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Arachidonic acid (ARA) is metabolized by cyclooxygenase (COX)
and cytochrome P450 to produce proangiogenic metabolites.
Specifically, epoxyeicosatrienoic acids (EETs) produced from the
P450 pathway are angiogenic, inducing cancer tumor growth. A
previous study showed that inhibiting soluble epoxide hydrolase
(sEH) increased EET concentration and mildly promoted tumor
growth. However, inhibiting both sEH and COX led to a dramatic
decrease in tumor growth, suggesting that the contribution of
EETs to angiogenesis and subsequent tumor growth may be
attributed to downstream metabolites formed by COX. This study
explores the fate of EETs with COX, the angiogenic activity of
the primary metabolites formed, and their subsequent hydrolysis
by sEH and microsomal EH. Three EET regioisomers were found to
be substrates for COX, based on oxygen consumption and product
formation. EET substrate preference for both COX-1 and COX-2
were estimated as 8,9-EET > 5,6-EET > 11,12-EET, whereas 14,15-
EET was inactive. The structure of two major products formed
from 8,9-EET in this COX pathway were confirmed by chemical
synthesis: ct-8,9-epoxy-11-hydroxy-eicosatrienoic acid (ct-8,9-E-
11-HET) and ct-8,9-epoxy-15-hydroxy-eicosatrienoic acid (ct-8,9-
E-15-HET). ct-8,9-E-11-HET and ct-8,9-E-15-HET are further metab-
olized by sEH, with ct-8,9-E-11-HET being hydrolyzed much more
slowly. Using an s.c. Matrigel assay, we showed that ct-8,9-E-11-
HET is proangiogenic, whereas ct-8,9-E-15-HET is not active. This
study identifies a functional link between EETs and COX and
identifies ct-8,9-E-11-HET as an angiogenic lipid, suggesting a phys-
iological role for COX metabolites of EETs.

omega-6 fatty acids | epoxyeicosatrienoic acids | metabolism |
cyclooxygenase | angiogenesis

Arachidonic acid (ARA) is an omega-6 fatty acid that is
metabolized by three major classes of enzymes, cyclo-

oxygenases (COXs), lipoxygenases, and cytochrome P450s (CYPs),
to produce an array of biologically active metabolites (1–3). The
CYP pathway transforms ARA into four epoxyeicosatrienoic acids
(EETs) in addition to hydroxylated metabolites (1). EETs have
several biological actions, and are considered antihypertensive,
antiinflammatory, neuroprotective, cardioprotective, and analgesic
(4). EETs also play a role in angiogenesis (5–10), the formation of
new blood vessels from preexisting vessels that is important for many
physiological and pathological processes, including cancer (11).
EETs can enhance tumor growth and metastasis through their

angiogenic activity (12); however, this activity is transient due to
their metabolic instability. EETs are further metabolized by
epoxide hydrolases (EHs), primarily soluble epoxide hydrolase
(sEH), to their corresponding diols (4, 13), which are generally
not biologically active (14) (Fig. 1A). Inhibition of sEH prolongs
EET biological activity, potentiating their angiogenic activity,
leading to increased tumor growth and metastasis in some sys-
tems (12, 15) (Fig. 1B).
ARA can also be metabolized by COX to form proangiogenic

and proinflammatory prostaglandins (16). Angiogenesis stimulated
from exposure to ARA can be mediated using COX inhibitors,

which suppress the formation of prostaglandins (16). Compared
with sEH inhibitors, COX inhibitors (i.e., the COX-2 selective
inhibitor celecoxib) suppress angiogenesis and tumor growth,
whereas sEH inhibitors alone tend to stimulate these same re-
sponses in animals on a high–omega-6 fat diet (15). It was
therefore surprising that administration of a dual sEH and COX
inhibitor led to an antiangiogenic and anticancer response more
pronounced than administration of these inhibitors alone (15).
Similarly, when a COX (celecoxib) and sEH inhibitor (trans-4-
[4-(3-adamantan-1-ylureido)cyclohexyloxy]benzoic acid; t-AUCB)
were administered simultaneously to mice, tumor growth was
much more inhibited than administration of the same two inhibitors
alone, as shown in Fig. 1B (15). These results indicate that coin-
cubation with a COX and sEH inhibitor produces a synergistic
effect, better at inhibiting primary tumor growth and metastasis
through the suppression of cancer angiogenesis. This suggests that
EETs, whose levels are controlled by sEH, are metabolized by
COX to form angiogenic, protumorigenic products that enhance
the procancer response of EETs. Inhibiting COX decreases their
formation and activity, as observed in a previous study (16).
The link between the COX and sEH pathways that stimulates

