhibitors results in a reversal of the elevated cytokine
levels in the MI model. Persistent inflammation, involving increased levels of inflammatory cytokines, plays a
potential pathogenic role in the progression of LV dysfunction and remodeling in HF [94–95]. The sEH inhibitors appear to change the pattern of inflammatory
mediators from a state which promotes the propagation
of inflammation toward one promoting resolution.
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Interestingly, sEH inhibitors have been shown to indirectly downregulate the expression of COX-2 protein
and synergize with nonsteroidal antiinflammatory drugs
(NSAIDs) toward the reduction of inflammation [96–97].
This suggests that these drug combinations (NSAIDs and
sEH inhibitors) can produce a beneficial antiinflammatory effect while reducing the dose needed of COX-2 inhibitors, thus avoiding the adverse cardiovascular side effects attributed to COX-2 inhibitors. The sEH inhibitors
also appear to reduce some of the side effects associated
with the use of NSAIDs.
EETs are important components of many intracellular signaling pathways as well as modulators for multiple ion channels, therefore the cardioprotective effects of
sEH inhibitors may involve modulation of these pathways
and ion channel activities. For example, sEH inhibition
may activate the PI3K signaling pathway and cardiac ATP
sensitive K+ (KATP ) channels, as suggested in an animal
model with targeted disruption of the EPHX2 gene [31].
A recent study demonstrated that EETs can activate multiple antiapoptotic targets through PI3K/Akt survival signaling and protect cardiomyocytes from hypoxia/anoxia
[98]. EETs can increase the opening for both sarcolemmal
and mitochondrial KATP (sarc KATP and mito KATP ), which
are important effectors of protection against cell injury
after ischemia and hypertrophy [84,99]. The protective
mechanisms contributed by these channels include depolarizing the intra-mitochondrial membrane, altering
reactive oxygen species production, and increasing mitochondrial K+ uptake with attendant reduction of Ca2+
overload [100–102].
Moreover, the use of sEH inhibitors can prevent the
development of electrical remodeling and ventricular arrhythmias associated with cardiac hypertrophy and myocardial infarction. The susceptibility to increased atrial
and ventricular arrhythmias is significantly suppressed
in both TAC mice and MI mice treated with sEH inhibitors [33–34]. The cellular electrophysiology in cardiac
hypertrophy and failure has been extensively studied in
a variety of animal models. The single most consistent
abnormality found in these studies is prolongation of action potential duration (APD). The prolongation is due,
at least in part, to the reduction in the 4-aminopyridinesensitive Ca2+ -independent transient outward K+ current
(Ito ) [103]. Indeed, cardiac APDs determine the refractory period of the heart and are precisely and tightly regulated. Excessive prolongation of the APD may predispose cardiac myocytes to early after-depolarizations and
life-threatening arrhythmias. Much evidence has shown
that various conditions, such as ischemia and HF, where
there is increased heterogeneity in cardiac repolarization
among different regions of the ventricles, are particularly susceptible to the occurrences of arrhythmias [104].
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Treatment with sEH inhibitors prevented the downregulation of Ito and APD prolongation which occurs postMI (Figure 2). In addition, a recent study demonstrated
that EETs can enhance the recovery of ventricular repolarization following ischemia by facilitating activation of
K+ channels and PKA-dependent signaling [26].

