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Abstract Cytochrome P450 (CYP) epoxygenases convert
arachidonic acid to four epoxyeicosatrienoic acid (EET)
regioisomers, 5,6-, 8,9-, 11,12-, and 14,15-EET, that function
as autacrine and paracrine mediators. EETs produce vascular
relaxation by activating smooth muscle large-conductance
Ca21-activated K1 channels (BKCa). In addition, they have
anti-inflammatory effects on blood vessels and in the kidney,
promote angiogenesis, and protect ischemic myocardium
and brain. CYP epoxygenases also convert eicosapentaenoic
acid to vasoactive epoxy-derivatives, and endocannabinoids
containing 11,12- and 14,15-EET are formed. Many EET
actions appear to be initiated by EET binding to a mem-
brane receptor that activates ion channels and intracellular
signal transduction pathways. However, EETs also are taken
up by cells, are incorporated into phospholipids, and bind to
cytosolic proteins and nuclear receptors, suggesting that
some functions may occur through direct interaction of the
EET with intracellular effector systems. Soluble epoxide
hydrolase (sEH) converts EETs to dihydroxyeicosatrienoic
acids (DHETs). Because this attenuates many of the func-
tional effects of EETs, sEH inhibition is being evaluated as a
mechanism for increasing and prolonging the beneficial ac-
tions of EETs.—Spector, A. A. Arachidonic acid cytochrome
P450 epoxygenase pathway. J. Lipid Res. 2009. 50: S52–S56.
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Epoxyeicosatrienoic acids (EET) are epoxide derivatives
of arachidonic acid. They are formed by cytochrome P450
(CYP) epoxygenases and function as lipid mediators. Epox-
idation can occur at any of the four double bonds of ara-
chidonic acid, giving rise to four regioisomers, 5,6-, 8,9-,
11,12-, and 14,15-EET. EETs are synthesized in the endothe-
lium and activate large-conductance Ca21-activated K1

channels (BKCa), causing hyperpolarization of the vascular
smooth muscle and vasorelaxation. Thus, EETs function
as an endothelium-derived hyperpolarizing factor (EDHF)
in a number of vascular beds, including the coronary and

renal circulations, producing a decrease in blood pressure.
Soluble epoxide hydrolase (sEH), which converts EETs to
dihydroxyeicosatrienoic acids (DHETs), attenuates many
of the functional effects of EETs. These seminal findings
have been described in a number of detailed reviews (1–
4). Recent results with cultured cells and animal models
indicate that EETs have additional potentially beneficial ef-
fects on the vascular system, heart, kidneys, and nervous
system, and many current studies are directed at these ac-
tions (5–9). The other current emphasis is on sEH inhibi-
tion as a therapeutic strategy for increasing the beneficial
effects of EETs (10, 11).

EET SYNTHESIS, METABOLISM, AND FUNCTION

EETs are synthesized by cells that express CYP epoxy-
genase activity. As illustrated in Fig. 1, these enzymes act
on arachidonic acid released from phospholipids when
cytosolic phospholipase A2 (cPLA2) is activated (12). The
epoxygenase inserts an oxygen atom on a carbon attached
to one of the double bonds of arachidonic acid, and the
double bond is reduced as the epoxide forms. Each CYP
epoxygenase produces several regioisomers, with one form
usually predominating. Thus, epoxygenases that mainly
produce 14,15-EET also produce a moderate amount of
11,12-EETand a small amount of 8,9-EET. Each regioisomer
contains two R/S enantiomeric forms in different propor-
tions (2, 4). Because the regioisomers have a number of
similar metabolic and functional properties, EETs are gen-
erally considered as a single class of compounds. This is an
oversimplification, and there are quantitative and even
qualitative differences in the actions of the various regio-
isomers (4). For example, 14,15-EET is the best substrate
for sEH (4), and 11,12-EET is the only regioisomer that in-
hibits basolateral K1 channels in the renal cortical collect-
ing duct (13).
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EETs are taken up by many different kinds of cells (4, 12),
and purified heart and liver cytoplasmic fatty acid binding
proteins (FABP) bind EETs (14). This suggests that FABP
may increase EET desorption from the cell membrane and
thereby facilitate its uptake into the cell, as well as modu-
late EET incorporation into phospholipids and its availabil-
ity to sEH for DHET formation (4, 12). Because
conversion to DHET attenuates many of the physiological
actions of EETs, binding to FABP may increase the intracel-
lular retention of EETs and thereby prolong their functional
effectiveness. Although not shown in Fig. 1, the cells that
synthesize EETs also have the capacity to incorporate EETs
into phospholipids and convert them to DHETs.

