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Cytochrome P450 enzymes of the 4A family (CYP4A)
convert arachidonic acid to 20-hydroxyeicosatetra-
enoic acid (20-HETE) in blood vessels of several vas-
cular beds. The present study examined the effects of
inhibiting the formation of 20-HETE with N-hydroxy-
N’-(4-butyl-2-methylphenol) formamidine (HET0016)
on the mitogenic response of vascular endothelial
growth factor (VEGF) in human umbilical vein endo-
thelial cells (HUVECS) in vitro, and on growth factor-
induced angiogenesis in the cornea of rats in vivo.
HET0016 (10 pmol/L and 20 pg, respectively) abol-
ished the mitogenic response to VEGF in HUVECs and
the angiogenic response to VEGF, basic fibroblast
growth factor, and epidermal growth factor in vivo by
80 to 90% (P < 0.001). Dibromododecenyl methylsul-
fonimide (DDMS), a structurally and mechanistically
different inhibitor of 20-HETE synthesis, also abol-
ished angiogenic responses when tested with VEGF.
Additionally, administration of the stable 20-HETE ag-
onist, 20-hydroxyeicosa-6(Z) 15(Z)-dienoic acid
(WIT003) induced mitogenesis in HUVECs and angio-
genesis in the rat corneain vivo. We studied the ability
of HET0016 to alter the angiogenic response in the rat
cornea to human glioblastoma cancer cells (U251).
When administered locally into the cornea, HET0016
(20 pg) reduced the angiogenic response to U251 can-
cer cells by 70%. These results suggest that a product
of CYP4A product, possibly 20-HETE, plays a critical
role in the regulation of angiogenesis and may pro-
vide a useful target for reduction of pathological an-
giogenesis. (Am J Pathol 2005, 166:615—-624)

Arachidonic acid is acutely released from membrane
phospholipids in response to a variety of stimuli, includ-
ing vascular endothelial growth factor (VEGF)," fibroblast
growth factor (FGF)-2,2 and epidermal growth factor
(EGF).2"® Arachidonic acid can be metabolized in blood
vessels by enzymes of the cytochrome P450 4A (CYP4A)
family to 20-hydroxyeicosatetraenoic acid (20-HETE) and
by CYP 2C and 2W to epoxyeicosatrienoic acid (EETSs).
Both of these factors have been implicated in the regu-
lation of angiogenesis. CYP4A products, in particular
20-HETE, have been reported to serve as second mes-
sengers for the vasoactive and mitogenic responses of a
number of compounds in blood vessel cells and other
cells, including angiotensin Il (ang IlI) norepinephrine,
endothelin, vasopressin, 5-hydroxy-tryptamine, and EGF.
Blockade of the formation of 20-HETE attenuated the
growth response to serum, norepinephrine, and EGF.6~°

Recently, Amaral and colleagues'® reported that
CYP4A, and by extension 20-HETE, plays a critical role in
the angiogenesis induced by electrical stimulation of
skeletal muscle. This angiogenic response is ang II- and
VEGF-dependent. Jiang and colleagues'' have shown
that overexpression of CYP4A1 in smooth muscle pro-
motes endothelial sprouting in renal arterial microvessels.
Norepinephrine, ang Il, and many growth factors stimu-
late cytosolic phospholipase A, (cPLA,) and the release
of arachidonic acid."'2'3 This promotes the formation
of CYP metabolites of arachidonic acid (EET and/or 20-
HETE) in the microvasculature. In addition, activation of
the VEGF receptor 2 (VEGF-R2) stimulates phospho-
lipase C and the downstream Raf-MAP kinase pathway.'*
Indeed, Muthalif and colleagues™® reported that activa-
tion of MAPK by norepinephrine, ang Il, and EGF is
dependent on the formation of 20-HETE, which is gener-
ated after stimulation of cPLA2 by calcium/calmodulin-
dependent protein kinase Il. Activation of the Ras/MAPK
pathway by 20-HETE amplifies cPLA2 activity and addi-
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tional release of arachidonic acid by a positive feedback
mechanism. Muthalif and colleagues'® proposed that this
mechanism may play a central role in the regulation of
other cellular signaling molecules involved in cell prolif-
eration and growth. Both Ras and MAPK activation are
associated with angiogenesis.'®"” Thus, there may be an
association between the actions of angiogenic growth
factors metabolites of arachidonic acid derived from
CYP4A activity.