angiogenesis and tumor progression may be explained by a rel-
atively unexplored pathway associated with EET metabolism.
Although EETs are primarily metabolized by sEH, a few studies
have observed that the 5,6-EET and 8,9-EET are substrates for
COX-1 (17, 18) and COX-2 (19). The COX metabolites of EETs
have largely undefined biological activity, yet Homma et al. de-
termined that the ct-8,9-epoxy-11-hydroxy-eicosatrienoic acid
(ct-8,9-E-11-HET) metabolite is a renal vasoconstrictor and
potent mitogen, approximately three orders of magnitude more
potent than its parent, 8,9-EET (20). This provides evidence that
EETs undergo metabolism by COX, forming metabolites that
have greater activity than their parent compounds. If these COX
metabolites are also angiogenic, this activity may be mitigated
with COX inhibitors.

Significance

This study furthers our understanding of epoxyeicosatrienoic
acid metabolism by cyclooxygenase (COX) enzymes as a phys-
iologically relevant metabolic pathway, producing signaling
molecules that are angiogenic. It explains, in part, why inhib-
iting the soluble epoxide hydrolase (sEH) in some systems is
angiogenic whereas combining sEH inhibition with COX in-
hibition is dramatically antiangiogenic, which in turn may
suppress tumor growth.
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Here we examine whether EETs (5,6-, 8,9-, 11,12-, and 14,15-
EET) can be further metabolized by both COX isozymes. Re-
activity for each substrate was determined by measuring oxygen
consumption and elucidating products using LC-QToF-MS. The
8,9-EET was turned over most rapidly by COX, forming two
abundant products: ct-8,9-E-11-HET and ct-8,9-epoxy-15-hydroxy-
eicosatrienoic acid (ct-8,9-E-15-HET). These products were de-
termined to be substrates for EHs, by calculating their kinetics
subsequent to quantification of their hydration products. We also
assess the angiogenic potential for ct-8,9-E-11-HET and ct-8,9-E-
15-HET. Overall, this study further defines an alternative meta-
bolic fate for the EETs with the COX enzymes, forming products
that influence cancer angiogenesis.

Results and Discussion
Oxygenation of ARA and EETs by Cyclooxygenases. An oxygen
electrode was used to measure oxygen uptake to determine
whether the EET regioisomers were substrates for COX, and to
compare their relative affinities with respect to the known COX-1
and COX-2 substrate ARA. Because oxygen is required as a
cosubstrate for COX, we could determine whether or not each
EET regioisomer is a COX substrate by examining the amount
of oxygen consumption for EET incubations with COX-1 and
COX-2. As shown in SI Appendix, Fig. S1, 5,6-, 8,9-, and to a
lesser extent 11,12-EET were substrates in the presence of both
enzymes, yielding measurable oxygen consumption over 25 s at
50 μM. 5,6-EET, reported to be a COX substrate (18, 19), no-
ticeably reacted with COX-1 and COX-2 at concentrations
ranging between 15 and 50 μM (SI Appendix, Fig. S2). Compared
with 5,6-EET, which is metabolized by COX through the same
mechanism as ARA to form an endoperoxide prostaglandin
analog, the epoxide position in 8,9-EET blocks endoperoxide
formation and instead forms monohydroxyl products on C-11 or
C-15. These products are ct-8,9-E-11-HET or ct-8,9-E-15-HET
(17). Kinetic plots for 8,9-EET with COX-1 and COX-2 are
presented in Fig. 2, and KM and Vm values for 8,9-EET and ARA
can be found in Table 1. The KMs obtained from these experi-
ments for ARA reacting with COX-1 and COX-2 were similar to

