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Use of Metabolomic Profiling in the Study of Arachidonic Acid
Metabolism in Cardiovascular Disease

A rachidonic acid is a polyunsatu-
rated omega-6 fatty acid that is

released in response to tissue injury. Ara-
chidonic acid represents one of the piv-
otal signaling molecules involved in the
initiation and propagation of diverse sig-
naling cascades regulating inflammation,
pain, and homeostatic function. Drugs
developed to target these signaling
pathways represent >25% of annual
pharmaceutical sales worldwide. Arachi-
donic acid is metabolized through 3
enzymatic pathways. The cyclooxy-
genase (COX) pathway produces pro-
stanoids. The lipoxygenase (LOX)
pathway yields monohydroxy com-
pounds and leukotrienes, while the cyto-
chrome P450 (CYP450) epoxygenase
pathway generates hydroxy and epoxyei-
cosanoids. This group of lipid mediators,
which are derived from the 20-carbon
atom arachidonic acid or similar fatty
acids, is collectively referred to as eicosa-
noids (‘‘eicosa’’ means 20 in Greek). A
schematic metabolic pathway of arachi-
donic acid is shown in the Figure. There
is mounting evidence that some of these
metabolic products play critical roles in
cardiovascular (CV) disease.

CV disease remains one of the leading
causes of death in Western societies.1

Cardiac failure is the final consequence
of a variety of etiologies including coro-
nary heart disease, myocardial infarction
(MI), hypertension, arrhythmia, viral
myocarditis, and genetic cardiomyopa-
thies. Once heart failure (HF) develops,
the condition is for the most part irre-
versible. Although considerable progress
has been made in the pharmacologic
and device management of HF in recent

decades, the mortality in HF patients
remains significant. Moreover, the
incidence and prevalence of cardiac
failure are increasing as the population
ages.2

Recently, our laboratories have taken
advantage of a new technique of meta-
bolomic profiling using liquid chroma-
tography-tandem mass spectrometry
(LC-MS ⁄MS) to elucidate the contribu-
tion of arachidonic acid metabolism in
CV diseases. Metabolomics is a promis-
ing approach that has been used widely
as a powerful tool in disease diagnosis,3

biomarker discovery,4 toxicity evalua-
tion,5 gene function,6 and pharmaco-
logic research.7,8 In this review, we will
provide examples of the use of meta-
bolomic profiling in our 2 recent studies.
Liu and colleagues9 used a broad meta-
bolomics approach to quantify the repre-
sentative oxylipin mediators derived
from arachidonic and linoleic acids
mediated by COXs, LOXs, and
CYP450s. Oxylipins are oxygenated lip-
ids, and one of the most biologically
important groups of oxylipins is the

eicosanoid family. Specifically, Liu and
colleagues applied metabolomic profiling
in a murine model and identified a link
between the administration of rofecoxib
(Vioxx) and adverse CV events. They
found a significant increase in 20-hy-
droxyeicosatetraenoic acid (20-HETE),
a potent vasoconstrictor and the culprit
for increasing risk for MI and stroke.
This mechanism may be shared among
other nonaspirin nonsteroidal anti-
inflammatory drugs (NSAIDs). In the
second instance, Li and colleagues, using
a similar approach, demonstrated the
beneficial effects of increasing epoxyei-
cosatrienoic acid (EETs) levels and
the EETs ⁄dihydroxyeicosatrienoic acids
(DHETs) ratio by application of soluble
epoxide hydrolase (sEH) inhibitors in a
murine MI model.

20-Hydroxyeicosatetraenoic
Acid
Rofecoxib is a potent, orally active, and
selective COX-2 inhibitor that was pre-
viously approved by the US Food and
Drug Administration to treat a wide
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variety of pain ranging from arthritis,
dysmenorrhea, and migraine. However,
rofecoxib was withdrawn voluntarily
from the worldwide market in 2004
because it was found to be associated
with a higher risk for adverse CV events
and stroke in arthritic patients compared
with those on the control naproxen.10,11

This resulted in lawsuits involving an
almost $5 billion settlement.12 In addi-
tion, high doses of other coxibs such as
valdecoxib and celecoxib are also associ-
ated with adverse CV events.