EETs undergo b-oxidation, forming 16-carbon epoxy-
derivatives that accumulate in the extracellular fluid, and
they can be chain-elongated to form 22-carbon derivatives
that are incorporated into phospholipids (15). As illus-
trated in Fig. 2, the availability of EETs to these meta-
bolic pathways increases when sEH is inhibited (16). The
22-carbon elongation product of 14,15-EET, which is an
epoxide derivative of adrenic acid, relaxes bovine coronary
artery preparations by hyperpolarizing smooth muscle in a
manner similar to EETs (17).

EETs produce autacrine and paracrine effects, but these
actions often are overlooked in experimental studies be-
cause CYP epoxygenases are labile in cultured cells and
are inhibited under conditions where H2O2 is formed

(18). The paracrine effects are produced by the EET re-
leased into the extracellular fluid (Fig. 1). While the auto-
crine effects probably also are produced by the EET
initially released into the extracellular fluid, the possibility
that they result from intracellular actions of EET that is re-
tained in the cell following synthesis cannot be excluded.

CELLULAR MECHANISM OF ACTION

Three mechanisms have been proposed to explain the
cellular actions of EETs (4). Two involve EET binding to
cell-surface receptors, and the other is an intracellular
mechanism. A substantial amount of chemical and func-
tional data supports the likelihood that EETs bind to a
selective EET receptor that is coupled by a G-protein to in-
tracellular signal transduction pathways (4, 19). However,
this possibility remains open to question because the puta-
tive EET receptor has not yet been identified or cloned. A
second mechanism involves EET binding to receptors for
other lipid-soluble agonists that also function by coupling
to intracellular signaling pathways. The third possibility, an
intracellular mechanism, is based on the fact that EETs
have many characteristics of long-chain fatty acids. This
mechanism involves uptake of the EET by the cell, with
the cell-associated EET directly interacting with ion chan-
nels, signaling proteins, or transcription factors. Support
for an intracellular mechanism of action stems from the fact

Fig. 1. Epoxyeicosatrienoic acid (EET) synthesis, metabolism, and
function. EETs are synthesized by cells that express cytochrome P450
(CYP) epoxygenase. When cytosolic phospholipase A2 (cPLA2) is
activated, the arachidonic acid hydrolyzed from intracellular phos-
pholipids is converted to EETs. The EETs are released into the extra-
cellular fluid and produce paracrine effects on other cells in the
local environment. This may occur through EET binding to a recep-
tor that is coupled to a signal transduction system, or through uptake
and direct interaction of the EET with intracellular effector systems.
Cytosolic fatty acid binding protein (FABP) may facilitate the uptake
of EETs and modulate their incorporation into cell phospholipids
and conversion to dihydroxyeicosatrienoic acids (DHETs) by soluble
epoxide hydrolase (sEH). EETs also can produce autacrine effects
through similar intracellular or receptor-mediated mechanisms.

Fig. 2. sEH inhibition enhances EET function. Conversion of EET
to DHET by sEH is the main pathway of EET metabolism. This
attenuates most functional effects of EETs, making sEH a logical
target for increasing and prolonging the actions of EETs. sEH inhi-
bition decreases DHET formation and leads to intracellular EET
accumulation. This results in more EET incorporation into phos-
pholipids and utilization by other metabolic pathways, including
b-oxidation and chain-elongation. Functional responses are in-
creased because of the larger amounts of intracellular unesterified
EET and EET-containing phospholipids. Furthermore, more EET is
released when intracellular phospholipids are hydrolyzed, maintain-
ing the increased intracellular concentration of unesterified EET.
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that EETs are incorporated into cell phospholipids and bind
to cytoplasmic FABPs and peroxisome proliferator-activated
receptor (PPAR)g (4, 12, 14, 20).