VEGF, FGF-2, and EGF are all prominent agonists of
members of the membrane-bound tyrosine kinase recep-
tor family. These growth factors play a pivotal role in the
regulation of angiogenesis and in the pathology of disor-
ders associated with angiogenesis including the growth
of solid tumors. Thus, the present studies were designed
to test the hypothesis that the metabolism of arachidonic
acid by CYP4A enzymes plays a central role in tyrosine
kinase-dependent growth factors involved in angiogene-
sis. To address this hypothesis, we studied whether inhi-
bition of CYP4A activity using two chemically dissimilar
inhibitors, HETO016 and dibromododecenyl methylsulfon-
imide (DDMS), decreased the angiogenic response in the
cornea of rats in vivo and the mitogenic response in human
umbilical vein endothelial cells (HUVECS) in vitro to VEGF, a
prototypical angiogenic growth factor. In addition, we ex-
tended the in vivo studies using HET0016 to include FGF-2
and EGF. We also studied whether HETO016 would affect
cancer-induced angiogenesis in the cornea of rats in vivo.

Materials and Methods

Reagents

HET0016 [N-hydroxy-N'-(4-butyl-2 methylphenyl) formami-
dine] was synthesized as previously described'® '%and was
provided by Taisho Pharmaceuticals Corp. (Satiama, Ja-
pan). The CYP4A inhibitor, DDMS, and the stable 20-HETE
agonist, WITO03 [20-hydroxyeicosa-6(Z), 15(Z)-dienoic
acid], were synthesized by one of the authors (J.R.F.)*° and
have been used previously.?'2® VEGF, s, FGF-2, and EGF
were purchased from R&D Systems (Minneapolis, MN) and
Hydron type NCC was obtained from Interferon (New
Brunswick, NJ). Primers for polymerase chain reaction
(PCR) were synthesized from Qiagen (Valencia, CA).
HUVECSs and related culture reagents were purchased from
Cambrex (Walkersville, MD). All other cell culture reagents
were purchased from Invitrogen (Carlsbad, CA). Palmitic
acid and all other reagents were purchased from Sigma
Chemical Corp. (St. Louis, MO).

Animals

Experiments were performed in 7- to 8-week-old male
Sprague-Dawley rats weighing 200 to 225 g (Charles
River Laboratories, Wilmington, MA). Rats were housed in
a 12 hour/12 hour light/dark cycle environment and pro-
vided with food and water ad libitum. All procedures com-
plied with the Association for Research in Vision and
Ophthalmology statement for the use of animals in oph-
thalmic and vision research. Approval for the use of an-

imals was obtained from the Institutional Animal Care and
Use Committee of Henry Ford Health System, Detroit, MI.

HUVEC Proliferation Assay

HUVECs were seeded onto a 96-well plate at 1 x 10*
cells/well. Cultures were grown overnight and then ex-
posed to either 10 wmol/L HET0016, 1 umol/L WITO03, or
250 ng/ml VEGF alone or combined with either HETO016
or WITO03. HETO016 and WITO03 were both dissolved in
ethanol. Control cultures had ethanol only. Organic sol-
vent concentration never exceeded 0.1% of total culture
volume. The dose of HETO016 was defined on a single
experiment that showed that 10 uwmol/L gave maximal
inhibition. Cell proliferation was measured 24 hours later
using CellTiter96 Aqueous One reagent (Promega, Mad-
ison, WI). This assay is based on the reduction of a
tetrazolium compound by cells into a colored soluble
product. This appears to be accomplished by NADPH or
NADH produced by dehydrogenase enzymes in meta-
bolically active cells (see Promega technical bulletin
245). This is a reliable colorimetric method for determin-
ing the number of viable cells in proliferation. Twenty ul of
Aqueous One reagent was added to the 100-ul medium
in each well. The plates were incubated for 2 hours at
37°C in a humidified incubator. Absorbance was re-
corded at 490 nm using a 96-well Bio Kinetics Reader
EL340 (Bio-Tek, Winooski, VT). The data represent
changes in percent absorbance of treated cultures com-
pared with control cells. Three different experiments were
performed, and each point was determined in triplicate.