The current theory on the possible
mechanisms responsible for the observed
adverse effects of rofecoxib is that rofec-
oxib reduces the production of prostacy-
clin I2, an inhibitor of platelet
aggregation (PGI2) (Figure). This results
in an increase in platelet aggregation
and may predispose patients to adverse
CV events including MI or stroke. On
the other hand, it has long been known
that NSAIDs inhibit the production of
the potent platelet activator thrombox-
ane (TX) A2,13,14 so these agents may
have thrombolytic activities. Hence,
one might expect that conventional
NSAIDs are ‘‘neutral’’ or even benefi-
cial to the CV system. However, a

significantly increased risk for CV dis-
eases such as MI, hypertension, and HF
has been observed to be associated with
the administration of some of the nonas-
pirin NSAIDs, including but not limited
to diclofenac, ibuprofen, naproxen, and
indomethacin.15 Thus, the current
hypothesis provides an incomplete
explanation for the observed adverse
CV events associated with the use of
NSAIDs. We reason that this may result
from the fact that the dominant theory
is based on monitoring only a few ara-
chidonate metabolites. To evaluate the
risks and benefits of selective COX-2
inhibitors and to develop safe coxibs or
adjuvants to improve the safety of exist-
ing coxibs, it is critical to understand
the possible interactions among different
arachidonic acid metabolic pathways.

We used a murine model that was
administered with rofecoxib for a period
of 3 months. In this model, there was a
dramatic decrease in bleeding time,
which reflected an increase in platelet
aggregability. Increased platelet aggrega-
bility has been associated with the path-
ogenesis of MI and stroke.16–19 The
quantitative levels of 27 oxylipin media-
tors of the plasma from treated animals

were determined using metabolomic
profiling. There was a >120-fold incre-
ase in the plasma concentration of 20-
HETE in the mice treated with
rofecoxib. Moreover, a direct infusion of
20-HETE in mice also resulted in short-
ened bleeding time. Taken together, our
data may provide a link between the use
of rofecoxib and related compounds and
the reported adverse CV events. This
hypothesis suggests 20-HETE as a bio-
marker for CV risk from coxibs as well
as possible strategies for attenuation of
their adverse effects. For example, we
predict that inhibition or down-regula-
tion of CYP4A and or CYP4F may
ablate the CV events of coxibs. In addi-
tion, this study exemplifies the use of
metabolomic profiling as a promising
tool to gain a more comprehensive
understanding of biologic processes.

Epoxyeicosatrienoic Acids
The CYP450 epoxygenase products, the
epoxyeicosanoids, also known as EETs,
are major anti-inflammatory arachidonic
acid metabolites with a variety of bio-
logic effects.20 There is growing evi-
dence supporting the notion that EETs
and other epoxy and diol fatty acids play
a significant protective role in the CV
system. EETs have been identified as
potential endothelium-derived hyperpo-
larizing factors (EDHFs).21,22 Major roles
of EETs include modulation of both
blood pressure and inflammatory signal-
ing cascades. EETs are also associated
with a number of other physiologic
functions, including modulation of ion
channel activity, angiogenesis, cell pro-
liferation, vascular smooth muscle cell
migration, leukocyte adhesion, platelet
aggregation and thrombolysis, and neu-
rohormone release.23,24 It has been pro-
posed that diminished production or
concentration of EETs contributes to
CV disorders.25 A polymorphism of the
human CYP2J2 gene, which is highly
expressed in heart and active in the bio-
synthesis of EETs, encodes variants with
reduced catalytic activity and is inde-
pendently associated with an increased
risk of coronary artery disease.26 Trans-
genic mice with cardiomyocyte-specific
over-expression of human CYP2J2
demonstrate enhanced post-ischemic