Future Directions
An increased sEH activity has been demonstrated in an
animal model of myocardial infarction, indicating that
sEH may play an important role in the progression of
postischemia remodeling. However, increased expression
level of this enzyme has not been directly detected in
the heart. Further studies to explore the mechanism by
which sEH activity is dysregulated in MI and possible
involvement of other organs such as liver and kidney
may help to shed new light on molecular defects in the
pathogenesis of myocardial failure. Moreover, In order to
definitively determine the best therapeutic utility for sEH
inhibitors, future studies to evaluate the potential interactions of sEH inhibitors with other pharmaceuticals seems
warranted. It has been shown that regulation of sEH
is intimately tied to the renin–angiotensin–aldosterone
system (RAAS) in animal models of hypertension and
cardiac hypertrophy. sEH inhibitors also synergize with
COX-2 inhibitors and other modulators of the arachidonic acid cascade to exert an antiinflammatory effect.
Thus, the combination of sEH inhibitors and angiotensin
converting enzyme inhibitors or COX inhibitors may provide optimal combination drug therapies with more favorable side effect profiles. Furthermore, to translate the
therapeutic utility of sEH inhibitors into clinical intervention in patient care, additional information is needed to
identify whether the observed beneficial effects can be
generalized to other animal models of HF, such as idiopathic dilated cardiomyopathy, drug-induced heart failure as well as large animal models, since heart failure is
a complex clinical syndrome with diverse etiology and a
wide array of pathophysiology.
Finally, other cardiolipins besides the ω-6 arachidonic acid metabolites may be relevant to cardiovascular
disease. For example, the ω-3 fatty acids eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) accumulate
in the heart [105] and the epoxides of EPA and DHA are
analogs of the EETs. In fact, DHA and EPA epoxides share
some of the vasoactive and antiinflammatory properties
of the EETs in vitro and in some cases have been shown
to be more potent [106–107]. DHA and EPA epoxides
are, in general, better substrates for sEH than the EETs
[Morisseau and Inceoglu, unpublished data], so it is possible that some cardioprotective effects of she inhibition
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is due to reduction in DHA and EPA epoxide metabolism
in the heart.
In summary, research over the past few years with
sEH inhibitors in animal models of cardiovascular
diseases has suggested that sEH inhibitors have therapeutic potential in a broad range of cardiovascular diseases. Although possible adverse side effects associated
with sEH inhibition or genetic deletion have been reported [108–109], the consistent data obtained from several laboratories employing animal models of cardiac hypertrophy and ischemia/reperfusion support the notion
that sEH inhibitors may represent a promising therapeutic target for combating detrimental cardiac remodeling
and HF.

Acknowledgments
This work was supported by the Department of Veteran Affairs Merit Review Grant and the National Institutes of Health Grants (HL85844, HL85727) to N.C.
Partial support was provided by NIEHS Grant R37
ES02710, the NIEHS Superfund Basic Research Program
(P42 ES04699), the NIEHS Center for Children’s Environmental Health & Disease Prevention (P01 ES11269)
and a Technology Translational Grant from UCDHS to
B.D.H. H.Q. is supported by an American Heart Association Postdoctoral Fellowship. T.R.H. is supported by NIH
T32 Training Grant in Basic and Translational Cardiovascular Science (T32 HL86350).

Conﬂict of Interest
NC and BDH have filed patents for the University of
California for soluble epoxide hydrolase (sEH) and cardiac hypertrophy therapy.

References
1. Rosamond W, Flegal K, Friday G, et al. Heart disease
and stroke statistics – 2007 update. A report from the
American Heart Association Statistics Committee and
Stroke Statistics Subcommittee. Circulation
2007;115:e69–e171.
2. Frey N, Olson EN. Cardiac hypertrophy: The good, the
bad, and the ugly. Annu Rev Physiol 2003;65:45–79.
3. Effects of enalapril on mortality in severe congestive
heart failure. Results of the Cooperative North
Scandinavian Enalapril Survival Study (CONSENSUS).
The CONSENSUS Trial Study Group. N Engl J Med
1987;316:1429–1435.
4. Mendez M, LaPointe MC. Trophic effects of the
cyclooxygenase-2 product prostaglandin E(2) in cardiac
myocytes. Hypertension 2002;39:382–388.

