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Cytochrome P450 (CYP) epoxygenasesmetabolize arachidonic acid to generate epoxyeicosatrienoic acids (EETs).
The latter are biologically active and reported to act as an endothelium-derived hyperpolarizing factor (EDHF) as
well as to affect angiogenic and inflammatory signaling pathways. In addition to arachidonic acid, the CYP
epoxygenases also metabolize the Ω-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid and
docosahexaenoic acid, to generate bioactive lipid epoxide mediators. The latter can be more potent than the
EETs but their actions are under investigated. TheΩ3-epoxides, like the EETs, are metabolized by the soluble ep-
oxide hydrolase to corresponding diols and epoxide hydrolase inhibition increases epoxide levels and demon-
strates anti-hypertensive as well as anti-inflammatory effects. It seems that the overall consequences of CYP
epoxygenase activation largely depend on enzyme substrate preference and the endogenous Ω-3/Ω-6 PUFA
ratio. This review outlines the evidence for a physiological role for EETs in the regulation of vascular homeostasis.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Local vascular tone is determined by a variety of factors such as neuro-
transmitters released from autonomic nerves, circulating vasoactive com-
pounds, tissue metabolites and endothelium-derived autacoids. The best
characterized vasodilator autacoids are nitric oxide (NO) and prostacyclin
(PGI2), but a substantial component of the vasodilator response observed
in response to receptor-dependent agonists or increases in flow is insen-
sitive to inhibitors of NO synthases or cyclooxygenases (COXs). The exis-
tence of a NO/PGI2-independent component of endothelium-dependent
relaxation is particularly prominent in the microcirculation as well as in
coronary, mesenteric and renal arteries. Since the NO/PGI2-independent
vasodilatation originally described was co-incident with vascular smooth
muscle hyperpolarization, and was abolished by depolarizing concentra-
tions of potassium, it was proposed to be mediated by an endothelium-
derived hyperpolarizing factor or “EDHF” [1,2].

1.1. A bit of history: comparing the concepts for EDHF

As the name implies an endothelium-derived hyperpolarizing factor
would be expected to be a substance generated in and released from en-
dothelial cells that is able to stimulate the hyperpolarization of underly-
ing vascular smoothmuscle cells. Such a factorwould not be expected to
be generated in large amounts under resting conditions but its produc-
tion should be stimulated by hemodynamic stimuli such as cyclic
stretch, fluid shear stress and increases in pressure (myogenic re-
sponse), aswell as in response to classical vasodilating agonists. Charac-
terizing the nature of the proposed factor was partially a case for “fridge
pharmacology” i.e. the testing of a number of enzymatic inhibitors and
ion channel blockers on agonist induced hyperpolarization responses.
Relatively early on thefield split into two camps: those studying arteries
inwhich the EDHF responsewas blocked by iberiotoxin and implicating
large conductance calcium activated potassium (BKCa) channels [3–5],
and those studying arteries in which the response was abrogated by
the combination of charybdotoxin and apamin implying small and in-
termediate conductance KCa (SKCa and IKCa) channels [6–9]. While the
former responses were largely also sensitive to substances such as the
cytochrome P450 (CYP) inhibitors, clotrimazole, miconazole and 17-
octadecynoic acid, arteries in which EDHF responses were linked to
SKCa and IKCa channel activation were generally not. For quite a while
the field failed to advance significantly with an “it is” versus “it is not”
type of discussion dominating the literature. The realization that myo-
endothelial gap junctional communication may also represent a
means of transferring hyperpolarization between endothelial cells and
smooth muscle cells without the need for a diffusible factor per se
[10–12] prompted a reviewof the available evidence and the realization
that at least three different mechanisms may underlie the agonist in-
duced NO- and PGI2-independent hyperpolarization of smooth muscle
cells from different vascular beds [13]. Thus, the original EDHF type re-
sponses can now be attributed to (i) the activation of endothelial cell
SKCa and IKCa channel activation and the induction of K+ ion-induced
vascular smooth muscle cell hyperpolarization, (ii) myo-endothelial
gap junctional transfer, and (iii) the generation of CYP-derived products
of arachidonic acid [14,15]. There may also be an additional role for en-
dothelial cell derived hydrogen peroxide [16,17]. Which of thesemech-
anisms dominates in which vascular bed is determined by a number of
factors, including the architecture of the vasculature as well as by tissue
specific differences in gene expression.