literature values (independent t test, P > 0.05) (21). Likewise, KM
values for 8,9-EET with COX-1 and COX-2 are not significantly
different from the ARA KMs, indicating that both substrates have
similar affinities for both enzymes. All values obtained for Vm
also showed no significant difference. 11,12-EET gave rates that
were so low that the kinetic constants could not be calculated
based on the response curves, and 14,15-EET showed no apparent
reaction with COX-1 or COX-2 (SI Appendix, Figs. S3 and S4).
With respect to the enzymatic mechanism, epoxides placed at

the 11,12 and 14,15 positions may alter the substrate orientation
within the enzyme, limiting apparent reactivity. COX first cata-
lyzes oxygenation by abstracting the substrate’s 13-proS-hydro-
gen, generating a radical with maximal electron density at C-11
and C-15, where oxygen then adds to form a peroxyl radical
(22). Epoxides placed in either of these locations may limit the
initial abstraction rate and addition of oxygen, compared with
epoxides placed further from the initial catalytic C-13 (i.e., 5,6-
and 8,9-EET). 14,15-EET was least active compared with the
other regioisomers, possibly due to the epoxide proximity to the
ω-end of the fatty acid. Because the ω-end resides within a
channel at the top of the COX active site, substrates with sub-
stituents closer to the ω-end may further limit COX activity
through added steric hindrance within this channel. For example,
adding bulky substitutions within this channel has been shown to
inhibit oxidation of ARA (23).

Product Studies of EETs with COX. It was evident from the oxygraph
kinetics that the 5,6-, 8,9-, and less so the 11,12-EETs were active
substrates for COX. This was subsequently confirmed by identi-
fying the products (or lack thereof) formed by the kinetic reac-
tions, using LC-QToF-MS. As expected, 5,6-EET metabolized to
form its endoperoxide prostaglandin-like product (epoxy-PGH2,
m/z 367.2121), confirming its activity with COX-1 and COX-2
(Fig. 3). Signal intensity of this product not only depended on the
presence of enzyme in the reaction but also dramatically de-
creased in the presence of the COX inhibitor ibuprofen, indicating
this product resulted from a functioning COX enzyme rather than
a nonenzymatic-dependent reaction.
8,9-EET was metabolized by COX-1 and COX-2 to form two

products having an accurate mass of m/z 335.2228, correspond-
ing to the mass of the ct-8,9-E-HET products, as has previously
been observed to form with COX-1 (17). Structure assignment
for both was done by MS/MS fragmentation. SI Appendix, Fig. S5
shows the fragment ions m/z 235.1425 and 127.0790 from the
molecular ion (m/z 335.2218). This represented cleavage be-
tween the C–C bond both α and β from a 15-hydroxyl group,
corresponding to the ct-8,9-E-15-HET product. The MS/MS
spectrum of the second 8,9-EET COX product supports the ct-
8,9-E-11-HET structure, because the bond is fragmented α to an
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Fig. 1. ARA is metabolized by CYP to form metabolites that enhance an-
giogenesis and tumor growth. (A) EETs are metabolized by sEH to less active
dihydroxyeicosatrienoic acids and by COX to hydroxy-EETs (ct-8,9-E-11-HET
and ct-8,9-E-15-HET) and prostaglandin analogs (5,6-epoxy-PGH2), regulators
of mitogenesis, vasoactivity, and angiogenesis. sEH inhibition preserves and
increases EET levels, thought responsible for angiogenesis and increased
tumor growth, yet COX inhibition blocks this activity. (B) Tumor volume is
altered by the selective COX-2 inhibitor celecoxib and an sEH inhibitor (sEHi
t-AUCB). Treatment of primary Lewis lung carcinoma tumors in mice with
t-AUCB (10 mg/kg/d) enhanced growth. By contrast, treatment with cele-
coxib (30 mg/kg/d) suppressed tumor growth. Combined treatment of cele-
coxib with sEHi (3 mg/kg/d) was most effective at reducing tumor growth,
possibly through blocked production of the EET COX metabolites. Adapted
with permission from ref. 15. Results are expressed as mean ± SD (n = 4 or
5 mice per group), *P < 0.05, ***P < 0.001.
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as it is converted to ct-8,9-E-11-HET and ct-8,9-E-15-HET.
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11-hydroxyl group to produce m/z 183.1014, which then loses a
water molecule (m/z 165.0926), followed by carbon dioxide (m/z
121.1032). Independent synthesis of ct-8,9-E-11-HET and ct-
8,9-E-15-HET confirmed the identity of the two products by
cochromatography, and matching LC retention times and
MS/MS spectra with the metabolites (SI Appendix, Figs. S6 and S7).
11,12-EET was not metabolized rapidly enough to provide