c 2010 Blackwell Publishing Ltd
Cardiovascular Therapeutics 29 (2011) 99–111 

Soluble Epoxide Hydrolase Inhibitors in Cardiovascular Diseases

5. Node K, Huo Y, Ruan X, et al. Anti-inflammatory
properties of cytochrome P450 epoxygenase-derived
eicosanoids. Science 1999;285:1276–1279.
6. Campbell WB, Gebremedhin D, Pratt PF, Harder DR.
Identification of epoxyeicosatrienoic acids as
endothelium-derived hyperpolarizing factors. Circ Res
1996;78:415–423.
7. Gauthier KM, Edwards EM, Falck JR, Reddy DS,
Campbell WB. 14,15-epoxyeicosatrienoic acid represents
a transferable endothelium-dependent relaxing factor in
bovine coronary arteries. Hypertension 2005;45:
666–671.
8. Rosolowsky M, Campbell WB. Role of PGI2 and
epoxyeicosatrienoic acids in relaxation of bovine
coronary arteries to arachidonic acid. Am J Physiol
1993;264:H327–H335.
9. Gebremedhin D, Harder DR, Pratt PF, Campbell WB.
Bioassay of an endothelium-derived hyperpolarizing
factor from bovine coronary arteries: Role of a
cytochrome P450 metabolite. J Vasc Res 1998;
35:274–284.
10. Fang X, Kaduce TL, Weintraub NL, VanRollins M,
Spector AA. Functional implications of a newly
characterized pathway of 11,12-epoxyeicosatrienoic acid
metabolism in arterial smooth muscle. Circ Res
1996;79:784–793.
11. Fang X, Kaduce TL, Weintraub NL, Spector AA.
Cytochrome P450 metabolites of arachidonic acid:
Rapid incorporation and hydration of
14,15-epoxyeicosatrienoic acid in arterial smooth
muscle cells. Prostaglandins Leukot Essent Fatty Acids
1997;57:367–371.
12. Eckman DM, Hopkins N, McBride C, Keef KD.
Endothelium-dependent relaxation and
hyperpolarization in guinea-pig coronary artery:
Role of epoxyeicosatrienoic acid. Br J Pharmacol
1998;124:181–189.
13. Inceoglu B, Schmelzer KR, Morisseau C, Jinks SL,
Hammock BD. Soluble epoxide hydrolase inhibition
reveals novel biological functions of epoxyeicosatrienoic
acids (EETs). Prostaglandins Other Lipid Mediat
2007;82:42–49.
14. Spiecker M, Liao JK. Vascular protective effects of
cytochrome p450 epoxygenase-derived eicosanoids.
Arch Biochem Biophys 2005;433:413–420.
15. Roman RJ. P-450 metabolites of arachidonic acid in the
control of cardiovascular function. Physiol Rev
2002;82:131–185.
16. Spiecker M, Darius H, Hankeln T, et al. Risk of coronary
artery disease associated with polymorphism of the
cytochrome P450 epoxygenase CYP2J2. Circulation
2004;110:2132–2136.
17. Seubert J, Yang B, Bradbury JA, et al. Enhanced
postischemic functional recovery in CYP2J2 transgenic
hearts involves mitochondrial ATP-sensitive K+

