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Epoxyeicosatrienoic acid (EET)-stimulated angiogenesis
iIs mediated by epoxy hydroxyeicosatrienoic acids
(EHETs) formed from COX-2*

Amy A. Rand,*" Anita Rajamani,"* Sean D. Kodani," Todd R. Harris, #"8 Lukas Schlatt,"
Bodgan Barnych Anthony G. Passerini,* and Bruce D. Hammock"'

Department of Chemistry,* Carleton University, Ottawa, ON, Canada; and Department of Entomology and

Nematology, Department of Biomedical Engineering,** and UC Davis Comprehensive Cancer Center;’

University of California, Davis, Davis, CA

Abstract Epoxyeicosatrienoic acids (EETs) are formed from
the metabolism of arachidonic acid by cytochrome P450s.
EETs promote angiogenesis linked to tumor growth in vari-
ous cancer models that is attenuated in vivo by cyclooxygen-
ase 2 (COX-2) inhibitors. This study further defines a role
for COX-2 in mediating endothelial EET metabolism pro-
moting angiogenesis. Using human aortic endothelial cells
(HAEGs), we quantified 8,9-EET-induced tube formation
and cell migration as indicators of angiogenic potential in
the presence and absence of a COX-2 inducer [phorbol
12,13-dibutyrate (PDBu)]. The angiogenic response to 8,9-
EET in the presence of PDBu was 3-fold that elicited by 8,9-
EET stabilized with a soluble epoxide hydrolase inhibitor
(tTUCB). Contributing to this response was the COX-2 me-
tabolite of 8,9-EET, the 11-hydroxy-8,9-EET (8,9,11-EHET),
which exogenously enhanced angiogenic responses in HAECs
at levels comparable to those elicited by vascular endothelial
growth factor (VEGF). In contrast, the 15-hydroxy-8,9-EET
isomer was also formed but inactive. The 8,9,11-EHET also
promoted expression of the VEGF family of tyrosine kinase
receptors. These results indicate that 8,9-EET-stimulated
angiogenesis is enhanced by COX-2 metabolism in the en-
dothelium through the formation of 8,9,11-EHET.HA This
alternative pathway for the metabolism of 8,9-EET may be
particularly important in regulating angiogenesis under cir-
cumstances in which COX-2 is induced, such as in cancer
tumor growth and inflammation.—Rand, A. A., A. Rajamani,
S. D. Kodani, T. R. Harris, L. Schlatt, B. Barnych, A. G.
Passerini, and B. D. Hammock. Epoxyeicosatrienoic acid
(EET)-stimulated angiogenesis is mediated by epoxy hy-
droxyeicosatrienoic acids (EHETs) formed from COX-2.
J- Lipid Res. 2019. 60: 1996-2005.
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Epoxyeicosatrienoic acids (EETs) are biologically active
omega-6 fatty acids generated through the cytochrome
P450 (CYP) oxidation of arachidonic acid (ARA). Endo-
thelial cells express endogenous levels of CYP2B, CYP2C,
and CYP2] subfamilies, which form four EET regioisomers
(5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET) (1, 2). EETs
can also be formed by other CYPs, particularly when they
are induced (3). The EETs act in part to change the mem-
brane potential and tone of the vascular wall; they are strong
vasodilators that lead to reduced blood pressure (4, 5) and
are endothelium-derived hyperpolarizing factors that acti-
vate Ca*"-activated K' channels in vascular smooth muscle
cells and coronary arteries (6, 7). EETs also act as second-
ary messengers in numerous signal-transduction pathways
involved in inflammation (8), pain (9), bone growth (10),
cell migration (11), apoptosis (12), platelet aggregation
(13), and hypoxia/reoxygenation injury (14). Multiple
studies have also demonstrated that EETs stimulate endo-
thelial cell proliferation and angiogenesis (1, 15-23).

Angiogenesis is a tightly regulated physiological process
that provides oxygen during tissue repair and growth but
is also central to the growth and spread of tumors. EETs,

Abbreviations: ARA, arachidonic acid; COX, cyclooxygenase; CYP,
cytochrome P450; DHET, dihydroxyeicosatrienoic acid; EET, epoxye-
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human aortic endothelial cell; PDBu, phorbol 12,13-dibutyrate;
sEH, soluble epoxide hydrolase; ~tAUCB, trans-4-(4-(3-adamantan-1-
yl-ureido)-cyclohexloxyl)-benzoic acid; THET, trihydroxyeicosatrienoic
acid; #TUCB, trans4-[4-(3-trifluoromethoxyphenyl-l-ureido)-cyclohexy-
loxy]benzoic acid; VEGF, vascular endothelial growth factor; VEGFR,
VEGF receptor.
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when exogenously administered, have been shown to in-
duce endothelial cell proliferation and angiogenesis in
various in vitro and in vivo models (24-29). The mecha-
nism for this activity is associated with protein activation
within the PISK/Akt and MAPK signal-transduction cas-
cades (1,17, 19, 21, 22) and increased expression of angio-
genic growth factors, including vascular endothelial growth
factor (VEGF) (18), fibroblast growth factor 2 (17), and
epidermal growth factor (23). In cancer models, EET-
induced angiogenesis supports the growth and metastasis
of tumors. Overexpressing CYP2]2 in endothelial cells
leads to increased primary tumor growth and metastasis in
multiple tumor models that is dependent, at least in part,
on EET induction of VEGF (30).