reliable kinetic information using the oxygraph. Nevertheless, its
reaction with COX-1 and COX-2 formed products that were
all inhibited by celecoxib, indicating that the chromatographic
signals were not simply background noise. One of the products
was converted to a triol (m/z 353.2328) by sEH (25 μg/mL),
demonstrating the presence of at least one 11,12-E-HET product
(SI Appendix, Fig. S8). All products also had identical masses and
similar retention times to the 8,9-E-HETs, further evidence sup-
porting these products as 11,12-E-HET isomers. Although the
exact regioisomers of the 11,12-E-HET products are uncertain, we
have determined that 11,12-EET is a weak substrate for COX-1
and stronger for COX-2, estimated from relative peak area.
14,15-EET failed to react with these enzymes, as evidenced from
its lack of oxygen consumption and product formation.

8,9-E-HET Hydrolysis. Based on kinetic and product studies, 8,9-
EET formed the most abundant COX products compared with
other EET regioisomers. Therefore, we synthesized these prod-
ucts to understand their metabolic fate with EH enzymes. To
confirm that 8,9-E-HET products are substrates for sEH and
microsomal EH (mEH), we developed an analytical method for
their hydrolytic products to determine kinetic constants (KM and
kcat) (Fig. 4 for sEH and SI Appendix, Fig. S9 for mEH). These
constants were compared with the known EH substrate 8,9-EET
(Table 2 for sEH and SI Appendix, Table S2 for mEH). All 8,9-E-
HETs were substrates of both EHs, with comparable kcat/KM
values for each enzyme. For sEH, the KM and Vm constants for
8,9-EET were higher than for the 8,9-E-HET products. How-
ever, the resulting kcat/KM values for all four compounds were
similar, indicating that at physiological concentrations, sEH hy-
drolyzes these four oxylipids in a similar fashion regardless of the
presence and location of the hydroxyl group. For mEH, an en-
zyme shown primarily to act on xenobiotic epoxides but that also
can metabolize EETs, especially 8,9-EET (4), the kcat/KM value
for 8,9-EET was at least two orders of magnitude higher than for
the 8,9-E-HETs, with ct-8,9-E-15-HET being catalyzed 10-fold
more than both 8,9-E-11-HET isomers. In this case, the hydroxyl
group drastically lowers the enzymatic conversion rate so that the
substrates may actually be binding to the enzyme, resulting in
slow turnover. However, preliminary inhibition data showed that
at high concentration (100 μM) the 8,9-E-HETs are no better at
inhibiting mEH activity on a reporting substrate (cis-stilbene
oxide 50 μM) than 8,9-EET (98% inhibition); ct-8,9-E-11-HET,
tt-8,9-E-11-HET, and ct-8,9-E-15-HET gave 65, 71, and 95%
mEH inhibition, respectively. Regardless, the slower kinetic
turnover of 8,9-E-HETs by mEH may be important in tissues
having higher levels of mEH, such as in some regions in the brain
where sEH is absent (24, 25). In summary, 8,9-EET has similar
turnover with sEH and mEH, whereas the 8,9-E-HETs are pri-
marily substrates for sEH. This may be important for regulating

angiogenesis, because sEH is expressed in endothelial cells, un-
like other EHs (26, 27). Inhibiting sEH has major effects on
enhancing EET biological activity, including angiogenesis.

Matrigel Plug Assay. Angiogenesis is a complex process that in-
volves proliferation and migration of endothelial cells to form new
capillary vessels (28). Although highly regulated under normal
physiological conditions, many diseases result in unregulated

Table 1. Kinetic values comparing ARA and 8,9-EET for the enzymes ovine cyclooxygenase 1
and human cyclooxygenase 2

Enzyme Substrate Product KM, μM Vm, pmol·min−1 kcat, s
−1 kcat/KM, μM−1·s−1

COX-1 ARA O2 cons. 2.6 ± 1.0 (3.4 ± 0.6) 0.35 ± 0.04 0.91 ± 0.01 0.35 ± 0.10
8,9-EET O2 cons. 7.9 ± 3.2 0.52 ± 0.06 0.67 ± 0.08 0.09 ± 0.02