Figure. Diagram illustrating the metabolic pathways for arachidonic acid and linoleic acid.
Arachidonic acid ismetabolized through3enzymatic pathways.Thecyclooxygenase (COX)
pathway produces prostanoids. The lipoxygenase (LOX) pathway yields monohydroxy
compounds and leukotrienes, while the cytochrome P450 (CYP) epoxygenase pathway
generates hydroxy and epoxyeicosanoids. See text for acronym expansions.
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functional recovery27 and significant
protection against doxorubicin-induced
cardiotoxicity.28 As the protective role
of EETs in CV biology has been increas-
ingly 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 enzyme soluble epoxide hydrolase
(sEH). sEH converts EETs to their cor-
responding diols, dihydroxyeicosatrie-
noic acids (DHETs), thus modifying the
function of these oxylipins.29 Over the
past few years, sEH has gained consider-
able attention as a therapeutic target for
CV diseases.30–33 Pharmacologic inhibi-
tion of sEH has emerged as an intriguing
approach to enhance the bioavailability
of EETs and EET-mediated CV protec-
tive effects.29,34–42 The beneficial effects
of several potent, orally available sEH
inhibitors (sEHIs) in the prevention and
reversal of cardiac remodeling due to
maladaptive hypertrophy and myocar-
dial ischemia ⁄ reperfusion have been
demonstrated in several studies, includ-
ing those from our laboratory.37,40,43,44

Specifically, we tested the effects of sE-
HIs on prevention and reversal of cardiac
hypertrophy and post-ischemia remodel-
ing, which are among the most common
causes that lead to heart failure. We dem-
onstrated that sEHIs can prevent the
development of pressure-induced cardiac
hypertrophy using a murine model of
thoracic aortic constriction (TAC).43 In
addition, sEHIs reversed the pre-estab-
lished cardiac hypertrophy caused by
chronic pressure overload, in which a
high level of expression of sEH in mouse
atrial and ventricular myocytes was docu-
mented.43 Recently, our laboratory has
also demonstrated the beneficial effects
of sEHIs on the progression of cardiac
remodeling using a clinically relevant
murine model of MI.44

Using LC-MS ⁄MS–based techniques,
we documented a significant decrease in
the EETs ⁄DHETs ratio in an MI model
indicating increased sEH activity, which
may play a role in the progression of
post-ischemia remodeling.44 Treatment
with sEHIs resulted in the normalization

of the EETs ⁄DHETs ratio and a reduc-
tion in post-ischemia LV remodeling.44

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.44 Additionally, the
normalization of the EET ⁄DHET ratios
by sEHIs results in a reversal of the
elevated cytokine levels in the MI
model. Persistent inflammation involving
increased levels of inflammatory cyto-
kines plays a potential pathogenic role
in the progression of LV dysfunction
and remodeling in HF.45,46 The sEHIs
appear to change the pattern of inflam-
matory mediators from a state that pro-
motes the propagation of inflammation
toward one promoting resolution.

sEH has been shown to be expressed
in cardiomyocytes.37 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 maladap-
tive hypertrophy.35 Finally, recent
human epidemiologic studies have iden-
tified associations between variations in
EET metabolic pathway genes and
increased CV risk. A polymorphism
leading to reduced gene activity of
CYP2J2 is associated with an increased
risk of coronary artery disease,26 and
EPHX2 has also been identified as a sus-
ceptibility factor for HF.47 Taken
together, these findings suggest that
increased sEH activity and reduced bio-
availability of EETs may play a signifi-
cant role in the pathogenesis of HF.

