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The epoxyeicosatrienoic acids (EETs) are products of cytochrome P450 epoxy-
genases that have vasodilatory properties similar to that of endothelium-
derived hyperpolarizing factor. The cytochrome P450 isoform CYP2J2 was
cloned and identified as a potential source of EETs in human endothelial cells.
Physiological concentrations of EETs or overexpression of CYP2J2 decreased
cytokine-induced endothelial cell adhesion molecule expression, and EETs pre-
vented leukocyte adhesion to the vascular wall by a mechanism involving
inhibition of transcription factor NF-kB and IkB kinase. The inhibitory effects
of EETs were independent of their membrane-hyperpolarizing effects, suggest-
ing that these molecules play an important nonvasodilatory role in vascular
inflammation.

The metabolism of arachidonic acid by cyto-
chrome P450 epoxygenases leads to the forma-
tion of various biologically active eicosanoids
such as epoxyeicosatrienoic acids (EETs), di-
hydroxyeicosatrienoic acids (DHETs), and hy-
droxyeicosatetraenoic acids (HETEs) (1, 2).
The EETs are potential candidates for endothe-
lium-derived hyperpolarizing factor (EDHF)
because they hyperpolarize and relax vascular
smooth muscle cells by activating calcium-sen-
sitive potassium (KCa) channels (3, 4). Indeed,
the predominant mediator of endothelium-de-
pendent relaxation is in the coronary micro-
circulation EDHF, and not in nitric oxide
(NO) (5–7). EETs increase coronary blood
flow (5) and protect the myocardium from
ischemia-reperfusion injury (8), but the spe-
cific cytochrome P450 enzymes that synthe-
size EETs in human vascular endothelial cells
remain unidentified.

Using reverse transcription–polymerase
chain reaction (RT-PCR) on human endothelial
cell mRNA, we cloned a cytochrome P450
epoxygenase that was identical in sequence to
the gene encoding CYP2J2, previously cloned
from human liver and subsequently found to be
highly expressed in human heart (GenBank/
European Molecular Biology Laboratory acces-
sion numbers AF144566 and U37143) (9, 10).
To determine whether CYP2J2 is localized to
the human coronary artery, we stained forma-

lin-fixed, paraffin-embedded human coronary
artery tissue sections with an antibody specific
for CYP2J2 (11). CYP2J2 immunoreactivity
was abundant in the endothelium of both large
and small coronary arteries (Fig. 1A). Staining
was also present, although much less intense, in
vascular smooth muscle cells, whereas sur-
rounding connective tissue stained relatively
poorly. Although other cytochrome P450 ep-
oxygenases have been identified in endothelial
cells such as CYP1A subfamily members (12),
CYP2C8 (13), and CYP2B1 (14), their pres-
ence and functional role in the human coronary
artery have not been demonstrated.

To study the formation of EETs by
CYP2J2, we measured EET synthesis in bo-
vine aortic endothelial cells that are trans-
fected with CYP2J2 cDNA (15). Bovine en-
dothelial cells were used because of their
higher level of transfection efficiency com-
pared with human endothelial cells (16). In
endothelial cells that are transfected with
pcDNA3.1 (control), the epoxygenase metab-
olites (the EETs and their stable hydration
products, the DHETs) accounted for about
half of the total reaction products and were
formed at a rate of 7.7 6 2.1 pmol/min per
107 cells (n 5 3) (Fig. 1B, top). This meta-
bolic profile is comparable to that reported
for bovine coronary artery endothelial cells
(4) and is consistent with the ability of endo-
thelial cells to rapidly hydrate EETs to
DHETs (17). The CYP2J2-transfected cells
produced epoxygenase metabolites at a rate
of 17.8 6 2.3 pmol/min per 107 cells (n 5 5,
P , 0.05 versus control cells) (Fig. 1B, bot-
tom). The cytochrome P450 epoxygenase in-
hibitor SKF-525A (100 mM) inhibited the
formation of these epoxygenase metabolites
in CYP2J2-transfected cells by .80%.