The biological activity of EETs can be short-lived because
they are rapidly metabolized by soluble epoxide hydrolase
(sEH), which hydrates the epoxide group to form diols [di-
hydroxyeicosatrienoic acids (DHETS) ] that are inactive in
the context of angiogenesis. sEH inhibitors such as trans-
4-(4-(3-adamantan-1-yl-ureido)-cyclohexloxyl)-benzoic acid
(+tAUCB) stabilize levels of EETs in vivo, prolonging their
biological activity, and are currently in development to
treat various diseases (31, 32). An enigma is that when sEH
inhibitors, which increase levels of angiogenic EETs, are
used in combination with chemotherapeutic agents (e.g.,
COX-2 inhibitors and cisplatin) in models of angiogenesis
and tumorigenesis, there is a dramatically antiangiogenic
response and reduction in tumor growth and metastasis
(33-37). While EETs activate several distinct angiogenic
signaling cascades, recent evidence has shown that EET an-
giogenic activity may be further dependent upon down-
stream metabolites formed from cyclooxygenase (COX)
(38). COX-2 inhibitors directly affect EET-dependent tu-
mor growth (33). While £AUCB at high doses was shown to
increase cancer tumor growth due to stabilized levels of
EETs, the combination of the COX-2 inhibitor celecoxib
with -AUCB reduced angiogenesis and tumorigenesis
below the levels achieved with a COX-2 inhibitor alone in
three mouse models of cancer (33, 34, 37). Synthesis of a
compound that simultaneously inhibits both COX-2 and
sEH (PTUPB) was also more effective at inhibiting primary
tumor growth and metastasis than inhibitors selective to
either pathway (33, 35). The evidence that EET-dependent
angiogenic and tumorigenic activity is modified by the
combined treatment of COX-2 and sEH inhibitors suggests
that there is crosstalk between these pathways, the nature
of which has not been completely described.

While EET hydroxylation by sEH has been thoroughly
examined, EET hydroxylation by COX has received much
less attention. This has been partly due to the assumption
that the presence of an epoxide on the 8,9-, 11,12-, and
14,15-positions of ARA would prevent the usual endoper-
oxide formation and limit reactivity. We were the first to
examine the reactivity of the four EET regioisomers with
purified COX-1 and COX-2 (38, 39). The 5,6-EET forms
prostaglandin (5,6-epoxy-PGE; and hydroxyl-PGI;) (38,
40-42), thromboxane (5-hydroxy-6,9-epoxy-thromboxane
B;), and hydroxylated (5,6-epoxy-12-hydroxyheptadecadie-
noic acid) products (43). 8, 9-EET and 11,12-EET are both

capable of being metabolized by COX-1 and COX-2 but
form only hydroxylated products (38, 39). The hydroxyl-
ation of 8,9-EET has also been demonstrated in human
platelets and ram seminal vesicles (44).

We and others have shown that EETs are metabolized by
COX-1 and COX-2 to produce prostaglandin-like analogues
and epoxy hydroxyeicosatrienoic acids (EHETs) (38, 40,
41, 44, 45). Using synthesized EHETs, we previously dem-
onstrated that 8,9,11-EHET increased cell infiltration and
microvessel formation in an in vivo Matrigel assay, while its
regioisomer, 8,9,15-EHET, was inactive (38). Here, our ob-
jective was to further define the relative roles of COX-2 and
sEH in regulating EET metabolism by endothelium as it
relates to angiogenesis. We hypothesized that COX-2 in-
duction would shift EET metabolism toward the produc-
tion of EHETs, which function to promote angiogenesis.
We show that the enhanced angiogenesis elicited by 8,9-
EET within human aortic endothelial cells (HAECs) is fur-
ther increased upon COX-2 induction due to the formation
of 8,9,11-EHET, which specifically acts to promote endo-
thelial cell migration and tube formation through a VEGF
receptor (VEGFR)-dependent mechanism (Fig. 1).

MATERIALS AND METHODS

Materials

HAEC cell media supplemented with a SingleQuots EGM bul-
let kit was obtained from Lonza (Allendale, NJ). Eicosanoid stan-
dards were obtained from Cayman Chemical (Ann Arbor, MI)
except for the following synthesized in house: 8,9,11-EHET and
8,9,15-EHET methyl esters (39), 8,9-EET (46), and 8,9,11-trihy-
droxyeicosatrienoic acid (THET) and 8,9,15-THET (38). All lipid
substrates were dissolved in ethanol to form stock solutions (10-
100 mM) and stored under nitrogen at —20°C until use. Phorbol
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Fig. 1. ARA is metabolized by COX, LOX (lipoxygenase), and

CYP to form bioactive oxylipins. The CYP pathway produces EETs
that are analgesic and anti-inflammatory. When COX-2 is expressed
in HAEGs, EETs can undergo further metabolism to yield the angio-
genic 8,9,11-EHET. The effect is more potent when combined with
sEH inhibition, which prevents the conversion of EETs to inactive
DHET:.

COX-2-derived EHETS are angiogenic 1997



12,13-dibutyrate (PDBu) was purchased from Sigma-Aldrich
(St. Louis, MO). For LC/MS/MS analysis, the EHET and THET
methyl esters were cleaved to acids using carboxyl esterase 2 en-
zyme hydrolysis as previously described (38). The sEH inhibitor
trans-4-[4-(3-trifluoromethoxyphenyl-l-ureido)-cyclohexyloxy]
benzoic acid (+TUCB) was also synthesized in house (47). This
sEH inhibitor was used because it has a similar structure and
potency to AUCB but is more metabolically stable (48). Water
was either 18 mQ or LC/MS grade (Thermo Fisher Scientific,
Waltham, MA). Ultima LC/MS grade methanol and acetonitrile
were purchased from Sigma-Aldrich.