107

Soluble Epoxide Hydrolase Inhibitors in Cardiovascular Diseases

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

108

channels and p42/p44 MAPK pathway. Circ Res
2004;95:506–514.
Zhang Y, El-Sikhry H, Chaudhary KR, et al.
Overexpression of CYP2J2 provides protection against
doxorubicin-induced cardiotoxicity. Am J Physiol Heart
Circ Physiol 2009;297:H37–H46.
Yu Z, Xu F, Huse LM, et al. Soluble epoxide hydrolase
regulates hydrolysis of vasoactive epoxyeicosatrienoic
acids. Circ Res 2000;87:992–998.
Marino JP, Jr. Soluble epoxide hydrolase, a target with
multiple opportunities for cardiovascular drug discovery.
Curr Top Med Chem 2009;9:452–463.
Gross GJ, Nithipatikom K. Soluble epoxide hydrolase: A
new target for cardioprotection. Curr Opin Investig Drugs
2009;10:253–258.
Chiamvimonvat N, Ho CM, Tsai HJ, Hammock BD. The
soluble epoxide hydrolase as a pharmaceutical target for
hypertension. J Cardiovasc Pharmacol 2007;50:225–237.
Imig JD. Cardiovascular therapeutic aspects of soluble
epoxide hydrolase inhibitors. Cardiovasc Drug Rev
2006;24:169–188.
Larsen BT, Gutterman DD, Hatoum OA. Emerging role
of epoxyeicosatrienoic acids in coronary vascular
function. Eur J Clin Invest 2006;36:293–300.
Ai D, Pang W, Li N, et al. Soluble epoxide hydrolase
plays an essential role in angiotensin II-induced cardiac
hypertrophy. Proc Natl Acad Sci U S A 2009;106:564–569.
Batchu SN, Law E, Brocks DR, Falck JR, Seubert JM.
Epoxyeicosatrienoic acid prevents postischemic
electrocardiogram abnormalities in an isolated heart
model. J Mol Cell Cardiol 2009;46:67–74.
Motoki A, Merkel MJ, Packwood WH, et al. Soluble
epoxide hydrolase inhibition and gene deletion are
protective against myocardial ischemia-reperfusion
injury in vivo. Am J Physiol Heart Circ Physiol
2008;295:H2128–H2134.
Ulu A, Davis BB, Tsai HJ, et al. Soluble epoxide
hydrolase inhibitors reduce the development of
atherosclerosis in apolipoprotein e-knockout mouse
model. J Cardiovasc Pharmacol 2008;52:314–323.
Li J, Carroll MA, Chander PN, Falck JR, Sangras B, Stier
CT. Soluble epoxide hydrolase inhibitor, AUDA,
prevents early salt-sensitive hypertension. Front Biosci
2008;13:3480–3487.
Gross GJ, Gauthier KM, Moore J, Falck JR, Hammock
BD, Campbell WB, Nithipatikom K. Effects of the
selective EET antagonist, 14,15-EEZE, on
cardioprotection produced by exogenous or endogenous
EETs in the canine heart. Am J Physiol Heart Circ Physiol
2008;294:H2838–H2844.
Seubert JM, Sinal CJ, Graves J, et al. Role of soluble
epoxide hydrolase in postischemic recovery of heart
contractile function. Circ Res 2006;99:442–450.
Imig JD, Zhao X, Capdevila JH, Morisseau C, Hammock
BD. Soluble epoxide hydrolase inhibition lowers arterial

H. Qiu et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

blood pressure in angiotensin II hypertension.
Hypertension 2002;39:690–694.
Xu D, Li N, He Y, et al. Prevention and reversal of cardiac
hypertrophy by soluble epoxide hydrolase inhibitors.
Proc Natl Acad Sci U S A 2006;103:18733–18738.
Li N, Liu JY, Timofeyev V, et al. Beneficial
effects of soluble epoxide hydrolase inhibitors in
myocardial infarction model: Insight gained using
metabolomic approaches. J Mol Cell Cardiol
2009;47:835–845.
Morisseau C, Hammock BD. Epoxide hydrolases:
Mechanisms, inhibitor designs, and biological roles.
Annu Rev Pharmacol Toxicol 2005;45:311–333.
Oesch F, Schladt L, Hartmann R, Timms C, Worner W.
Rat cytosolic epoxide hydrolase. Adv Exp Med Biol
1986;197:195–201.
Morisseau C, Hammock BD. Gerry Brooks and epoxide
hydrolases: Four decades to a pharmaceutical. Pest
Manag Sci 2008;64:594–609.
Beetham JK, Tian T, Hammock BD. cDNA cloning and
expression of a soluble epoxide hydrolase from human
liver. Arch Biochem Biophys 1993;305:197–201.
Newman JW, Morisseau C, Hammock BD. Epoxide
hydrolases: Their roles and interactions with lipid
metabolism. Prog Lipid Res 2005;44:1–51.
Beetham JK, Grant D, Arand M, et al. Gene evolution of
epoxide hydrolases and recommended nomenclature.
DNA Cell Biol 1995;14:61–71.
Cronin A, Mowbray S, Durk H, et al. The N-terminal
domain of mammalian soluble epoxide hydrolase is
a phosphatase. Proc Natl Acad Sci U S A 2003;100:
1552–1557.
Decker M, Arand M, Cronin A. Mammalian epoxide
hydrolases in xenobiotic metabolism and signalling.
Arch Toxicol 2009;83:297–318.
Argiriadi MA, Morisseau C, Hammock BD, Christianson
DW. Detoxification of environmental mutagens and
carcinogens: Structure, mechanism, and evolution of
liver epoxide hydrolase. Proc Natl Acad Sci U S A
1999;96:10637–10642.
Gomez GA, Morisseau C, Hammock BD, Christianson
DW. Structure of human epoxide hydrolase reveals
mechanistic inferences on bifunctional catalysis in
epoxide and phosphate ester hydrolysis. Biochemistry
2004;43:4716–4723.
Borhan B, Jones AD, Pinot F, Grant DF, Kurth MJ,
Hammock BD. Mechanism of soluble epoxide hydrolase.
Formation of an alpha-hydroxy ester-enzyme
intermediate through Asp-333. J Biol Chem
1995;270:26923–26930.
Sandberg M, Meijer J. Structural characterization
of the human soluble epoxide hydrolase gene (EPHX2).
Biochem Biophys Res Commun 1996;221:333–339.
Hammock BD, Ota K. Differential induction of cytosolic
epoxide hydrolase, microsomal epoxide hydrolase, and