To elucidate the biological effects of EETs
in vascular inflammation, we treated cytokine-

activated human endothelial cells with physio-
logically relevant concentrations (1 to 100 nM)
of [5,6]-, [8,9]-, [11,12]-, [14,15]-EET, or
[11,12]-DHET. Maximal 72% inhibition of tu-
mor necrosis factor–a (TNF-a)–induced vascu-
lar cell adhesion molecule–1 (VCAM-1) ex-
pression was achieved with [11,12]-EET, fol-
lowed by [8,9]-EET, [5,6]-EET, and [11,12]-
DHET (Fig. 2A). The calculated median
inhibitory concentration (IC50) of [11,12]-EET
was 20 nM. [14,15]-EET did not inhibit TNF-
a–induced VCAM-1 expression, indicating dif-
ferential bioactivity of specific EET regioiso-
mers. [11,12]-EET also inhibited VCAM-1 ex-
pression in response to other inflammatory me-
diators such as interleukin-1a (IL-1a) and
bacterial lipopolysaccharide (LPS) (Fig. 2A),
and it inhibited the expression of other adhesion
molecules such as ICAM-1 and E-selectin, al-
though to a lesser extent compared with
VCAM-1 (Fig. 2B). These findings suggest that
the mechanism by which EETs inhibit adhesion
molecule expression may depend on the prox-
imal signaling pathway elicited by particular
cytokines. In addition, two selective KCa chan-
nel blockers, iberiotoxin (100 nM) and charyb-
dotoxin (100 nM), did not block the inhibitory
effect of [11,12]-EET on TNF-a–induced
VCAM-1 expression, indicating that the mech-
anism is independent of EET’s hyperpolarizing
effects.

To localize cis-acting elements within the
VCAM-1 59-flanking region that might mediate
the inhibitory effects of [11,12]-EET, we tran-
siently transfected bovine aortic endothelial
cells with a 2755-bp VCAM-1 promoter con-
struct (16). Stimulation with TNF-a increased
the relative VCAM-1 promoter activity by 13-
fold, which was abolished by cotreatment with
[11,12]-EET (data not shown). A similar inhib-
itory effect was observed with [11,12]-EET
when a 298-bp VCAM-1 promoter construct
was used that contained the tandem kB cis-
acting elements. To confirm that the tandem kB
sites in the VCAM-1 promoter are repressed by
[11,12]-EET, we subcloned these tandem kB
sites into a heterologous promoter reporter gene
construct containing the SV40 enhancer
(pkB.Luc). Stimulation of transfected cells with
TNF-a increased pkB.Luc promoter activity by
sixfold, which was abolished by cotreatment
with [11,12]-EET, but not [14,15]-EET (Fig.
2C). To determine whether CYP2J2-derived
eicosanoids can functionally inhibit TNF-a–
induced VCAM-1 gene transcription, we
overexpressed CYP2J2 in bovine aortic en-
dothelial cells cotransfected with the 2755
bp VCAM-1 promoter construct or pkB.Luc.
Compared to transfection with the empty
pcDNA3.1 vector, overexpression of CYP2J2
decreased TNF-a–induced VCAM-1 and
pkB.Luc promoter activity by 60 and 70%—
effects that were reversed in the presence of
SKF-525A (Fig. 2D). These findings suggest
that CYP2J2-derived eicosanoids repress
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VCAM-1 gene transcription, in part by inhib-
iting kB cis-acting elements.