HAEC growth and maintenance

HAEC passages 6-8 (lot #2228 derived from a 21-year-old
female and lot #7F4409 from a 34-year-old male; Genlantis, San
Diego, CA) were cultured in EGM-2 (Lonza) supplemented with
1x antibiotic/antimycotic (Thermo Fisher Scientific). Cells were
seeded on 6-, 12-, or 24-well tissue culture plates (Falcon; Thermo
Fisher Scientific) and proliferated to form an 85% to 95% conflu-
ent monolayer.

Lipid extraction and LC/MS/MS analysis

The protocol is detailed in the supplemental data. In brief, oxy-
lipin metabolites were extracted from HAEC culture medium and
cell lysates using solid-phase extraction and quantified by UPLC/
MS/MS. Extracted oxylipins were separated using a Phenomenex
Kinetex C18 column (15 x 2.1 mm, 1.7 pm, 100 A; Torrance, CA),
with LC/MS-grade water and acetonitrile (both containing 0.1%
acetic acid) as mobile phases for the gradient UPLC method. All
analytes were monitored in multiple reaction monitoring mode as
parent and product ion mass transition pairs. Oxylipins were
identified and quantified based on LC retention time and their
multiple reaction monitoring transitions.

Synthesis of EHETs by HAECs

To study whether EHETs and their corresponding sEH prod-
ucts, the THETs, could be formed enzymatically by HAEGs, cells
at passage 7 were seeded onto 6-well plates and grown to conflu-
ence. The cells were serum-starved for 3 h, and the COX-2 in-
ducer PDBu and/or sEH inhibitor #TUCB (C; = 1 pM) were
added in DMSO after 2 h of serum starvation, followed by 8,9-EET
in ethanol (C;=1 pM). FBS was added to a final concentration of
2%. After 20 h, the media were removed from the plates, and the
cells were lysed on ice with ice-cold methanol and nonpyrogenic
cell scrapers. Samples were stored at —20°C before extraction and
LC/MS/MS analysis.

Tube formation assay

Capillary tube formation was analyzed using the Ibidi p-slide
angiogenesis plates. This assay was chosen as our primary in vitro
model for angiogenesis because it encompasses the major steps of
sprouting, proliferation, and migration and facilitates endothelial
cell reassembling and new cell-cell contacts necessary for tube for-
mation. The 15-well p-slide plates were coated with 10 pl growth
factor-reduced Matrigel and incubated for 30 min at 37°C. Endo-
thelial cells were first serum- and VEGF-starved for 3 h before pas-
saging. The cells (1 x 10%) were plated over the solidified Matrigel
(10 pl) in 50 pl serum-free media with 8,9-EET or EHETS in etha-
nol (0.001-1 pM). To determine the effect of 8,9-EET on tube
formation with and without COX-2 induction and sEH inhibition,
HAECs were plated on Matrigel in 50 pl serum-starved media, and
8,9-EET was added in ethanol to a final concentration of 0.1 pM
in the presence of +TUCB (C;=1 pM) and/or PDBu (C;=1 pM).
All lipid treatments were also paired with vehicle (ethanol) con-
trols. After 24 h, cells were stained with Calcein AM. Media were
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removed by gentle aspiration and replaced with 50 pl serum-free
media containing 6.25 pg/ml Calcein AM. The plates were incu-
bated in the dark for 30 min at room temperature. Tube struc-
tures were recorded by taking a fluorescence image of the entire
well at 485 nm /529 nm. To quantify the tube network formation,
total tube length was measured either manually with the analyzer
blinded to the treatment description or by using Fiji software
(49). Experiments were performed at least in triplicate.

Migration assay

The migration rate of HAECs was analyzed using a scratch-
wound technique. HAECs were seeded in 24-well tissue culture
plates, maintained at 37°C and 5% CO,, and grown to 90% to
95% confluent monolayers. HAECs were FBS- and VEGF-starved
for 3 h before adding lipid treatments in ethanol (0.001-1 pM) in
500 pl serum- and VEGF-free media. A 200 pl pipette tip was used
to scratch the endothelial monolayer and produce a wound. Cell
migration was monitored every 2 h at the exact coordinates over a
period of 24 h using a Nikon Eclipse TE2000-U microscope at 10x
and quantified using Fiji. All treatments were performed in
triplicate.

Western blot analysis

To evaluate the sEH, COX-1, and COX-2 expression levels,
HAECGCs (3 x 105) were plated on 6-well plates with full media sup-
plemented with an EGM SingleQuots bullet kit with and without
8,9-EET (1 pM) for 24 h. The cells were lysed with 200 pl RIPA
buffer (Thermo Fisher Scientific) with a protease inhibitor cock-
tail (Sigma-Aldrich). Lysate protein was prepared by dilution in
4x LDS Sample Buffer and 10x Reducing Buffer (Thermo Fisher
Scientific). Protein was loaded on Bolt 4-12% Bis-Tris gels
(Thermo Fisher Scientific) and then electrophoresed for 35 min
at 200 V. Protein was then transferred to 0.45 pm pore-sized nitro-
cellulose membranes using the Pierce FastBlotter (Thermo Fisher
Scientific). The blot was blocked with 3% BSA in TBST and incu-
bated with either primary rabbit polyclonal anti-human sEH anti-
body (1:5000), rabbit monoclonal anti-human COX-2 antibody
(1:1000) (#12282, Cell Signaling Technology, Danvers, MA), or
rabbit monoclonal anti-human COX-1 antibody (1:1000) (#9896,
Cell Signaling Technology). Blots were subsequently incubated
with secondary goat anti-rabbit IgG (1:5000) conjugated with
HRP (Abcam, Cambrige, MA). Bands were detected using the
SuperSignal West Femto ECL Detection Reagent (Thermo Fisher
Scientific) and visualized with the ChemiDoc MP (Bio-Rad Labo-
ratories, Hercules, CA). Band intensity was quantified using Im-
agelLab 5.0 (Bio-Rad Laboratories). Purified COX-1, COX-2, and
sEH were used as positive controls. Each treatment was analyzed
in triplicate.