INCORPORATION INTO PHOSPHOLIPIDS

The functional significance of EET incorporation into
cell phospholipids is uncertain. EETs are incorporated pri-
marily into the sn-2 position of the phospholipids, and cell
culture studies indicate that a substantial amount of the
incorporation is subsequently released even when no stim-
ulus is applied to the cultures (4, 12). This suggests that
EET incorporation may temporarily alter the properties of
membrane microdomains and thereby transiently affect the
function of proteins located in these domains. Alternatively,
the incorporation of EETs may modulate phospholipid-
dependent signal transduction systems. EETs also are hydro-
lyzed rapidly from the phospholipids by a Ca21-stimulated
mechanism (12, 16). Therefore, EETs contained in phos-
pholipids may constitute an intracellular storage pool that
is available for immediate release when the cell is acti-
vated (12).

Another possibility is that phospholipids containing EET
are substrates for the production of other lipid mediators.
Kidney and spleen produce 2-epoxyeicosatrienoylglycerols
that contain 11,12-EET or 14,15-EET (21). 2-Epoxyeicosa-
trienoylglycerol are endocannabinoids that activate CB1
and CB2 receptors, and 2-(14,15)-EG produces prolifera-
tion of renal proximal tubule cells by causing the release
of ligands that activate the epidermal growth factor recep-
tor (22). In addition, phospholipids containing EET are
the likely substrates for the EET-ethanolamide synthesized
in the liver and kidney (23).

Finally, EET incorporation into phospholipids may serve
to lower the intracellular unesterified EET concentration
and thereby be part of the mechanism that terminates its
functional effects. The subsequent gradual hydrolysis of
the EET from the phospholipids might then make the
EET available so it can be efficiently inactivated by sEH
or b-oxidation.

EET-ACTIVATED SIGNALING PATHWAYS

The functional effects of EETs have been observed to
occur through a number of different signal transduction
pathways (4). The most effective regioisomer that pro-
duces the EDHF effect in the coronary circulation, 11,12-
EET, functions through a cAMP-dependent process that
activates vascular smooth muscle BKCa channels. This para-
crine mechanism involves the Gas protein, adenylyl cyclase
activation, and an increase in cAMP (5). A similar pathway
involving ADP-ribosylation of Gas, an increase in cAMP, and
protein kinase A activation produces EET-stimulated vaso-
dilation of preglomerular renal microvessels (24). Like-
wise, a cAMP-protein kinase A mechanism mediates the
EET-stimulated increase in StAR protein and steroid hor-
mone production (25). While the EET-stimulated relaxa-

tion of renal afferent arterioles also is mediated by cAMP-
dependent activation of BKCa channels, the response in this
preparation involves an increase in phosphoprotein phos-
phatase 2A (26).

EET activation of endothelial Trp channels is an alterna-
tive mechanism proposed for the coronary EDHF response
(27). Trp channel activation produces Ca21 influx and en-
dothelial K1 channel activation, and the hyperpolarized en-
dothelium triggers relaxation of the vascular smooth muscle.

EETs have anti-inflammatory and antiapoptotic actions
in the endothelium (7). The anti-inflammatory effect pro-
duced by 11,12-EEToccurs through a signaling pathway that
inhibits NF-kB activation (28). 8,9-EET, 11,12-EET, and
14,15-EET inhibit endothelial apoptosis, but this occurs
through activation of a PI3K/Akt pathway that inhibits
Erk1/2 dephosphorylation (29). Anti-inflammatory effects
of EETs also have been observed in the kidney (10).