Cornea Pocket Angiogenesis Assay
Preparation of Sustained-Release Polymer

Sustained-release polymer pellets were prepared by
making a 1:1 mix of a 12% solution in ethanol of the
polymer (Hydron polyhydroxyethylmethacrylate), with sa-
line containing the growth factors. The growth factors
FGF-2, VEGF, and EGF were dissolved at a concentration
of 125 ng/ul. HET0016 and WIT003?" were dissolved in
ethanol to a concentration of 10 ug/ul whereas DDMS
was dissolved in ethanol to a concentration of 5 pg/ul.
Two ul of these solutions were added to each pellet.
Thus, a pellet containing 250 ng of a single growth factor
was implanted at random in the right or left eye. The other
eye was implanted with a pellet containing the same dose
of growth factor plus HETO016. In some rats the pellet
contained VEGF alone and VEGF plus DDMS. Twenty ug
of the stable 20-HETE agonist analog WIT0O03 was im-
planted in one eye to determine whether it induces an-
giogenesis. Because ethanol was the vehicle for
HET0016, DDMS, and WIT003, ethanol was added as a
control to all other pellets. For FGF-2, we used sucralfate
(0.2 mg/pellet) to stabilize and allow sustained release of
this growth factor.?* Nine ul of the 1:1 Hydron/treatment
mixture was placed on the ends of individual rods and the
pellets allowed to dry at room temperature. Dry pellets
were implanted into the corneal stroma of rats.



Pellet Implantation

The rats were anesthetized intramuscularly with ket-
amine (80 mg/kg) and xylazine (10 mg/kg). The eyes
were topically anesthetized with 0.5% proparacaine
(Ophthetic; Alcon, Fort Worth, TX) and the globes prop-
tosed with a jeweler’s forceps. Using an operating micro-
scope, a central intrastromal linear keratotomy, ~1.5 mm
in length, was performed with a surgical blade (Bard-
Parker no. 11; Becton Dickinson, Franklin Lake, NY) par-
allel to the insertion of the lateral rectus muscle. A curved
iris spatula (no. 10093-13; Fine Science Tools, Belmont,
CA) ~1.5 mm wide and 5 mm long was inserted under
the lip of the incision and gently pushed through the
stroma toward the temporal limbus of the eye. The dis-
tance between the limbus and the base of the pocket was
kept at 1.0 = 0.1 mm. The pellet was advanced to the
temporal end of the pocket. Antibiotic ointment (erythro-
mycin) was applied to the anterior surface of the eye.

U251 Human Glioma Cell Spheroids

U251 human glioma cells were generously provided
by Dr. Stephen Brown (Dept. of Radiation Oncology,
Henry Ford Health System, Detroit, Ml). The cells were
maintained in Dulbecco’s modified Eagle’s medium (In-
vitrogen) supplemented with 10% heat-inactivated fetal
bovine serum, penicillin (10 1U/ml), streptomycin (10 ng/
ml), and 10% nonessential amino acids and grown at
37°C in a humidified incubator containing 5% CO, U251
spheroids were obtained by a modification of the method
of Carlsson and Yuhas.?® Briefly, tumor cell spheroids
were prepared by seeding a single-cell suspension (5 X
10° cells), over a layer of 0.8% Noble agar (Difco, Livonia,
MI). Cells were grown for 2 to 3 days until spheroids
formed. Spheroids of similar diameter were selected and
then transferred onto a cell culture dish and washed with
phosphate-buffered saline to eliminate traces of serum.
Spheroid diameter was measured using a dissection mi-
croscope equipped with a ruler. Five to eight spheroids,
each ~200 um in diameter, were aspirated into a syringe
attached to a blunt 27-gauge needle, and inserted into
the corneal pocket. In this experiment, one eye contained
the spheroids and a pellet containing ethanol (HETO016
solvent) whereas the other eye received spheroids and a
pellet containing 20 ng of HETO016.

Quantitation of Corneal Neovascularization

Seven days after pellet implantation, the rats were
deeply anesthetized as previously described with ket-
amine and xylazine. The left ventricle was cannulated
and the animal was perfused with 200 to 250 ml of saline
through the left ventricle followed by 20 to 25 ml of India
ink (waterproof drawing ink; Sanford, Bellwood, IL). The
eyes were marked for orientation, enucleated, and
placed in 4% formalin for 24 hours. The cornea was
dissected free from the surrounding globe and underly-
ing iris, bisected, and loosely mounted between two
glass slides, thus gently flattening the cornea. These flat
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mounts were examined microscopically using a Nikon
Diaphot Epi-fluor 2 microscope (Japan) attached to a
Sony (Japan) charge-coupled device video camera and
the images were digitized and saved using a computer.
Neovascularization was quantitated by comparing total
vessel length in the control and experimental eyes. Ves-
sel length was determined by tracing all and each vessel
from the limbus to the pellet. Total length is the sum of
these values in pixels and was determined using conven-
tional image analysis software (Sigma Scan Pro; SPSS,
Chicago, IL).