c 2010 Blackwell Publishing Ltd
Cardiovascular Therapeutics 29 (2011) 99–111 

H. Qiu et al.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

glutathione S-transferase activities. Toxicol Appl
Pharmacol 1983;71:254–265.
Pinot F, Grant DF, Spearow JL, Parker AG, Hammock
BD. Differential regulation of soluble epoxide hydrolase
by clofibrate and sexual hormones in the liver and
kidneys of mice. Biochem Pharmacol 1995;50:501–508.
Tanaka H, Kamita SG, Wolf NM, Harris TR, Wu Z,
Morisseau C, Hammock BD. Transcriptional regulation
of the human soluble epoxide hydrolase gene EPHX2.
Biochim Biophys Acta 2008;1779:17–27.
Denlinger CL, Vesell ES. Hormonal regulation of the
developmental pattern of epoxide hydrolases. Studies
in rat liver. Biochem Pharmacol 1989;38:603–610.
Inoue N, Fujiwara K, Iwata T, Imai K, Aimoto T.
Involvement of pituitary hormone in the sex-related
regulation of hepatic epoxide hydrolase activity in mice.
Biol Pharm Bull 1995;18:536–539.
Inoue N, Yamada K, Imai K, Aimoto T. Sex hormonerelated control of hepatic epoxide hydrolase activities in
mice. Biol Pharm Bull 1993;16:1004–1007.
Kaur S, Gill SS. Age-related changes in the activities of
epoxide hydrolases in different tissues of mice. Drug
Metab Dispos 1985;13:711–715.
Monti J, Fischer J, Paskas S, et al. Soluble epoxide
hydrolase is a susceptibility factor for heart failure in a
rat model of human disease. Nat Genet 2008;40:529–537.
Sinal CJ, Miyata M, Tohkin M, Nagata K, Bend JR,
Gonzalez FJ. Targeted disruption of soluble epoxide
hydrolase reveals a role in blood pressure regulation.
J Biol Chem 2000;275:40504–40510.
Luria A, Weldon SM, Kabcenell AK, et al.
Compensatory mechanism for homeostatic blood
pressure regulation in Ephx2 gene-disrupted mice. J Biol
Chem 2007;282:2891–2898.
Sandberg M, Hassett C, Adman ET, Meijer J, Omiecinski
CJ. Identification and functional characterization of
human soluble epoxide hydrolase genetic
polymorphisms. J Biol Chem 2000;275:28873–28881.
Saito S, Iida A, Sekine A, Eguchi C, Miura Y, Nakamura
Y. Seventy genetic variations in human microsomal and
soluble epoxide hydrolase genes (EPHX1 and EPHX2) in
the Japanese population. J Hum Genet 2001;46:
325–329.
Przybyla-Zawislak BD, Srivastava PK, Vazquez-Matias J,
et al. Polymorphisms in human soluble epoxide
hydrolase. Mol Pharmacol 2003;64:482–490.
Lee CR, North KE, Bray MS, et al. Genetic variation in
soluble epoxide hydrolase (EPHX2) and risk of coronary
heart disease: The Atherosclerosis Risk in Communities
(ARIC) study. Hum Mol Genet 2006;15:1640–1649.
Fornage M, Hinojos CA, Nurowska BW, Boerwinkle E,
Hammock BD, Morisseau CH, Doris PA. Polymorphism
in soluble epoxide hydrolase and blood pressure in
spontaneously hypertensive rats. Hypertension
2002;40:485–490.