Several different signaling pathways have been implicated
in the angiogenic effect of EETs (4, 6). 11,12-EET has been
observed to stimulate angiogenesis by activating an EphB4-
coupled PI3K/Akt pathway (30), whereas others find that
it functions by activating sphingosine kinase-1 (31). Likewise,
different pathways are reported to produce 14,15-EET-
mediated angiogenesis. A Src activated PI3K/Akt pathway
coupled to FGF-2 expression and mTOR-S6K1 activation has
been observed in one study (32), whereas Src-stimulated
tyrosine phosphorylation of STAT-3, which binds to the
VEGF promoter, has been observed in another study with
14,15-EET (33).

11,12- and 14,15-EET have cardioprotective effects dur-
ing reoxygenation of ischemic myocardium, and they de-
crease infarct size (8, 34). Several mechanisms have been
reported to mediate the cardioprotective effect, including
activation of myocardial KATP channels by decreasing their
sensitivity to ATP (35), activation of KATP channels by trig-
gering a burst of reactive oxygen species (36), and activa-
tion of a PI3K/Akt pro-survival pathway (37).

EETs are synthesized in the brain by astrocytes through
a mechanism linked to mGluR and adenosine A(2B) recep-
tors and are involved in neurovascular coupling (38). They
also produce antinociception by activating b-endorphin and
met-enkephalin that interact with m- and y-opioid receptors
(39). In addition, EETs reduce brain ischemia and infarct
size in stroke (40).

sEH INHIBITION

Inhibition of sEH is potentially beneficial because it in-
creases and prolongs the functional effects of EETs (16). As
illustrated in Fig. 2, EET accumulates in the cell when the
conversion to DHET is inhibited. This increases EET avail-
ability for incorporation into phospholipids and for interac-
tion with ion channels, signaling pathways, and transcription
factors. No essential function of DHETs has so far been de-
tected (4), and the widely held view is that sEH inhibition
is not harmful. However, some caution is suggested by the
findings that 11,12-DHET activates BKCa channels in cor-
onary artery myocytes and produces coronary vasodilation
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(41). Furthermore, 14,15-DHET stimulates PPARa-mediated
transcription in a COS-7 cell gene expression system (42).
Whether any of these DHET effects are physiologically rel-
evant remains open to question.

sEH inhibitors initially were developed as antihyperten-
sive agents (11), but recent data indicate that they also pre-
vent cardiac hypertrophy (43), decrease vascular smooth
muscle proliferation (44), improve renal hemodynamics
(3), and decrease hypertensive renal damage (10, 45).
This is consistent with the finding that angiotensin II
up-regulates sEH through a transcriptional mechanism,
thereby reducing EET availability (46). sEH inhibitors with
improved physical properties and metabolic stability have
been developed (47), and compounds suitable for clinical
trials are now available.

OMEGA-3 EET ANALOGS

17,18-Epoxyeicosatetraenoic acid (17,18-EETr), the main
epoxide regioisomer synthesized from eicosapentaenoic
acid, produces vasodilation (48). The mechanism involves
activation of BKCa channels, with the 17,18-EETr targeting
the pore-forming BKa subunit (49). This suggests that
some beneficial effects of omega-3 fatty acid supplementa-
tion may be due to conversion of eicosapentaenoic acid to
17,18-EETr. Likewise, chemically synthesized epoxide
derivatives of docosahexaenoic acid are potent dilators of
coronary arterioles (50), but the formation of these deriva-
tives has not been observed so far in biological systems.

FUTURE DIRECTIONS

EETs are now well-established as autacrine and para-
crine lipid mediators. While the initial emphasis focused
on the EDHF response and activation of BKCa channels,
recent evidence indicates that EETs have effects on other
ion channels and signal transduction pathways. EETs also
are incorporated into phospholipids and affect angiogen-
esis, mitogenesis, apoptosis, and PPAR-transactivated gene
expression. EET mimetics and antagonists, potent selective
sEH inhibitors, and transgenic CYP and sEH mice are now
available to further explore these and other functional ef-
fects of EETs. The discoveries of omega-3 EET analogs and
EET-containing endocannabinoids open up new and po-
tentially fruitful research directions. In addition, many new
opportunities for translational studies are suggested by
results in animal models indicating that EETs have anti-
inflammatory effects in the vasculature and kidney, pro-
duce antinociception, and protect the myocardium and
brain against ischemic damage.
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