Because NF-kB activation involves the nu-
clear translocation of NF-kB subunit Rel A, we
assessed the effect of [11,12]-EET on Rel A
subcellular localization. In unstimulated endo-
thelial cells, Rel A is predominantly localized to
the cytoplasm, whereas cells stimulated with
TNF-a show an intense nuclear accumulation
of Rel A (Fig. 3A). Cotreatment with [11,12]-
EET prevented the nuclear accumulation of Rel
A. Because the nuclear translocation of Rel A
requires the degradation of its endogenous cy-
toplasmic inhibitor, inhibitor kappa B–a (IkB-
a), we monitored the fate of IkB-a after
TNF-a stimulation with and without [11,12]-
EET. Stimulation of endothelial cells with
TNF-a caused a rapid and almost complete
disappearance of IkB-a that was prevented
by cotreatment with [11,12]-EET, but not
[14,15]-EET (Fig. 3B). The IkB-a phospho-
rylation is regulated by IkB kinase (IKK),
which specifically phosphorylates Ser32 and
Ser36 and targets IkB-a for subsequent degra-
dation by 26S proteasomes (18). Indeed, the
26S proteasome inhibitor MG132 prevented
IkB-a degradation. Using purified glutathione-
S-transferase (GST)–IkB-a fusion protein as
substrate for IKK, we found minimal IKK ac-
tivity in unstimulated endothelial cells (Fig.
3C). Stimulation with TNF-a markedly in-
creased IKK activity, which was inhibited by
.90% with [11,12]-EET, and to a lesser extent
with [5,6]-EET or [8,9]-EET. Specificity of
IKK was confirmed by the absence of phospho-
rylation when the mutated IkB-a substrate

Fig. 2. Cell-surface enzyme immunoassay. (A) The effects of cytochrome P450 epoxygenase-
derived eicosanoids (100 nM) on endothelial cell VCAM-1 expression [measured in optical density
(OD) units] in response to TNF-a (10 ng/ml), IL-1a (10 ng/ml), or LPS (10 ng/ml). (B) The effects
of [11,12]-EET (100 nM) on unstimulated (control) or TNF-a (10 ng/ml)–stimulated VCAM-1,
E-selectin, and ICAM-1 expression. The differences between treatment with TNF-a alone and in the
presence of EETs were statistically significant (*P , 0.05, **P , 0.01). (C) Effect of [11,12]-EET
(100 nM) or [14,15]-EET (100 nM) on bovine endothelial cells transiently transfected with a kB
heterologous promoter construct (pkB.Luc). The kB promoter activity was determined relative to
basal activity (*P , 0.01 versus TNF-a). (D) Effect of transfection with empty vector (pcDNA3.1)
or CYP2J2 cDNA subcloned into pcDNA3.1 on TNF-a–induced VCAM-1 or heterologous kB
promoter activity in the presence or absence of SKF-525A (100 mM) (*P , 0.01 versus TNF-a
alone; **P , 0.05 versus TNF-a 1 CYP2J2).

Fig. 1. (A) Immunohistochemical localization of CYP2J2 in human coronary
artery (arrows). Shown are photomicrographs of adjacent sections of one
large (top panels; bar, 250 mm) and one small (bottom panels; bar, 100 mm)
human coronary artery stained with anti-human CYP2J2 or preimmune IgG
(11). (B) Reversed-phase HPLC chromatogram of metabolites generated
during incubation of transfected endothelial cells with radiolabeled arachi-
donic acid (15). Endothelial cells were transfected with either empty vector
(pcDNA3.1) or CYP2J2-containing expression vector (pcDNA3.1/CYP2J2). The retention times of authentic standards are indicated by bars above the
respective peaks. (Top) Cells transfected with pcDNA3.1; (bottom) cells transfected with pcDNA3.1/CYP2J2.
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GST–IkB-a (Ser32, Ser363T), which cannot
be phosphorylated, was substituted for wild-
type GST–IkB-a.