COX-2 ARA O2 cons. 2.0 ± 0.9 (6.1 ± 0.6) 0.77 ± 0.08 2.0 ± 0.22 1.0 ± 0.33
8,9-EET O2 cons. 2.1 ± 1.7 0.41 ± 0.06 1.1 ± 0.16 0.52 ± 0.33

Results are average ± SEM (n = 3 or 4). ARA kinetic values taken from the literature are in parentheses (21). The relatively
high rate of 8,9-EET metabolism by COX-1 and COX-2 determined by oxygen consumption (cons.) correlates with the high
rate of ct-8,9-E-11-HET formed.
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angiogenesis, including arthritis, diabetic retinopathy, cutaneous
gastric ulcers, and cancer (28). EETs are endothelial mitogens
and activate several signaling pathways that promote angiogen-
esis (9, 10, 29), tumor growth, and metastasis (12). Because the
tumorigenic activity attributed to EETs is suppressed by COX
inhibitors, it raises the possibility that COX metabolites of EETs
may also be angiogenic.
We determined whether the ct-8,9-E-11-HET and ct-8,9-E-15-

HET products of 8,9-EET were angiogenic using the in vivo
Matrigel plug assay, which measures angiogenesis within an s.c.
implanted plug rather than the whole animal. Using this assay,
we could compare the effect of EETs and their 8,9-E-HET COX
products on cell infiltration and the total number of cells within
each plug, extent of extravascular red blood cells (hemorrhage),
and number of microvessels (Fig. 5). The VEGF/FGF positive
control group had the most effect at producing a large amount of
cell infiltration and number of cells, which led to the formation
of intact capillaries observed from CD31 staining (SI Appendix,
Fig. S10). VEGF and FGF are both crucial factors in the de-
velopment of blood vessels and induce angiogenesis through
distinct pathways (30) yet synergize to enhance vessel formation
(31). The presence of these growth factors also is associated with
EET mitogenesis and angiogenesis. VEGF induces CYP2C8
expression, resulting in increased EET levels in endothelial cells
(29), and incubation of 14,15-EET induces expression of FGF-2
in a Src/P13K-Akt–dependent manner in human dermal micro-
vascular endothelial cells (32). In this study, the EET mixture
increased the amount of cell infiltration, fourfold more than the
vehicle control (Fig. 5A), but the change induced by the mixture
was not significant for the other parameters. 8,9-EET had a
significant amount of cell infiltration, total cells (primarily endo-
thelial cells and fibroblasts), and microvessels, three-, two-, and

sixfold more than the vehicle control, respectively (Fig. 5 A, C, and
D). The hemorrhage variation of 8,9-EET was high (Fig. 5B),
therefore its level was not significant with respect to the control.
The lack of significance in the hemorrhage area (Fig. 5B) for

8,9-EET may be due to the variability of the response. Although
previous studies have never quantified the amount of hemor-
rhage with respect to EETs, a few studies have measured in-
creased total hemoglobin after 14,15-EET (9, 32) and 11,12-EET
(33) administration. In these cases, there was less variability than
the hemorrhage response in this study. One major factor control-
ling the red blood cell infiltration within the gel plugs is the con-
centration of heparin, a proangiogenic agent required to stabilize
FGF (34). The magnitude of angiogenesis increases with heparin
concentration, but heparin may also lead to greater hemorrhage. In
these previous studies measuring total hemoglobin after EET ad-
ministration, the heparin concentration was not reported. It is
possible that reducing the amount of heparin may provide less
variable results, although it has been reported that heparin at
40 U/mL produced the most consistent results with respect to the
FGF angiogenic response (34). In this study, all groups had equal
heparin concentration (40 U/mL). Therefore, the large hemor-
rhage variability may be due to 8,9-EET alone (although interac-
tions between EETs and heparin are not well-understood).
Similar to the EETs, ct-8,9-E-11-HET significantly enhanced the