c 2010 Blackwell Publishing Ltd
Cardiovascular Therapeutics 29 (2011) 99–111 

Soluble Epoxide Hydrolase Inhibitors in Cardiovascular Diseases

62. Corenblum MJ, Wise VE, Georgi K, Hammock BD, Doris
PA, Fornage M. Altered soluble epoxide hydrolase gene
expression and function and vascular disease risk in the
stroke-prone spontaneously hypertensive rat.
Hypertension 2008;51:567–573.
63. Morisseau C, Du G, Newman JW, Hammock BD.
Mechanism of mammalian soluble epoxide hydrolase
inhibition by chalcone oxide derivatives. Arch Biochem
Biophys 1998;356:214–228.
64. Magdalou J, Hammock BD. 1,2-Epoxycycloalkanes:
Substrates and inhibitors of microsomal and cytosolic
epoxide hydrolases in mouse liver. Biochem Pharmacol
1988;37:2717–2722.
65. Morisseau C, Goodrow MH, Dowdy D, Zheng J, Greene
JF, Sanborn JR, Hammock BD. Potent urea and
carbamate inhibitors of soluble epoxide hydrolases.
Proc Natl Acad Sci U S A 1999;96:8849–8854.
66. Morisseau C, Goodrow MH, Newman JW, Wheelock
CE, Dowdy DL, Hammock BD. Structural refinement of
inhibitors of urea-based soluble epoxide hydrolases.
Biochem Pharmacol 2002;63:1599–1608.
67. Argiriadi MA, Morisseau C, Goodrow MH, Dowdy DL,
Hammock BD, Christianson DW. Binding of alkylurea
inhibitors to epoxide hydrolase implicates active site
tyrosines in substrate activation. J Biol Chem
2000;275:15265–15270.
68. Nakagawa Y, Wheelock CE, Morisseau C, Goodrow MH,
Hammock BG, Hammock BD. 3-D QSAR analysis of
inhibition of murine soluble epoxide hydrolase (MsEH)
by benzoylureas, arylureas, and their analogues. Bioorg
Med Chem 2000;8:2663–2673.
69. McElroy NR, Jurs PC, Morisseau C, Hammock BD.
QSAR and classification of murine and human soluble
epoxide hydrolase inhibition by urea-like compounds.
J Med Chem 2003;46:1066–1080.
70. Kim IH, Morisseau C, Watanabe T, Hammock BD.
Design, synthesis, and biological activity of
1,3-disubstituted ureas as potent inhibitors of the
soluble epoxide hydrolase of increased water solubility.
J Med Chem 2004;47:2110–2122.
71. Kim IH, Heirtzler FR, Morisseau C, Nishi K, Tsai HJ,
Hammock BD. Optimization of amide-based inhibitors
of soluble epoxide hydrolase with improved water
solubility. J Med Chem 2005;48:3621–3629.
72. Hwang SH, Tsai HJ, Liu JY, Morisseau C, Hammock BD.
Orally bioavailable potent soluble epoxide hydrolase
inhibitors. J Med Chem 2007;50:3825–3840.
73. Jones PD, Tsai HJ, Do ZN, Morisseau C, Hammock BD.
Synthesis and SAR of conformationally restricted
inhibitors of soluble epoxide hydrolase. Bioorg Med Chem
Lett 2006;16:5212–5216.
74. Harris TR, Li N, Chiamvimonvat N, Hammock BD. The
potential of soluble epoxide hydrolase inhibition in the
treatment of cardiac hypertrophy. Congest Heart Fail
2008;14:219–224.