Interestingly, sEHIs have been shown
to indirectly downregulate the expres-
sion of COX-2 and synergize with
NSAIDs toward the reduction of inflam-
mation.48,49 This suggests that these
drug combinations (NSAIDs and sEHIs)
may produce a beneficial anti-inflamma-
tory effect while reducing the required
dose of COX-2 inhibitors, thus avoiding
the adverse CV side effects attributed to
COX-2 inhibitors.

Future Directions
Both studies on 20-HETE and EETs
demonstrate the use of metabolomic

profiling as a promising tool to gain a
comprehensive understanding of the
biologic processes. Increased sEH activ-
ity has been demonstrated in an animal
model of MI, supporting the notion that
sEH may play an important role in the
progression of post-ischemia 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 possi-
ble involvement of other organs such as
liver and kidney may help to shed new
light on the molecular defects in the
pathogenesis of myocardial failure.
Moreover, in order to definitively deter-
mine the best therapeutic utility for
sEHIs, future studies to evaluate the
potential interactions of sEHIs with
other pharmaceuticals are warranted. It
has been shown that regulation of sEH
is intimately tied to the renin-angio-
tensin-aldosterone system in animal
models of hypertension and cardiac
hypertrophy. sEHIs also synergize with
COX-2 inhibitors and other modulators
of the arachidonic acid cascade to exert
anti-inflammatory effects. Thus, the
combination of sEHIs and angiotensin-
converting enzyme inhibitors or COX
inhibitors may provide powerful combi-
nation drug therapies with favorable side
effect profiles. Since HF is a complex
clinical syndrome with diverse etiology
and a wide array of pathophysiology, in
order to translate the observed beneficial
effects of sEHIs into clinical interven-
tion in patient care, additional informa-
tion is needed to identify whether the
observed beneficial effects can be gener-
alized to other causes of HF, such as idi-
opathic dilated cardiomyopathy and
drug-induced HF.

HF and its comorbidities represent a
major market and one of the paths to
the clinic for sEHI that is best supported
by mechanism, animal studies, and
human data. However, the length, high
cost, and high risk of clinical trials for
HF make this path unattractive to many
pharmaceutical companies. Investiga-
tional new drug status for an sEHI could
permit investigator-initiated clinical tri-
als to address this problem. Finally, other
oxylipins apart from the x-6 arachidonic
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acid metabolites may be relevant in CV
disease. For example, the x-3 fatty acids
eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA) accumulate in
the heart50 and the epoxides of EPA
and DHA are analogs of the EETs. In
fact, DHA and EPA epoxides share
some of the vasoactive and anti-inflam-
matory effects of the EETs in vitro and
in some cases have been shown to be
more potent.51,52 DHA and EPA epox-
ides are, in general, better substrates for
sEH than the EETs,53 so it is possible
that some of the cardioprotective effects
of sEH inhibition are due to reduction
in DHA and EPA epoxide metabolism
in the heart. Intervention studies with
x-3 lipids could test the hypothesis that
these natural products have a protective
effect on cardiac hypertrophy.

In summary, metabolomic profiling
has been shown to not only identify a
potential marker of risk or effect of
rofecoxib and possibly other drugs, but

also to demonstrate paths to mitigate
the risk of these valuable pharmaceuti-
cals. In addition, metabolomic profiling
expanded our knowledge of the role of
eicosanoids in the progression of cardiac
hypertrophy. This knowledge from pro-
filing pointed to inhibitors of the sEH as
possible therapeutic agents for the pre-
vention or even treatment of this and
other CV diseases. During the past few
years, the use of sEHIs in animal models
have demonstrated that sEHI have
therapeutic potential in a broad range
of cardiac diseases, many of which
are comorbidities with hypertrophy.
Although possible side effects associated
with the inhibition or genetic deletion
of sEH have been reported,54,55 the data
obtained from several laboratories
employing animal models of cardiac
hypertrophy and ischemia ⁄ reperfusion
support the notion that sEHIs and possi-
bly EET mimics represent promising
therapeutic targets for combating detri-

mental cardiac remodeling, HF, and
related diseases.