Human angiogenesis antibody array

Confluent HAEC monolayers were FBS- and VEGF-starved for
3 h. A scratch wound was created using a 200 pl pipette tip, and
cells were treated with ethanol (vehicle control; n = 3), 8, 9-EET
(0.1 pM; n = 3), or 8,9,11-EHET (0.01 pM; n = 3). Culture media
were collected and pooled for the RayBio C Series human angio-
genesis antibody array (C1000). The assay was conducted as in-
structed with pooled nondiluted culture samples. The array was
imaged using the Western blot ChemiDoc MP imaging system
(Bio-Rad Laboratories) until the positive control had strong com-
parable signal among all arrays. Measurements of integrated sig-
nal density (n=1-2) were acquired using the Fiji plugin microarray
profile. A square region of interest with an identical area was used
to measure the integrated signal density across all images. These
measurements were compiled, the percentages were normalized
with respect to the control, and the data were plotted in Sigma-
Plot 14.0 (Systat Software, Inc., San Jose, CA) to qualitatively



observe the difference in angiogenic profiles. Although the ex-
pression of the VEGFR family members 2 and 3 each was increased,
they were combined to make the statistical analysis possible.

Statistical analyses

Data are reported as arithmetic means + SEs. Statistical com-
parisons between groups were made by one-way ANOVA followed
by the Holm-Sidak pairwise or control comparison, as described
in each figure caption. Differences were considered significant
for two-tailed P < 0.05. All statistical calculations were performed
using SigmaPlot 14.0.

RESULTS

8,9-EET-stimulated angiogenesis is enhanced by COX-2

While all EET regioisomers have been shown to be
mildly angiogenic, 8,9-EET was the focus for this study
because it was the best substrate for COX-1 and COX-2,
having the lowest measured Ky and a high k., (38). To
understand whether 8,9-EET-stimulated angiogenesis can
be modified by COX-2, we dosed HAECs with 8,9-EET in
the presence and absence of a synthetic phorbol ester
COX-2 inducer, PDBu, and monitored the amount of tube

formation over a period of 24 h (Fig. 2A). Given that PDBu
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induces COX-2, we also monitored levels of the endoge-
nous prostaglandin E2, the angiogenic oxylipin formed
from COX metabolism of ARA (Fig. 2B). While PDBu trig-
gers many other tumor-promoting pathways, it was used for
two reasons: to test the hypothesis that COX-2 metabolizes
the 8,9-EET to products that enhance angiogenesis and to
compare its angiogenic capacity as a known tumor promo-
tor to the sEH inhibitor +TUCB. 8,9-EET (0.1 pM) doubled
tube formation compared with the vehicle (ethanol) con-
trol group (Fig. 2), consistent with results from previous
studies (1, 50). The addition of +TUCB did not signifi-
cantly increase tube formation beyond that elicited by 8,9-
EET alone. Inducing COX-2 with PDBu (1 pM) further
enhanced tube formation in the presence or absence of
8,9-EET, resulting in values that were 7-fold that of the ve-
hicle control. COX-2 induction also formed PGE, at detect-
able levels for all treatment groups. These levels were not
dependent on 8,9-EET treatment, given that 8,9-EET
treated and untreated cells produced PGE, at similar levels.
Combining +TUCB with PDBu brought the angiogenic re-
sponse back to vehicle control levels in the absence of 8,9-
EET. In contrast, the presence of 8,9-EET with +TUCB
and PDBu markedly increased angiogenic tube formation,
doubling the response over treatment with 8,9-EET alone.

p<0.005

Fig. 2. COX-2 induction, partly driven by PGE,,
enhances tube formation. A: HAECs in basal media
(in the absence of serum and VEGF) were seeded
onto 15-well p-angiogenesis plates with growth factor-
reduced Matrigel. Cells were then treated with vehicle
or 8,9-EET (0.1 pM) in the presence and absence of the
sEH inhibitor +TUCB (1 pM), COX-2 inducer PDBu
(1 pM), or +TUCB and PDBu combined. Tube length
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30 { EzZA +80-EET
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1 t-TUCB+PDBu

was measured manually using Fiji. Values are means +
SEs (n =4). B: HAEC cells (300,000) were incubated
with and without 8,9-EET (0.1 pM) with full media
(8 ml) with and without the sEH inhibitor +TUCB and
COX-2 inducer PDBu for 20 h. PGE, levels (pmol) in
media were analyzed using LC/MS/MS. Values are
means + SEs (n =2-3). *¥*P < 0.001 versus the vehicle
control with and without 8,9-EET; "MP < 0.001 versus
the +TUCB treatment with and without the 8,9-EET.
Statistical tests were performed using one-way ANOVA
with Holm-Sidak pairwise analysis. The raw data used
for this figure are reported in supplemental Table S1.