109

Soluble Epoxide Hydrolase Inhibitors in Cardiovascular Diseases

75. Liu JY, Tsai HJ, Hwang SH, Jones PD, Morisseau C,
Hammock BD. Pharmacokinetic optimization of four
soluble epoxide hydrolase inhibitors for use in a
murine model of inflammation. Br J Pharmacol
2009;156:284–296.
76. Zhao X, Yamamoto T, Newman JW, et al. Soluble
epoxide hydrolase inhibition protects the kidney from
hypertension-induced damage. J Am Soc Nephrol
2004;15:1244–1253.
77. Imig JD, Zhao X, Zaharis CZ, et al. An Orally Active
Epoxide Hydrolase Inhibitor Lowers Blood Pressure
and Provides Renal Protection in Salt-Sensitive
Hypertension. Hypertension 2005;46:975–981.
78. Jung O, Brandes RP, Kim IH, et al. Soluble epoxide
hydrolase is a main effector of angiotensin II-induced
hypertension. Hypertension 2005;45:759–765.
79. Shen HC, Ding FX, Deng Q, et al. Discovery of
3,3-disubstituted piperidine-derived trisubstituted ureas
as highly potent soluble epoxide hydrolase inhibitors.
Bioorg Med Chem Lett 2009;19:5314–5320.
80. Shen HC, Ding FX, Wang S, et al. Discovery of
spirocyclic secondary amine-derived tertiary ureas as
highly potent, selective and bioavailable soluble
epoxide hydrolase inhibitors. Bioorg Med Chem Lett
2009;19:3398–3404.
81. Zhang LN, Vincelette J, Cheng Y, et al. Inhibition of
soluble epoxide hydrolase attenuated atherosclerosis,
abdominal aortic aneurysm formation, and dyslipidemia.
Arterioscler Thromb Vasc Biol 2009;29:1265–1270.
82. Tang X, Holmes BB, Nithipatikom K, Hillard CJ, Kuhn
H, Campbell WB. Reticulocyte 15-lipoxygenase-I is
important in acetylcholine-induced endotheliumdependent vasorelaxation in rabbit aorta. Arterioscler
Thromb Vasc Biol 2006;26:78–84.
83. Yang B, Graham L, Dikalov S, Mason RP, Falck JR, Liao
JK, Zeldin DC. Overexpression of cytochrome P450
CYP2J2 protects against hypoxia-reoxygenation injury
in cultured bovine aortic endothelial cells. Mol Pharmacol
2001;60:310–320.
84. Nithipatikom K, Moore JM, Isbell MA, Falck JR, Gross
GJ. Epoxyeicosatrienoic acids in cardioprotection:
Ischemic versus reperfusion injury. Am J Physiol Heart
Circ Physiol 2006;291:H537–H542.
85. Karin M. The beginning of the end: IkappaB kinase
(IKK) and NF-kappaB activation. J Biol Chem
1999;274:27339–27342.
86. Karin M. How NF-kappaB is activated: The role of
the IkappaB kinase (IKK) complex. Oncogene
1999;18:6867–6874.
87. Rothwarf DM, Karin M. The NF-kappa B activation
pathway: A paradigm in information transfer from
membrane to nucleus. Sci STK 1999;1999:RE1.
88. Campbell WB. New role for epoxyeicosatrienoic acids as
anti-inflammatory mediators. Trends Pharmacol Sci
2000;21:125–127.