Acknowledgments and disclos-
ures: 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 Chil-
dren’s Environmental Health & Disease
Prevention (P01 ES11269), and a Tech-
nology Translational grant from UCDHS
to B.D.H. H.Q. is supported by an Ameri-
can Heart Association Western States
Affiliate postdoctoral fellowship. T.R.H. is
supported by NIH T32 training grant in
basic and translational cardiovascular sci-
ence (T32 HL86350). B.D.H. is a George
and Judy Marcus Fellow of the American
Asthma Society. P.S. is supported by an
American Heart Association Western
States Affiliate predoctoral fellowship. All
other authors have nothing to disclose.

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. 2006;113:e85–
E151.

2 Frey N, Olson EN. Cardiac hypertrophy: the
good, the bad, and the ugly. Annu Rev
Physiol. 2003;65:45–79.

3 Brindle JT, Antti H, Holmes E, et al. Rapid and
noninvasive diagnosis of the presence and
severity of coronary heart disease using 1H-
NMR-based metabonomics. Nat Med.
2002;8:1439–1444.

4 Lewis GD, Wei R, Liu E, et al. Metabolite
profiling of blood from individuals undergo-
ing planned myocardial infarction reveals
early markers of myocardial injury. J Clin
Invest. 2008;118:3503–3512.

5 Lindon JC, Keun HC, Ebbels TM, et al. The
Consortium for Metabonomic Toxicology
(COMET): aims, activities and achievements.
Pharmacogenomics. 2005;6:691–699.

6 Fiehn O. Metabolomics—the link between
genotypes and phenotypes. Plant Mol Biol.
2002;48:155–171.

7 Wikoff WR, Pendyala G, Siuzdak G, Fox
HS. Metabolomic analysis of the cerebro-
spinal fluid reveals changes in phospholi-
pase expression in the CNS of SIV-infected
macaques. J Clin Invest. 2008;118:2661–
2669.

8 Liu JY, Yang J, Inceoglu B, et al. Inhibition of
soluble epoxide hydrolase enhances the anti-
inflammatory effects of aspirin and 5-lipoxy-
genase activation protein inhibitor in a murine
model. Biochem Pharmacol. 2010;79:880–
887.

9 Liu JY, Li N, Yang J, et al. Metabolic profiling
of murine plasma reveals an unexpected
biomarker in rofecoxib-mediated cardiovas-
cular events. Proc Natl Acad Sci USA.
2010;107:17017–17022.

10 Mukherjee D, Nissen SE, Topol EJ. Risk of
cardiovascular events associated with selec-
tive COX-2 inhibitors. JAMA. 2001;286:
954–959.

11 Bombardier C, Laine L, Reicin A, et al. Com-
parison of upper gastrointestinal toxicity of
rofecoxib and naproxen in patients with
rheumatoid arthritis. VIGOR Study Group. N
Engl J Med. 2000;343:1520–1528, 2 p
following 1528.

12 Wadman M. Merck settles Vioxx lawsuits for
$4.85 billion. Nature. 2007;450:324–325.

13 Cheng Y, Austin SC, Rocca B, et al. Role of
prostacyclin in the cardiovascular response to
thromboxane A(2). Science. 2002;296:539–
541.

14 FitzGerald GA. Coxibs and cardiovascular
disease. N Engl J Med. 2004;351:1709–
1711.

15 Hippisley-Cox J, Coupland C. Risk of myocar-
dial infarction in patients taking cyclo-oxy-
genase-2 inhibitors or conventional non-
steroidal anti-inflammatory drugs: population
based nested case-control analysis. Br Med J.
2005;330:1366–1369.

16 Tofler GH, Brezinski D, Schafer AI, et al.
Concurrent morning increase in platelet ag-
gregability and the risk of myocardial-infarc-
tion and sudden cardiac death. N Engl J Med.
1987;316:1514–1518.