amount of cell infiltration and total cell number within eachMatrigel
plug, with respective values of 2.5- and 3-fold more than the vehicle
control (Fig. 5 A and C). The migration and proliferation also led to
a 4.5-fold increase in microvessels (Fig. 5D). This demonstrates that
ct-8,9-E-11-HET angiogenic activity may synergize with the activity
observed for the EETs. COX inhibition with celecoxib may reduce
angiogenesis and the protumorigenic effects of EETs, at least in part,
by blocking formation of ct-8,9-E-11-HET.
Although EET angiogenic activity may be enhanced through

metabolism by COX to form ct-8,9-E-11-HET, the cell signaling
pathways that promote the angiogenic activity of ct-8,9-E-11-HET
are currently unknown. There were notable differences between
the ct-8,9-E-11-HET group and others in the gross morphology of
the Matrigel plugs, all of which were very fragile and had large
areas of hemorrhage (Fig. 5G). H&E staining of Matrigel sections
showed marked presence of extravascular RBCs and many he-
matomas (SI Appendix, Fig. S11). The extensive hemorrhaging, 17-
fold more than the vehicle control, suggests formation of unstable
neovessels. Unstable neovessels resulting in excessive hemorrhage
in Matrigel plugs was also previously observed from platelet in-
hibition (35). Platelets preferentially adhere and stabilize newly
formed angiogenic vessels (35). ct-8,9-E-11-HET may inhibit
platelets or other stabilizing factors, leading to an angiogenic re-
sponse that includes formation of weak blood vessels. EETs,
particularly 11,12- and 14,15-EET, reduce platelet aggregation
through membrane hyperpolarization and enhanced expression
and activity of endothelial fibrolytic enzymes (36), suggesting a
similar and potentially greater interaction between ct-8,9-E-11-
HET and platelets, reducing endothelial stability that leads to
hemorrhage, although elucidating this relationship obviously
warrants further research.
The hemorrhaging was also coupled with an inflammatory

infiltrate made up of leukocytes in plugs treated with ct-8,9-E-11-
HET (SI Appendix, Fig. S12). ct-8,9-E-11-HET may be a stimu-
lator of inflammatory angiogenesis, due to the presence of these
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Fig. 4. Rate vs. substrate Michaelis–Menten plots for 8,9-EET, tt-8,9-E-11-
HET, ct-8,9-E-11-HET, and ct-8,9-E-15-HET with human sEH ([sEH]final, 0.1 μM)
in Na3PO4 buffer (0.1 M, pH 7.4, containing 0.1 mg/mL BSA) at 37 °C. Results
are expressed as average ± SEM (n = 6).

Table 2. Kinetic constants of recombinant purified human sEH for 8,9-EET, tt-8,9-E-11-HET, ct-8,9-E-11-HET,
and ct-8,9-E-15-HET

Enzyme Substrate Product Km, μM Vm, pmol·min−1 kcat, s
−1 kcat/Km, μM−1·s−1

sEH 8,9-EET 8,9-DHET 26 ± 1 52 ± 7 (5.6 ± 0.3) × 10−1 (2.2 ± 0.1) × 10−2

tt-8,9-E-11-HET tt-8,9,11-THET 1.4 ± 0.5 4.3 ± 0.2 (4.6 ± 0.3) × 10−2 (3.3 ± 0.5) × 10−2

ct-8,9-E-11-HET ct-8,9,11-THET 2.2 ± 0.4 6.5 ± 0.2 (7.0 ± 0.3) × 10−2 (3.2 ± 0.4) × 10−2

ct-8,9-E-15-HET ct-8,9,15-THET 10 ± 2 30 ± 2 (3.2 ± 0.2) × 10−1 (3.2 ± 0.1) × 10−2

Results are average ± SD (n = 6). Statistically significant differences were determined by the independent t test.
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inflammatory cells. Leukocyte infiltration has been observed in
lipopolysaccharide-conditioned Matrigel, a model for inducing
inflammatory angiogenesis (37). In this model, neutrophils in-
vade and degrade the gel by creating clefts, followed by migra-
tional macrophages. Growth factors such as VEGF and bFGF
released by neutrophils and macrophages subsequently induce
endothelial cell migration and tube formation, and the resulting
angiogenesis is directly dependent upon leukocyte migration. This
may explain why, despite the presence of hemorrhage, ct-8,9-E-11-
HET still produced intact vessels, which formed through the
presence of additional growth factors from the leukocytes.
By contrast to ct-8,9-E-11-HET, ct-8,9-E-15-HET and the