110

H. Qiu et al.

89. Nichols TC. NF-kappaB and reperfusion injury. Drug
News Perspect 2004;17:99–104.
90. Hall G, Hasday JD, Rogers TB. Regulating the regulator:
NF-kappaB signaling in heart. J Mol Cell Cardiol
2006;41:580–591.
91. Purcell NH, Molkentin JD. Is nuclear factor
kappaB an attractive therapeutic target for treating
cardiac hypertrophy? Circulation 2003;108:
638–640.
92. Freund C, Schmidt-Ullrich R, Baurand A, et al.
Requirement of nuclear factor-kappaB in angiotensin IIand isoproterenol-induced cardiac hypertrophy in vivo.
Circulation 2005;111:2319–2325.
93. Sarman B, Skoumal R, Leskinen H, et al. Nuclear
factor-kappaB signaling contributes to severe, but not
moderate, angiotensin II-induced left ventricular
remodeling. J Hypertens 2007;25:1927–1939.
94. Satoh M, Minami Y, Takahashi Y, Nakamura M.
Immune modulation: Role of the inflammatory cytokine
cascade in the failing human heart. Curr Heart Fail Rep
2008;5:69–74.
95. Sekiguchi K, Li X, Coker M, Flesch M, Barger PM,
Sivasubramanian N, Mann DL. Cross-regulation
between the renin-angiotensin system and
inflammatory mediators in cardiac hypertrophy
and failure. Cardiovasc Res 2004;63:433–442.
96. Schmelzer KR, Inceoglu B, Kubala L, Kim IH, Jinks SL,
Eiserich JP, Hammock BD. Enhancement of
antinociception by coadministration of nonsteroidal
anti-inflammatory drugs and soluble epoxide
hydrolase inhibitors. Proc Natl Acad Sci U S A
2006;103:13646–13651.
97. Schmelzer KR, Kubala L, Newman JW, Kim IH, Eiserich
JP, Hammock BD. Soluble epoxide hydrolase is a
therapeutic target for acute inflammation. Proc Natl Acad
Sci U S A 2005;102:9772–9777.
98. Dhanasekaran A, Gruenloh SK, Buonaccorsi JN, et al.
Multiple antiapoptotic targets of the PI3K/Akt survival
pathway are activated by epoxyeicosatrienoic acids to
protect cardiomyocytes from hypoxia/anoxia. Am J
Physiol Heart Circ Physiol 2008;294:H724–H735.
99. Yamada S, Kane GC, Behfar A, et al. Protection
conferred by myocardial ATP-sensitive K+ channels in
pressure overload-induced congestive heart failure
revealed in KCNJ11 Kir6.2-null mutant. J Physiol
2006;577:1053–1065.
100. Xu W, Liu Y, Wang S, McDonald T, Van Eyk JE, Sidor A,
O’Rourke B. Cytoprotective role of Ca2+ - activated K+
channels in the cardiac inner mitochondrial membrane.
Science 2002;298:1029–1033.
101. Gross GJ, Fryer RM. Sarcolemmal versus mitochondrial
ATP-sensitive K+ channels and myocardial
preconditioning. Circ Res 1999;84:973–979.
102. Hanley PJ, Daut J. K(ATP) channels and
preconditioning: A re-examination of the role of

c 2010 Blackwell Publishing Ltd
Cardiovascular Therapeutics 29 (2011) 99–111 

H. Qiu et al.

103.

104.

105.

106.

mitochondrial K(ATP) channels and an overview of
alternative mechanisms. J Mol Cell Cardiol 2005;
39:17–50.
Nabauer M, Kaab S. Potassium channel downregulation in heart failure. Cardiovasc Res 1998;37:
324–334.
Eisner DA, Dibb KM, Trafford AW. The mechanism and
significance of the slow changes of ventricular action
potential duration following a change of heart rate.
Exp Physiol 2009;94:520–528.
Owen AJ, Peter-Przyborowska BA, Hoy AJ, McLennan
PL. Dietary fish oil dose- and time-response effects on
cardiac phospholipid fatty acid composition. Lipids
2004;39:955–961.
VanRollins M. Epoxygenase metabolites of
docosahexaenoic and eicosapentaenoic acids inhibit
platelet aggregation at concentrations below those

c 2010 Blackwell Publishing Ltd
Cardiovascular Therapeutics 29 (2011) 99–111 

Soluble Epoxide Hydrolase Inhibitors in Cardiovascular Diseases

affecting thromboxane synthesis. J Pharmacol Exp Ther
1995;274:798–804.
107. Ye D, Zhang D, Oltman C, Dellsperger K, Lee HC,
VanRollins M. Cytochrome p-450 epoxygenase
metabolites of docosahexaenoate potently dilate
coronary arterioles by activating large-conductance
calcium-activated potassium channels. J Pharmacol Exp
Ther 2002;303:768–776.
108. Pokreisz P, Fleming I, Kiss L, et al. Cytochrome P450
epoxygenase gene function in hypoxic pulmonary
vasoconstriction and pulmonary vascular remodeling.
Hypertension 2006;47:762–770.
109. Hutchens MP, Nakano T, Dunlap J, Traystman RJ, Hurn
PD, Alkayed NJ. Soluble epoxide hydrolase gene
deletion reduces survival after cardiac arrest and
cardiopulmonary resuscitation. Resuscitation
2008;76:89–94.

111