17 Kalendovsky Z, Austin J, Steele P. Increased
platelet aggregability in young patients with
stroke. Diagnosis and therapy. Neurology.
1975;32:13–20.

18 Milner PC, Martin JF. Shortened bleeding-time
in acute myocardial-infarction and its relation
to platelet mass. Br Med J. 1985;290:1767–
1770.

19 Dalby Kristensen S, Milner PC, Martin JF.
Bleeding time and platelet volume in acute
myocardial infarction: a 2 year follow-up
study. Thromb Haemost. 1988;59:353–
356.

20 Node K, Huo Y, Ruan X, et al. Anti-inflamma-
tory properties of cytochrome P450 epoxy-
genase-derived eicosanoids. Science. 1999;
285:1276–1279.

21 Fang X, Kaduce TL, Weintraub NL, Spector
AA. Cytochrome P450 metabolites of arachi-
donic acid: rapid incorporation and hydration
of 14,15-epoxyeicosatrienoic acid in arterial
smooth muscle cells. Prostaglandins Leukot
Essent Fatty Acids. 1997;57:367–371.

22 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.

23 Inceoglu B, Schmelzer KR, Morisseau C, et al.
Soluble epoxide hydrolase inhibition reveals
novel biological functions of epoxyeicosatrie-
noic acids (EETs). Prostaglandins Other Lipid
Mediat. 2007;82:42–49.

24 Spiecker M, Liao JK. Vascular protective
effects of cytochrome p450 epoxygenase-
derived eicosanoids. Arch Biochem Biophys.
2005;433:413–420.

25 Roman RJ. P-450 metabolites of arachidonic
acid in the control of cardiovascular function.
Physiol Rev. 2002;82:131–185.

26 Spiecker M, Darius H, Hankeln T, et al. Risk
of coronary artery disease associated with
polymorphism of the cytochrome P450 epox-
ygenase CYP2J2. Circulation. 2004;110:
2132–2136.

27 Seubert J, Yang B, Bradbury JA, et al.
Enhanced postischemic functional recovery
in CYP2J2 transgenic hearts involves mito-
chondrial ATP-sensitive K+ channels and
p42 ⁄ p44 MAPK pathway. Circ Res. 2004;
95:506–514.

28 Zhang Y, El-Sikhry H, Chaudhary KR, et al.
Overexpression of CYP2J2 provides protec-
tion against doxorubicin-induced cardiotoxic-
ity. Am J Physiol Heart Circ Physiol. 2009;
297:H37–H46.

study of arachidonic acid metabolism in CV disease january • february 2011 45



29 Yu Z, Xu F, Huse LM, Morisseau C, Draper AJ,
Newman JW, Parker C, Graham L, et al.
Soluble epoxide hydrolase regulates hydroly-
sis of vasoactive epoxyeicosatrienoic acids.
Circ Res. 2000;87:992–998.

30 Marino JP Jr. Soluble epoxide hydrolase, a
target with multiple opportunities for cardio-
vascular drug discovery. Curr Top Med
Chem. 2009;9:452–463.

31 Gross GJ, Nithipatikom K. Soluble epoxide
hydrolase: a new target for cardiopro-
tection. Curr Opin Investig Drugs. 2009;10:
253–258.

32 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.

33 Imig JD. Cardiovascular therapeutic aspects
of soluble epoxide hydrolase inhibitors.
Cardiovasc Drug Rev. 2006;24:169–188.

34 Larsen BT, Gutterman DD, Hatoum OA.
Emerging role of epoxyeicosatrienoic acids
in coronary vascular function. Eur J Clin
Invest. 2006;36:293–300.

35 Ai D, Pang W, Li N, et al. Soluble epoxide
hydrolase plays an essential role in angioten-
sin II-induced cardiac hypertrophy. Proc Natl
Acad Sci USA. 2009;106:564–569.