combination of ct-8,9-E-11-HET and ct-8,9-E-15-HET were not
significantly different from the vehicle control, suggesting some
biological dependency on the position of the hydroxyl group, that
ct-8,9-E-15-HET may not be a critical component for stimulating
angiogenesis (Fig. 5 A–D). Using the purified enzymes described
above, ct-8,9-E-11-HET forms ∼2- to 10-fold more than ct-8,9-E-
15-HET, although formation of these products may be dependent
on species, tissue, and cell type. Although the combination of ct-
8,9-E-11-HET and ct-8,9-E-15-HET was expected to be angio-
genic, given that ct-8,9-E-11-HET gave an effect on its own, this
group did not produce any significant activity. ct-8,9-E-15-HET
may be an antagonist to ct-8,9-E-11-HET, which acts to block
or reduce the activity of ct-8,9-E-11-HET. Alternatively, because
ct-8,9-E-11-HET and ct-8,9-E-15-HET together produced a total
concentration of 100 μM and the level of ct-8,9-E-11-HET in this
treatment was lower than the individual treatment, the activity of
ct-8,9-E-11-HET might be below the detection limit of this assay.
Lipid treatments were at levels much higher than their reported

nanomolar endogenous levels (38). The 100 μM concentration was
chosen because EETs and 8,9-E-HETs are labile, and only dosed
once within the 7-d treatment period. However, ct-8,9-E-11-HET
may be angiogenic at endogenous levels based on its expected
presence within endothelial cells. These cells are known to express
high levels of CYPs, which form EETs that have diverse effects
on the vasculature, including angiogenesis. For example,

overexpression of CYP2J2 in bovine aortic endothelial cells
promotes cell proliferation, migration, and tube formation (39).
COX-1 is constitutively expressed in most tissues, and therefore
we might expect the formation of the 8,9-E-HET metabolites,
because their formation by COX-1 was demonstrated in this study
and others (17). The combination of COX-1 and COX-2 may lead
to the highest levels of E-HETs formed, as we show EETs to be
substrates for both enzymes. Under normal conditions, COX-2 is
expressed at low or undetectable levels but becomes up-regulated
by inflammatory, mitogenic, and physical stimuli (40). In addition,
the expression of VEGF, a critical factor for angiogenesis, up-
regulates COX-2, which may in turn increase endogenous levels
of ct-8,9-E-11-HET that will promote angiogenesis (41).
In summary, we have explored the fate of EETs with COX,

with particular attention to 8,9-EET and the angiogenic activity
of its products. Although these products are substrates for sEH,
inhibition of sEH may stabilize 8,9-E-HETs in circulation,
leading to angiogenesis from increased levels of ct-8,9-E-11-
HET, which may in turn promote tumor growth and metastasis.

Materials and Methods
Details of the experimental protocols are given in SI Appendix, Materials
and Methods.

COX Activity Assay by Oxygen Consumption. A Hansatech Oxygraph Plus ox-
ygen electrode system was used to measure the oxygen consumption in-
volved in the activity of COX-1 and COX-2 with EETs (5,6- and 14,15-EET).
Tris·HCl buffer [100mM, pH 8.0, with 5mMEDTA (USB)] was first added to the
electrode chamber. Bovine hematin and phenol were then added to give final
concentrations of 2 μM and 1 mM, respectively. This solution was warmed to
37 °C before adding COX-1 or COX-2 ([COX]final ∼5 μg/mL, determined by the
bicinchoninic acid assay). Reactions were initiated by adding a solution of
the epoxy fatty acid in 1:1 ethanol/Tris·HCl buffer through the central bore
of the Oxygraph plunger, with final concentrations ranging from 0.1 to
80 μM. Oxygen consumption was followed until the rate before addition of
substrate returned. The amount of ethanol was 0.8% of the total volume
(300 μL). KM and Vm for COX-1 and COX-2 with each substrate were