Vehicle t-TUCB PDBu

t-TUCB+PDBu
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While PGE, is a known angiogenic factor contributing to
some of these COX-2-driven responses, to further explain
these results we investigated 8,9-EET metabolites down-
stream of COX-2 for their angiogenic potential.

COX-2 metabolizes 8,9-EET to form 8,9,11-EHET and
8,9,15-EHET in HAECs

We and others have shown that two regioisomers form
from the metabolism of 8,9-EET by COX, 8,9,11-EHET and
8,9,15-EHET (38, 39, 44), but the formation of these
metabolites has not been demonstrated in endothelial cells.
To investigate this, we dosed HAECs with 8,9-EET (1 pM)
with and without #TUCB and PDBu and incubated the
cells for 20 h. The media and cell lysates were collected,
extracted, and analyzed for 8,9-EET and its sEH and COX
products using LC/MS/MS. Endogenous levels of these
lipids were also examined by treating cells with £TUCB
and/or PDBu in the absence of 8,9-EET, but metabolite
levels were all below the limit of detection (not shown). For
HAEG:s treated with 8,9-EET, DHET and/or EHET metab-
olites were primarily observed in the media (Fig. 3). Onlya
small percentage (approximately 2%) of total metabolite
production was detected in the cell lysates, at levels two or-
ders of magnitude lower than in the media (supplemental
Fig. S1). Treatment with 8,9-EET resulted in similar detect-
able levels of 8,9-DHET compared with all other treat-
ments. Inducing COX-2 resulted in significant production
of both 8,9,11-EHET and 8,9,15-EHET, observed in the cell
media. Levels of 8,9,11-EHET were about twice those of the
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Fig. 3. 8,9 EET is metabolized by sEH to form 8,9-DHET and

COX-2 to form 8,9,11-EHET and 8,9,15-EHET, which are further
metabolized to THETs. 8,9-EET (1 pM) was incubated with HAEC
cells (300,000) with full media (3 ml) with and without the sEH in-
hibitor +TUCB and COX-2 inducer PDBu for 20 h. Levels of lipids
(pmol) from the media were analyzed using LC/MS/MS. Values are
averages from one to four independent experiments, each having
three to four replicates. Error bars are means + SEs. *P < 0.05 versus
the 8,9-DHET formed from PDBu treatment with and without
t+-TUCB; tP<0.05 versus the 8,9,15-EHET formed from PDBu treat-
ment with and without +TUCB. Statistical tests were performed
using one-way ANOVA with Holm-Sidak pairwise analysis. The raw
data used for this figure are reported in supplemental Table S2.
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8,9-DHET formed by the same treatments. The production
of 8,9,11-EHET was 6-fold higher than 8,9,15-EHET. Trace
levels of 8,9,11-THET and 8,9,15-THET, the sEH hydroly-
sis products of 8,9,11-EHET and 8,9,15-EHET, were also
detected.

Intracellular levels of sEH, COX-1, and COX-2 protein
were measured by Western blot in the presence and ab-
sence of 8,9-EET (Fig. 4, supplemental Fig. S2). All protein
responses were normalized with respect to B-actin. For all
treatments, sEH/B-actin ratios were comparatively no dif-
ferent from COX-1/B-actin ratios. The sEH/B-actin and
COX-1/B-actin ratios were also not significantly different
between vehicle, +tTUCB, and #TUCB + PDBu treatments,
suggesting that the sEH inhibitor and COX-2 inducer had
no effect on sSEH or COX-1 protein expression. In contrast,
PDBu treatment yielded significantly higher COX-2 levels
compared with treatments without PDBu in accordance
with previous studies (Fig. 4) (51). The COX-2/B-actin
ratio after COX-2 induction was also about 2-fold higher than
sEH expression. Together these results demonstrate that
COX-2 induction in endothelial cells leads to enhanced
metabolism of 8,9-EET to form EHETs over DHETS.

8,9,11-EHET promotes HAEC tube formation

In our previous study, we identified 8,9,11-EHET but not
8,9,15-EHET to be angiogenic in an in vivo mouse Matrigel
model (38). Here, we investigated the roles that these COX
metabolites of 8,9-EET have on the angiogenic processes of
tube formation and cell migration. We measured tube for-
mation using fluorescence microscopy in response to lipid
treatments after 24 h, comparing the 8,9,11-EHET and

[ 8.9-EET
777 8.9-EET +(-TUCB
3 | BB 8.9-EET +-TUCB + PDBu
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Fig. 4. COX-1and sEH are expressed in basal HAECs, and COX-2
expression is induced by PDBu. Western blot analysis of sEH, COX-
1, and COX-2 in HAEC cell extracts. 8,9-EET (1 pM) was incubated
with HAEC cells (300,000) with full media (3 ml) with and without
the sEH inhibitor #TUCB and COX-2 inducer PDBu for 24 h. The
graph shows quantification of Western blot bands, where protein
responses were normalized with respect to B-actin. Equal amounts
of protein from the vehicle and treatment groups were analyzed in
triplicate. *P < 0.05 versus the COX-2 expression in the vehicle and
+TUCB groups; P < 0.05 versus sEH expression (all treatments).
Statistical tests were performed using one-way ANOVA with Holm-
Sidak pairwise analysis. The raw data used for this figure is reported
in supplemental Table S3.
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8,9,15-EHET over a range of concentrations (0.001-1 pM)
(Fig. 5A). The 8,9,11-EHET was active at all concentra-
tions, with the maximum effect occurring at 0.01 pM, a
3-fold increase from the vehicle control. At this concentra-
tion, 8,9,11-EHET produced similar action to the VEGF
positive control (P = 0.1). In contrast to 8,9,11-EHET, the
8,9,15-EHET was not potent in mediating tube formation,
in that it yielded a response no different than the vehicle
control over the tested concentration range. An MTT assay
was used to test whether EHET treatments were influenc-
ing cell survival; EHET incubation had no noticeable effect
on cell number over 24 h (supplemental Fig. S3). In com-
parison to the tumor promoter and COX-2 inducer PDBu,
8,9,11-EHET was much less potent at mediating tube for-
mation. Treatment with PDBu (1 pM) produced a robust
angiogenic response, 3-fold higher than the responses for
8,9,11-EHET and 8,9-EET (Table 1).