Groups

In all cases pellets were implanted in both eyes. One eye
served as control and the other was the experimental
group. The following groups were studied.

Group 1

Controls. Pellets containing only 2 ul of ethanol were
implanted in the rat corneas. In some experiments we
tested for nonspecific effects caused by the mere pres-
ence of fatty acids in the pellets. In these experiments,
the pellet contained up to 40 ug of palmitic acid (n = 4).
There was no difference in angiogenic responses to
VEGF in eyes treated with only ethanol versus ethanol
containing palmitic acid.

Group 2

Effects of the CYP4A inhibitor HET0016. Control versus
20 pg of HETO016 or 10 ug of DDMS. These doses were
chosen based on dose-response studies described be-
low (n = 6). This group was included to determine
whether the inhibitors had any visibly toxic or proangio-
genic effects. In some rats, the effects of DDMS (10
wg/pellet) were also tested.

Group 3

Dose response for HETO016 inhibition of VEGF angio-
genic responses: 1) VEGF versus VEGF + 5 ug HETO016
(n = 4); 2) VEGF versus VEGF + 20 ug HET0016 (n = 4);
3) VEGF versus VEGF + 40 ng HET0016 (n = 4).

Group 4

Anti-angiogenic effects of HETO016. In these rats we
tested the effects of HETO016 in the neovascularization
response to VEGF, FGF-2, and EGF: 1) VEGF versus
VEGF + 20 ug HET0016 (n = 6); 2) FGF-2 versus FGF-2 +
20 png HETO016 (n = 6); 3) EGF versus EGF + 20 ug
HET0016 (n = 8).

Group 5

Anti-angiogenic effects of a second CYP4A inhibitor. In
these rats we tested the effects of DDMS on the neovas-
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cularization response to VEGF. VEGF versus VEGF + 10
nwg DDMS (n = 7). This dose was selected after pilot
experiments indicated it was as effective as 20 pg of
HETOO016.

Group 6

Proangiogenic effect of 20-HETE. In these rats we
tested whether the stable 20-HETE analog WIT003 was
angiogenic. Control versus 20 ug WIT003 (n = 7).

Group 7

Anti-angiogenic effects of HETO016. In these rats, we
studied HET0016 effects on cancer-induced angiogenic
responses. For these experiments, we used the human
glioblastoma cancer cell line U251, known to be angio-
genic.?® The spheroids and the pellet containing
HETO016 were implanted together in the same cornea
pocket. Angiogenic responses were assessed 14 days
after implantation of the spheroids. U251 cells spheroids
versus U251 spheroids + 20 ug HETO016 (n = 8).

Cornea CYP4A1 mRNA Expression
mRNA Extraction and cDNA Synthesis

The expression of CYP4A1 mRNA in the cornea during
neovascularization was determined using reverse tran-
scriptase-PCR. The corneas were rapidly removed and
snap-frozen in liquid nitrogen. The corneas were later
thawed and homogenized in TRIzol. Total RNA was ex-
tracted from TRIzol according to the manufacturer’s pro-
tocol (Invitrogen). Quality of the RNA was assessed by
using the 260/280-nm absorbance ratio. Only samples
within the 1.8 to 2.0 range were used. A total of 1to 3 ug
of mRNA was reverse-transcribed using the First Strand
synthesis kit (Invitrogen). One pg of the cDNA was am-
plified by PCR.

PCR Analysis

We amplified the CYP4A1 mRNA using the following
specific CYP4A1 mRNA primers: sense, TTCCAGGTTT-
GCACCAGACTCT; and anti-sense, TTCCTCGCTCCTC-
CTGAGAAG. Amplification of B-actin was used as an
internal control. The primers were designed using Primer
Express software from Applied Biosystems (Foster City,
CA). The mRNA sequences of CYP4A1 were obtained
from GenBank with accession number NM_175837 and
for rat B-actin with accession number NM_031144.