A C

B D
F

E G

Fig. 5. (A–D) Effect of EETs and their 8,9-E-HET COX metabolites on (A) cell infiltration, (B) hemorrhage, (C) number of cells, and (D) number of microvessels
within each Matrigel plug. For all parameters, quantitation was performed using Aperio ImageScope software (Leica Biosystems) after H&E or CD31 staining,
and treatment groups were compared with a vehicle control group. Each bar represents the mean ± SEM (n = 4 to 6 mice per group), *P ≤ 0.05, **P ≤ 0.01.
(E) Representative slides of vehicle control-treated Matrigel plug sections stained with H&E and CD31. (F) Representative slides of ct-8,9-E-11-HET–treated
Matrigel plug sections stained with H&E and CD31 to show the contribution of cells (dark blue) and microvessels (dark brown) to blood vessel formation,
respectively. Images were taken at 20× magnification. (Scale bars: E and F, 200 μm.) (G) Representative photographs of Matrigel plug gross morphology from
mice injected with ethanol (vehicle control), VEGF and FGF, ct-8,9-E-11-HET, and the EET mixture.
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estimated by nonlinear regression to the Michaelis–Menten equation
(SigmaPlot 11.0; Systat Software). Reactions were done with n = 2 to 4 repli-
cates. Products from these reactions were analyzed using LC-QToF-MS, de-
scribed in SI Appendix, Materials and Methods.

EH Kinetic Assay Conditions. Kinetic parameters for 8,9-EET, tt-8,9-E-11-HET,
ct-8,9-E-11-HET, and ct-8,9-E-15-HET were determined under steady-state
conditions using recombinant human sEH (95% pure) and mEH (80% pure).
The E-HETs were first converted from their methyl ester to their car-
boxylic acid form using recombinant partially purified carboxylesterase 2
(CES 2) free of epoxide hydrolase activity. In glass tubes (10 × 75 mm), to
90 μL of a solution of CES 2 [27 μg/mL in Na3PO4 buffer (0.1 M, pH 7.4,
containing 0.1 mg/mL BSA)], 1 μL substrates in DMSO ([S]f = 2.5 to 50 μM)
was added and the mixture was incubated for 30 min at 37 °C. Each enzyme
in Na3PO4 buffer ([sEH]f = 0.10 μg per tube; [mEH]f = 2.96 μg per tube) was
then added (10 μL). The mixture was incubated for an additional 30 min at
37 °C. Reactions were quenched by adding 100 μL of methanol containing
0.4 μM N-cyclohexyl-N′-dodecanoic acid urea as an internal standard, used
for its structural similarity to the measured analytes rather than its ability to
inhibit sEH. The quantity of products formed, either 8,9-dihydroxyeicosa-
trienoic acid (8,9-DHET), 8,9,11-trihydroxyeicosatrienoic acid (8,9,11-THET), or
8,9,15-THET was determined by LC-MS/MS. Kinetic constants (KM and Vm)
were calculated by nonlinear fitting of the Michaelis–Menten equation
(SigmaPlot 11.0). Reactions were done in hexaplicate (n = 6).

Matrigel Plug Assay. All procedures and animal care were performed in ac-
cordance with the protocols approved by the Institutional Animal Care and
Use Committee of the University of California. Growth factor-reduced
Matrigel (0.5 mL) at ≥9.2 mg/mL protein concentration was mixed with

20 U heparin and the following treatments: an EET mixture (5,6-, 8,9-, 11,12-,
and 14,15-EET at a molar ratio of 1:1.1:1.6:2.2, respectively), 8,9-EET, ct-8,9-E-
11-HET, ct-8,9-E-15-HET, and a 1:1 mixture of ct-8,9-E-11- and 15-HET. These
treatments were dissolved in ethanol and added to each Matrigel mixture to
give a final concentration of 100 μM with an ethanol volume no greater
than 0.4%. There was also a positive control group that contained 200 ng/mL
mouse VEGF 164 and 100 ng/mL mouse FGF-2, and a vehicle control group
containing ethanol. The Matrigel mixtures were s.c. injected into the right
abdominal area in C57BL/6 mice. After 6 d, animals were euthanized to dissect
the Matrigel plugs, which were then sectioned and stained by the Center for
Genomic Pathology Laboratory at the University of California, Davis.

Statistics. Group comparisons were carried out using the independent t test
after evaluating the Levene’s test for equality of variances using SPSS
24 software (IBM Analytics) or SigmaPlot 11.0. A P value ≤ 0.05 was con-
sidered statistically significant. Data are presented as mean ± SEM.
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