To determine the functional relevance of
EETs in vascular inflammation, we tested
[11,12]-EET and its regioisomer, [14,15]-EET,
in an in vivo model of TNF-a–induced,
VCAM-1–mediated mononuclear cell adhesion
(19, 20). In this murine carotid artery model,
vascular cell adhesion is primarily dependent on
U937 mononuclear cell a4b1 integrin interact-
ing with endothelial VCAM-1. Under baseline
conditions, VCAM-1 is not expressed on the
endothelial cell surface, and mononuclear cells
neither roll along nor adhere to the arterial
endothelium. However, 5 hours after an intra-
peritoneal injection of TNF-a, VCAM-1 is
expressed on the endothelial surface and

mononuclear cells adhere to the vessel wall
(Fig. 4, A and B). Intra-arterial infusion of
[11,12]-EET, but not [14,15]-EET or vehicle
(saline), decreased endothelial VCAM-1 ex-
pression and inhibited mononuclear cell adhe-
sion. The mononuclear cell adhesion was also
blocked by an antibody to VCAM-1 (MK2)
(21), confirming the importance of VCAM-1–
mediated mononuclear cell adhesion in this
model of vascular inflammation. Because of
reduced recruitment into the adherent pool,
there was a shift in the number of adherent
U937 cells into the nonadherent population,
leading to increased mononuclear cell rolling
in carotid arteries harvested from mice treated
with [11,12]-EET or VCAM-1–blocking an-
tibody (Fig. 4C). Our findings are also con-
sistent with studies in mice showing augmen-

tation of fever by inhibitors of cytochrome
P450 epoxygenases (22, 23).

Our findings suggest an important nonva-
sodilatory property of EETs that is distinct
from their membrane-hyperpolarizing effect
and that involves the inhibition of NF-kB–
mediated VCAM-1 expression. Indeed, the
concentration of [11,12]-EET used in our
study was subthreshhold for augmenting ce-
rebral blood flow at sites distal to the ca-
rotid artery infusion (24 ). We propose that
cytochrome P450 epoxygenase-derived ei-
cosanoids may be useful therapeutic agents
for treating vascular and nonvascular in-
flammatory disorders. The physiological
role and the relative contributions of spe-
cific cytochrome P450 isoforms in mediat-
ing these effects remain to be determined.

Fig. 3. (A) Immunofluorescence
studies showing the subcellular
localization of NF-kB subunit Rel
A in unstimulated endothelial
cells (control) and endothelial
cells stimulated with TNF-a (10
ng/ml, 15 min) in the presence or
absence of [11,12]-EET (100 nM).
Experiments were performed
three times with similar results.
Bar, 10 mm. (B) The fate of IkB-a
after treatment with TNF-a (10
ng/ml, 15 min) with or without
[11,12]-EET (100 nM), [14,15]-EET
(100 nM), or 26S proteasome in-
hibitor, MG132 (10 mM). NS, non-
specific bands. (C) IKK activity in
unstimulated endothelial cells
and endothelial cells stimulated
with TNF-a (10 ng/ml, 15 min)
with and without [11,12]-EET
(100 nM), [5,6]-EET (100 nM), or
[8,9]-EET (100 nM). In some experiments, [11,12]-EET (100 nM) was added directly to the IKK assay (in
vitro). As a control for nonspecific phosphorylation, the IkB-a mutant (Ser32, Ser363T ) was used as
substrate. The assay was performed three times with similar results.

Fig. 4. (A) Expression of en-
dothelial VCAM-1 (arrows)
in the murine carotid artery
5 hours after an intraperito-
neal injection of saline (con-
trol) or TNF-a (10 mg/kg) in
the presence or absence of
continuous intra-arterial in-
fusion of [11,12]-EET or
[14,15]-EET (both at 100
ng/kg per minute for 5
hours) (25). Bar, 250 mm.
Effect of EETs on TNF-a–
induced U937 mononuclear
cell (B) adhesion and (C)
rolling in the murine carotid
artery. The number of ad-
herent and rolling cells per
mm2 of endothelium was
measured after infusion of
U937-labeled cells (20).
Mononuclear cell adhesion
or rolling was not detected
in control mice. Mice were
treated with TNF-a alone
(h) and in the presence of [11,12]-EET (E), [14,15]-EET (‚), or a mAb (MK2)
directed against VCAM-1 (■) (23). For mononuclear cell adhesion, threeseparate

experiments yielded similar results with less than 10% variation (*P , 0.05
versus TNF-a alone).
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