36 Batchu SN, Law E, Brocks DR, et al. Epoxye-
icosatrienoic acid prevents postischemic elec-
trocardiogram abnormalities in an isolated
heart model. J Mol Cell Cardiol. 2009;
46:67–74.

37 Motoki A, Merkel MJ, Packwood WH, et al.
Soluble epoxide hydrolase inhibition and
gene deletion are protective against myocar-
dial ischemia-reperfusion injury in vivo. Am
J Physiol Heart Circ Physiol. 2008;295:
H2128–H2134.

38 Ulu A, Davis BB, Tsai HJ, et al. Soluble
epoxide hydrolase inhibitors reduce the devel-
opment of atherosclerosis in apolipoprotein

e-knockout mouse model. J Cardiovasc Phar-
macol. 2008;52:314–323.

39 Li J, Carroll MA, Chander PN, et al. Soluble
epoxide hydrolase inhibitor, AUDA, prevents
early salt-sensitive hypertension. Front Biosci.
2008;13:3480–3487.

40 Gross GJ, Gauthier KM, Moore J, et al.
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.

41 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.

42 Imig JD, Zhao X, Capdevila JH, et al. Soluble
epoxide hydrolase inhibition lowers arterial
blood pressure in angiotensin II hypertension.
Hypertension. 2002;39:690–694.

43 Xu D, Li N, He Y, et al. Prevention and
reversal of cardiac hypertrophy by soluble
epoxide hydrolase inhibitors. Proc Natl Acad
Sci USA. 2006;103:18733–18738.

44 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.

45 Satoh M, Minami Y, Takahashi Y, Nakamura
M. Immune modulation: role of the inflamma-
tory cytokine cascade in the failing human
heart. Curr Heart Fail Rep. 2008;5:69–74.

46 Sekiguchi K, Li X, Coker M, et al. Cross-
regulation between the renin-angiotensin sys-
tem and inflammatory mediators in cardiac
hypertrophy and failure. Cardiovasc Res.
2004;63:433–442.

47 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.

48 Schmelzer KR, Inceoglu B, Kubala L, et al.
Enhancement of antinociception by coadmin-
istration of nonsteroidal anti-inflammatory
drugs and soluble epoxide hydrolase inhibi-
tors. Proc Natl Acad Sci USA. 2006;103:
13646–13651.

49 Schmelzer KR, Kubala L, Newman JW, et al.
Soluble epoxide hydrolase is a therapeutic
target for acute inflammation. Proc Natl Acad
Sci USA. 2005;102:9772–9777.

50 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.

51 VanRollins M. Epoxygenase metabolites of
docosahexaenoic and eicosapentaenoic
acids inhibit platelet aggregation at concen-
trations below those affecting thromboxane
synthesis. J Pharmacol Exp Ther. 1995;274:
798–804.

52 Ye D, Zhang D, Oltman C, et al. Cytochrome
p-450 epoxygenase metabolites of docosa-
hexaenoate potently dilate coronary arteri-
oles by activating large-conductance calcium-
activated potassium channels. J Pharmacol
Exp Ther. 2002;303:768–776.

53 Morisseau C, Inceoglu B, Schmelzer K, et al.
Naturally occurring monoepoxides of eicosa-
pentaenoic acid and docosahexaenoic acid
are bioactive antihyperalgesic lipids. J Lipid
Res. 2010;51:3481–3490.

54 Pokreisz P, Fleming I, Kiss L, et al. Cyto-
chrome P450 epoxygenase gene function in
hypoxic pulmonary vasoconstriction and pul-
monary vascular remodeling. Hypertension.
2006;47:762–770.

55 Hutchens MP, Nakano T, Dunlap J, et al.
Soluble epoxide hydrolase gene deletion
reduces survival after cardiac arrest and
cardiopulmonary resuscitation. Resuscitation.
2008;76:89–94.

study of arachidonic acid metabolism in CV disease january • february 201146