The PCR conditions used to amplify CYP4A1 and B-ac-
tin comprised a precycle of 95°C for 3 minutes followed
by 35 cycles consisting of 95°C for 45 seconds, 57°C for
1 minute, and 72°C for 1 minute, and then a final exten-
sion at 72°C for 10 minutes. PCR products were sub-
jected to electrophoresis in 10% acrylamide gels and
visualized by ethidium bromide. Appropriate controls
were used to ensure that amplified samples contained no
genomic DNA.
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Figure 1. Effects of HET0016 on the proliferative response of VEGF in
endothelial cells. HUVECs were incubated with 250 ng/ml of VEGF, 45 alone
or in the presence of 10 wmol/L HET0016 and proliferation was assayed 24
hours later. HET0016 abolished proliferative responses to VEGF (n = 3, each
by triplicate), but did not alter basal proliferation rate of HUVECs because
there was no difference between HET003 alone and saline. *, P < 0.05,
control versus VEGF; #, P < 0.05, VEGF versus VEGF + HET0016.

Statistical Analysis

The statistical significance of the differences in control
and experimental eyes within rats was determined by
paired t-test. The differences in responses between
groups were determined by analysis of variance followed
by posthoc test. A P < 0.05 was considered significant.

Results

The effects of VEGF on the growth of HUVECs are pre-
sented in Figure 1. VEGF stimulated proliferation in these
cells, and this response was abolished in cultures simul-
taneously treated with HETO016. HETO016 did not alter
basal proliferation rate of HUVECs. We next studied the
effects of HET0016 on the angiogenic response to VEGF
in vivo using the rat cornea pocket angiogenesis assay.
Neither HETO016 nor DDMS alone elicited a response
different from saline (Figure 2B and Figure 5B). To deter-
mine the optimal dose of HET0016, we performed a dose-
response study in which pellets containing different
doses of HET0016 together with VEGF were implanted in
the corneas. HET0016 at a dose of 20 ug and 40 ng per
pellet almost completely abolished the angiogenic re-
sponse to VEGF. Five ug of HETO016 reduced angio-
genic responses to VEGF by ~50%. We therefore se-
lected 20 pg per pellet of HETOO16 or other related
compounds because all have comparable molecular
weight and solubility. As a control for nonspecific effects
of fatty acids, we used palmitic acid in some experi-
ments. Palmitic acid had no effect by itself and showed
no ability to influence angiogenic responses to VEGF or
any of the other angiogenic factors studied (not shown).

Inclusion of VEGF in the pellets resulted in a marked
neovascularization response, which was obliterated by
HETO0016. Figure 2A shows representative micrographs
of corneas treated with VEGF alone and VEGF +
HET0016, whereas Figure 2B shows the results in
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Figure 2. A and B: Effects of HET0016 on the angiogenic responses elicited
by VEGF in vivo. Changes in neovascularization were assayed using the rat
cornea pocket angiogenesis assay. Pellets containing VEGF alone (250 ng/
pellet) or VEGF and HET0016 (20 ug) were implanted into the stroma of the
cornea. Rats were sacrificed 7 days later and neovascularization visualized
using India ink. Total vessel length, a quantitative estimation of the angio-
genic response, was measured by retracing every visible vessel, and using
appropriate software to obtain a numerical value. A: Representative cornea
flat mounts in the region of the pellet implant. B: Mean * SEM for the total
vessel length for all experimental groups (**P < 0.001, VEGF versus
controls; 7P < 0.001, VEGF versus VEGF + HET0016).

graphic form. In other experiments, we examined the
effect of blocking CYP4A activity on the angiogenic re-
sponse to other growth factors. We studied whether the
anti-angiogenic effect of HETO016 is constrained to VEGF
or also suppresses responses to FGF-2 and EGF. Inclu-
sion of HETO016 in the pellet drastically decreased the
angiogenic response to both FGF-2 (Figure 3, A and B)
and EGF (Figure 4, A and B). These data suggest that
CYP4A activity is necessary for angiogenic growth fac-
tors to elicit an angiogenic response. To reinforce this
concept, we tested whether a chemically dissimilar inhib-
itor of CYP4A, DDMS, also suppresses the angiogenic
response to VEGF in the rat cornea pocket angiogenesis
assay. The results of these experiments are presented in
Figure 5, A and B, and indicate that DDMS also com-
pletely inhibits the angiogenic response to VEGF.