1.2. Cytochrome P450-derived lipid mediators

The fact that arachidonic acid was able to induce vascular smooth
muscle cell hyperpolarization independent of an increase in cyclic nu-
cleotides together with studies using pharmacological inhibitors of
phospholipase A2 (PLA2) and CYP enzymes certainly suggested that
CYP-derived metabolites of arachidonic acid may act as an EDHF
[18–20]. Moreover, many CYP enzymes are sensitive to inhibition by
high concentrations of NO, which fit with observations that EDHF-
mediated hyperpolarization and vasodilatation was most prominent
when NO production was inhibited [21]. Also, in bioassay systems it
was possible to demonstrate the release of a physically transferable
endothelium-derived CYP metabolite that could elicit smooth muscle
cell hyperpolarization [3]. However, definitive demonstration of the im-
portance of these enzymes came with the report that two epoxides of
arachidonic acid i.e. 11,12- and 14,15-epoxyeicosatrienoic acid (EET)
were able to elicit the activation of KCa channels in bovine coronary ar-
teries to induce hyperpolarization and relaxation [5]. A short time later,
it was possible to identify a CYP2C enzyme in porcine coronary artery
endothelial cells and demonstrate that the downregulation of this
enzyme attenuated agonist-induced hyperpolarization and relaxation
[4,22].

There is at least circumstantial evidence for a similar CYP-dependent
vasodilator pathway in humans as inhibitors such as sulfaphenazole
have been found to be both ineffective [23] as well as effective
[24–27] in modulating vasodilatation in healthy subjects. The reason
for the discrepancy seems to be the vascular bed studied. For example,
while CYP inhibitor-sensitive responses in the forearm vasculature in
its entirety are difficult to demonstrate, more clear-cut data were ob-
tained when skeletal muscle arterioles [24] and the radial artery
[25–27] were studied; tissues in which it was possible to confirm the
expression of CYP2C protein [24,27].

How are EETs generated? Ca2+ elevating receptor dependent ago-
nists have frequently been used to increase CYP activity and EET pro-
duction with bradykinin has been particularly effective in the
endothelium [4,5]. Adenosine 2A receptors (A2AR) seemingly play an
important role in the kidney, in particular during the development of
salt sensitive hypertension [28]. Following an increase in cell Ca2+,
PLA2 is activated to liberate arachidonic acid frommembrane phospho-
lipids. The latter serves as a substrate for CYP enzymes and results in the
generation of epoxides that can affect vascular tone. As metabolism of
arachidonic acid seems to take place more or less immediately, it
seems that the regulation of CYP activity is largely determined by sub-
strate availability combined with the expression of the enzymes in-
volved. Some of the CYP enzymes are known to be phosphorylated
[29,30] but to date there has been no indication that this plays a major
role in the acute generation of vasodilator EETs.

As far as endothelial cells are concerned the vast majority of reports
indicate that CYP-derived lipid mediators elicit vasodilation, however
CYP enzymes in vascular smooth muscle cells also catalyze the genera-
tion of hydroxy metabolites such as 20-hydroxyeicosatetraenoic acid
(20-HETE) that elicit vasoconstriction— at least in the systemic circula-
tion. The situation is reversed in the pulmonary circulation in which
20-HETE can act as a vasodilator [31] and 11,12-EET as a vasoconstrictor
[32,33]. This review focuses on CYP-derived epoxides and the systemic
endothelium, but for more detailed information on the role of CYP
metabolites in vascular smooth muscle cells see two excellent recent
reviews [34,35].
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