8,9,11-EHET enhances HAEC migration

We used the scratch assay to examine the influence of
8,9,11-EHET and 8,9,15-EHET on HAEC migration rate,
quantified by first calculating the cell-surface coverage
within the initial cellfree gap over 24 h and the rate at
which HAECG: filled the scratch gap (cell-front velocity) af-
ter the addition of oxylipins (Fig. 6). VEGF (2 ng/ml), full
media, and PGE, were used as positive controls for compari-
son. In general, 8,9,11-EHET treatments promoted HAEC
migration 2- to 3-fold over the vehicle control, indicating
that 8,9,11-EHET could enhance wound repair. In con-
trast, 8,9,15-EHET had no effect on the migration rate
across all tested concentrations. Together these data estab-
lish 8,9,11-EHET, but not 8,9,15-EHET, as a potent media-
tor of endothelial proangiogenic activity.

8,9,11-EHET increases expression of soluble VEGFR

To determine the role of angiogenic signaling factors
in 8,9,11-EHET-induced angiogenesis, we studied the re-
sponse of several human angiogenic factors secreted dur-
ing tube formation using an angiogenesis array. Both
8,9-EET and 8,9,11-EHET treatment significantly increased
the expression of secreted VEGFR-2 and VEGFR-3 (Fig. 7).
Compared with the control, treatment with 8,9-EET or
8,9,11-EHET increased the expression of these receptors
about 3-fold. In contrast, other factors measured in the
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array had no significant effect on 8,9,11-EHET-induced tube
formation, suggesting most of the 8,9,11-EHET angiogenic
activity arises from the VEGF tyrosine kinase receptor-
dependent pathways. These data also demonstrate that 8,9,
11-EHET alone elicits angiogenic signaling in the absence
of other more powerful promoters such as PDBu. The raw
data for Fig. 7, as well as those factors tested but not signifi-
cantly different, are shown in supplemental Table S6.

DISCUSSION

Major findings of this study in HAEC are consistent with
previous reports on the angiogenic activity of EETs and
their stabilization by sEH inhibitors in vivo. The data sup-
port our hypothesis that COX-2 induction shifts EET me-
tabolism toward the production of EHETs over DHETS,
which contributes to their angiogenic activity. Specifically,
we report for the first time that /) EHETs are produced by
endothelial cells under conditions in which COX-2 is in-
duced, 2) the angiogenic activity of 8,9-EET is in part medi-
ated by the COX-2 metabolite 8,9,11-EHET, 3) migration
and tube formation are stimulated by direct incubation
with the COX metabolite 8,9,11-EHET but not the 8,9,15-
EHET isomer, 4) 8,9-EET is normally metabolized by
HAECs predominantly by sEH to the corresponding diol
8,9-DHET, 5) induction of COX-2 by PDBu shifts 8 9-EET
metabolism toward the proangiogenic 8,9,11-EHET at a
level twice that of 8,9-DHET, 6) HAEC migration stimu-
lated by 8,9,11-EHET is dependent on the overexpression
of the VEGFRs, and 7) although the increase in 8,9-EET
and 8,9,11-EHET induced tube formation is statistically sig-
nificant in some cases, the increase is trivial compared with
that elicited by the phorbal ester PDBu, a well-known
tumor-promoting agent that increases COX-2 and PGE,.
Together these results suggest that much if not all of the
angiogenic effect of 8,9-EET is due to its metabolism by
COX-2. These data at least partially explain why combining
an sEH and COX-2 inhibitor or an integrated dual inhibi-
tor blocks angiogenesis, tumor growth, and metastasis in
some murine cancer models (31-34).

Many studies have shown that COX-2 and CYP metabo-
lites of ARA stimulate angiogenesis in endothelial cells (52,
53). However, much less is known about crosstalk between

Fig. 5. 8,9,11-EHET enhances HAEC tube forma-
tion. A: HAEGCs in basal media were seeded onto a 15-
well p-angiogenesis plate with growth factorreduced
Matrigel. Cells were treated with vehicle, VEGF
(2 ng/ml), or various concentrations of 8,9,11-EHET
or 8,9,15-EHET for 24 h. Tube formation was observed
using a fluorescence microscope after staining with
Calcein. Tube length was measured using Fiji. B: Rep-
resentative images of HAEC tube formation after a
24 h incubation with vehicle and the 8,9,11-EHET
treatment (0.1 pM). Values are means + SEs (n = 3).
*P < 0.05 versus the control. Statistical tests were per-
formed using one-way ANOVA with Holm-Sidak com-
parison to the control analysis. The raw data used for
this figure are reported in supplemental Table S4.
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TABLE 1. PDBu induces HAEC tube formation more than 8,9-EET

and 8,9,11-EHET treatments

Treatment Tube Length vs. Control (%) Sample size (n)
Vehicle 100 + 11 12
VEGF 220 + 34%* 5
8,9-EET 209 + 31 4
8,9,11-EHET 242 + 23% 3
8,9,15-EHET 85 + 28 3
+TUCB 194 + 27 4
PDBu 681 + 30* 4

HAECGs in basal media (in the absence of serum and VEGF) were
seeded onto a 15-well p-angiogenesis plates with growth factor-reduced
Matrigel. Cells were then treated with vehicle (ethanol) or separately
incubated with 8,9-EET (0.1 pM), 8,9,11-EHET (0.1 pM), or PDBu
(1 pM). Tube length was measured manually using Fiji. The analysis
was blinded toward treatments to avoid bias. Values are means + SEs
(n=3-12). ¥*P<0.05 versus the control. Statistical tests were performed
using one-way ANOVA with Holm-Sidak comparison to the control
analysis.

these branches. In HUVEGCs, CYP2C9 overexpression
stimulated greater endogenous EET production, which
surprisingly also increased COX-2 expression (54). Similarly,
exogenous addition of 11,12-EET also increased COX-2
expression, indicating another mechanism of crosstalk be-
tween the COX and CYP pathways (54). This treatment
enhanced tube formation through the increased produc-
tion of PGE, as well as the proangiogenic prostacyclin and
PGI, (20, 55, 56). While we did not find that 8,9-EET af-
fected COX-2 expression (Fig. 4) or contribute to increased
PGE, (Fig. 2B), the angiogenic response from 8,9-EET was
enhanced in the presence of PDBu, indicating crosstalk
between the CYP and COX-2 pathways. PDBu is a power-
ful tumor promoter that participates in several signaling

1 8,9,11-EHET
8.9.15-EHET

Cell front velocity (uM/h)
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Fig. 6. 89,11-EHET enhances HAEC migration. HAECs in basal
media (in the absence of serum and VEGF) were seeded onto a 24-
well plate, serum-starved for 3 h, and treated with vehicle (ethanol),
growth factors (VEGF and full media), PGE, (1 pM), and varying
concentrations of EHETs. Cell-surface coverage over 24 h was cap-
tured using a brightfield microscope and quantified using Fiji. Val-
ues are means + SEs (n = 3-6). *P < 0.05 versus the vehicle control.
Statistical tests were performed using one-way ANOVA with Holm-
Sidak comparison to the control analysis. The raw data used for this
figure are reported in supplemental Table S5.
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Fig. 7. 8,9-EET and 8,9,11-EHET increase VEGFR expression.
HAECs were FBS- and VEGF-starved for 3 h. Cells were scratched
with a pipette tip and treated with 0.01 pM 8,9,11-EHET, 0.1 pM 8,9-
EET, or ethanol (vehicle). The VEGFR-2 and -3 expression in culture
media was imaged, and integrated signal density was calculated using
Fiji. Values are means + SEs (n=2-4). *¥P<0.001 versus the vehicle
control. Statistical tests were performed using one-way ANOVA with
Holm-Sidak pairwise analysis. The raw data used for this figure are
reported in supplemental Table S6.

pathways, including the induction of COX-2. In this study,
we quantified increased levels of 8,9,11-EHET (from exog-
enous 8,9-EET) and PGE, (from endogenous ARA) after
PDBu treatment that contributed to its robust angio-
genic response. However, given the participation of PDBu
in several signaling pathways, other factors may be control-
ling the observed angiogenic response and cannot be dis-
counted. Its strong effect on increasing tube length dwarfs
the effect of the results from +TUCB, 8,9-EET, 89,11-
EHET, and 8,9,15-EHET (Fig. 2, Table 1). In this respect,
while EETs can be angiogenic, they are weaker agents com-
pared with these other known angiogenic factors. How-
ever, our data also suggest that in circumstances with
increased COX-2 expression, 8,9-EET becomes a more po-
tent mediator of angiogenesis. This activity is controlled in
part by 8,9-EET metabolism to 89,11-EHET. COX-2 ex-
pression is upregulated along with increased PGE, in vari-
ous tumors and cancer cells (57, 58), its induction acting as
a switch to promote angiogenesis in order to provide nutri-
ents for tumor growth. In support of this claim, inhibiting
COX-2 reduces the size of induced tumors in mice by
blocking angiogenic mediators (33, 59, 60), which may in-
clude the 8,9,11-EHET.

As presented in Fig. 2A, the sEH inhibitor +TUCB de-
creased tube formation after COX-2 induction only in the
absence of 8,9-EET. This was surprising because +TUCB
should stabilize endogenous EET levels, leading to en-
hanced tube formation, as observed when we incubated
t-TUCB with 8,9-EET without COX-2 induction. However,
endogenous EETs were not observed within any treatment;
all levels were below the LC/MS/MS limit of detection.
This may explain why treatment with +TUCB alone had
little effect on tube formation. In conditions in which EET
levels are low, adding an sEH inhibitor in combination with



highly angiogenic factors (e.g., PDBu) may suppress angio-
genesis. The antiproliferative action of an sEH inhibitor
has previously been shown in HUVECs (33). Additional
studies will be required to elucidate the mechanism by
which sEH inhibitors influence angiogenesis in both the
presence and absence of EETs.

We have previously demonstrated that 8,9-EET converts
to 8,9,11-EHET using purified ovine COX-1 and human
recombinant COX-2 enzymes (38, 39). It was therefore sur-
prising that 8,9-EET produced 8,9-DHET as its sole metab-
olite, irrespective of the presence of COX-1. This suggests
that either the basal enzyme expression of sEH is higher
than COX-1 or that 8,9-EET has a higher turnover (k./Ky)
for sEH versus COX-1. Western blot data showed no signifi-
cant difference between COX-1/B-actin ratios and sEH/
B-actin ratios, indicating similar sEH and COX-1 expression
levels. Therefore, 8,9-EET may have a higher kinetic turnover
for sEH than COX-1. Further study is warranted, as COX-1
kinetics with 8,9-EET has only been established in its purified
ovine form (38). The induction of COX-2 yielded both
8,9,11-EHET and 8,9,15-EHET metabolites and their sEH-
produced THET metabolites at levels significantly higher
than 8,9 DHET from the same treatments. Western blot
revealed that the increased relative COX-2 expression levels
exceeded those of sEH, giving rise to increased production
of the EHETSs. In addition, an examination of the k.,/Ky;
values for 8,9-EET metabolism by sEH and COX-2 reveals
approximately 24-fold greater turnover by COX-2 (38),
suggesting that the bioavailability of EHETS is greater than
the sEH products when COX-2 is induced. This implies
that increased COX-2 expression shifts EET metabolism
from sEH-driven DHET formation to COX-2-driven EHET
formation. Once formed, the 8,9,11-EHET can undergo
hydrolysis by sEH. However, compared with 8,9-EET hydro-
lysis, the Ky and k., values for 8,9,11-EHET hydrolysis are
lower (38). Thus, based on enzyme kinetics and hydrolysis
being the rate-limiting reaction, while the EHETs have
greater chemical polarity, they have similar stability to
epoxide hydration as 8,9-EET and are able to exert their
biological action.

The 8,9,11-EHET is a renal vasoconstrictor and a potent
glomerular mitogen, at least an order of magnitude more
potent than the 8,9-EET (45). Our previous study demon-
strated that the 8,9,11-EHET was angiogenic using a Matri-
gel in vivo mouse model, whereas the 8,9,15-EHET was
inactive (38). Both tube formation and migration, two ma-
jor angiogenic markers, were enhanced upon exposure to
8,9,11-EHET and gave similar responses to the angiogenic
growth factor VEGF (Table 1, Fig. 5). The lipids had no
effect on cell survival, suggesting that the relative variation
in their angiogenic response was independent of their
effect on apoptosis (supplemental Fig. S3). While 8,9,
11-EHET has not yet been observed in vivo, it may form at
similar levels to the EETs (between 0.75 and 300 nM in
endothelial cells) under circumstances in which COX-2 is
induced (61). The added concentration of 8,9,11-EHET
ranged from 0.001 to 1 pM and, in general, promoted tube
formation and migration across this concentration range.
Additional studies will be necessary to establish the potency

of 8,9,11-EHET relative to important angiogenic eicosanoids,
such as the COX-derived prostaglandins. In contrast,
8,9,15-EHET did not show any appreciable activity in this
model. It is currently unknown whether this oxylipin par-
ticipates in other biologically important pathways.

Endothelial cell migration and tube formation are criti-
cal events in angiogenesis. Many studies have demonstrated
a role for VEGFR-2 and VEGFR-3 in mediating angiogene-
sis due to their high affinity for the proangiogenic VEGF-A
or VEGF-C and VEGF-D, respectively (62). The EETs elicit
endothelial cell proliferation and angiogenesis, and many
signaling pathways have been implicated over the past de-
cade (25, 26, 29, 53). For instance, signaling molecules
modulated by EETs include VEGF, mitogen-activated pro-
tein kinases, phosphatidylinositol 3-kinase, protein kinase
A, COX-2, and several transcription factors (63, 64). In the
current study, the expression of VEGFR-2 and VEGFR-3
was enhanced by 8,9,11-EHET. This response mimics that
of previous findings for 8,9-EET, which was dependent
in part on the VEGF-dependent PI3K/Akt pathway to
stimulate migration and tube formation (1). These results
explain, at least in part, the enigma surrounding EET
angiogenic signaling in the presence and absence of
COX-2 inhibitors; although EETs and sEH inhibitors are
mildly angiogenic, treatment with a COX-2 inhibitor dra-
matically reverses the response to one that is potently anti-
angiogenic. The same antiangiogenic response is observed
with the dual sEH and COX-2 inhibitor PTUPB, which acts
in synergy with the chemotherapeutic agent cisplatin (36,
37). In addition, because the omega-3 fatty acids EPA and
DHA are poor substrates for COX-2 and the omega or ter-
minal olefin of omega-3 fatty acids are by far the best sub-
strate for CYP catalyzed epoxidation rather than an internal
olefin (65), this argument also may explain why sEH inhibi-
tors, when given with an omega-3-enriched diet, reduce
angiogenesis, tumor growth, and metastasis (66).

In conclusion, we demonstrate for the first time that 8,9-
EET metabolism is shifted toward the production of the
proangiogenic 8,9,11-EHET in endothelial cells upon the
induction of COX-2 and that this oxylipin may be mediat-
ing its proangiogenic activity through the VEGFR-2/3 sig-
naling pathway. These findings reveal crosstalk between
the pathways that regulate EET metabolism, with impor-
tant ramifications for understanding angiogenesis in the
context of tumor growth. Notably, these results may help
explain how sEH inhibitors when used with celecoxib, or
inhibitors that jointly target COX and sEH, not only are
antiangiogenic but also in fact block tumor growth and me-
tastasis (33, 34) .18
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