Because CYP4A is a w-hydroxylase that synthesizes
20-HETE from arachidonic acid, HET0O016 may act by
inhibiting the synthesis of 20-HETE. To determine
whether 20-HETE synthesis inhibition may contribute to
the anti-angiogenic activity of CYP4A inhibitors, we stud-
ied the effects of the stable 20-HETE analog, WIT003, on
the proliferation of HUVECs in vitro and the growth of new
vessels in vivo. WITO03 increased the proliferation rate of
HUVECs (Figure 6), and induced an angiogenic re-
sponse in the rat cornea pocket angiogenesis assay
(Figure 7, A and B).
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Figure 3. A and B: Effects of HET0016 on the angiogenic responses elicited
by FGF-2 in vivo. Pellets containing FGF-2 alone (250 ng/pellet) or FGF-2
and HET0016 (20 pg) were implanted into the stroma of the rat cornea. A:
Representative cornea flat mounts. B: Changes in the angiogenic response as
in Figure 2 (n = 6; P < 0.001, FGF-2 versus FGF-2 + HET0016).

We also studied whether HETO016 inhibited the angio-
genesis induced by tumor cells. Three-dimensional sphe-
roids of the human glioblastoma cell line U251 implanted
in the cornea pocket led to marked angiogenesis after 2
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Figure 4. A and B: Effects of HET0016 on the angiogenic responses elicited
by EGF in vivo. Pellets containing EGF alone (250 ng/pellet) or EGF and
HET0016 (20 ug) were implanted into the stroma of the rat cornea. A:
Representative cornea flat mounts. B: Changes in the angiogenic response
(n = 7; P<0.001, EGF versus EGF + HET0016).
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Figure 5. A and B: Effects of DDMS on the angiogenic response to VEGF in
vivo. Pellets containing VEGF alone (250 ng/pellet) or VEGF and DDMS (10
ng) were implanted into the stroma of the rat cornea. A: Representative

example. B: Difference in the angiogenic response (17 = 6. **P < 0.001,
VEGF versus controls; 7P < 0.001, VEGF versus VEGF + DDMS).

weeks. Corneal neovascularization was significantly in-
hibited in the presence of HET0016 (P < 0.01) (Figure 8,
A and B). The results of the experiments to assess the
expression of CYP4A mRNA in the rat corneas are pre-
sented in Figure 9. A band of the expected size was
detected in control corneas. No detectable changes
were observed in the VEGF-treated corneas.
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Figure 6. Effects of WIT003, a 20-HETE agonist analog, on proliferation of
HUVECs. HUVECs were incubated with either 40 uwmol/L palmitic acid or
solvent alone (ethanol controls). There was no difference and therefore
control data were combined. In the experimental group, cells were incubated
with 1 wmol/L WIT003 for 48 hours and proliferation was assayed. WIT003
increased proliferation in HUVECs (7 = 3, each by triplicate; *, P < 0.05 and
# P < 0.01, controls versus 1 and 10 wmol/L WIT003).
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Figure 7. A and B: Angiogenic effects of the 20-HETE analog, WIT003, in
vivo. Pellets containing 20 ug of WIT003 were implanted into the stroma of
the cornea. Rats were sacrificed 7 days later and neovascularization mea-
sured. A: Representative flat mounts. B: Angiogenic response to WIT003
(n = 6; P < 0.01, controls versus WIT003).

Discussion

The present study examined the effects of inhibitors of
CYP4A on the mitogenic response of HUVECs to VEGF
and in the growth factor-induced angiogenesis in the
cornea in vivo. The results indicated that blockade of
CYP4A activity with HETO016 blocked the known prolif-
erative response to VEGF in HUVECs.?” Further evidence
that a metabolite of arachidonic acid may play a role in
VEGF-induced proliferation was suggested by experi-
ments using the stable 20-HETE analog, WIT003. Treat-
ment of HUVECs with WITOO0S increased proliferation of
the cells in a manner similar to the changes after treat-
ment of the endothelial cells with VEGF. However, com-
pared with VEGF, WITO03 was a weak angiogenic factor
because we needed to use um concentrations.

Our findings that a CYP4A metabolite of fatty acids
plays a role in the mitogenic responses of HUVECs are
consistent with studies in vascular smooth muscle
cells.”™ These authors concluded that CYP4A, and in
particular 20-HETE, plays a central role in the regulation
of other cellular signaling molecules involved in cell pro-
liferation and growth. The present results suggest a more
general involvement of CYP4A products in growth re-
sponses to angiogenic mitogens, of which VEGF is the
prototypical representative.

The angiogenic response in vivo involves much more
than just an increase in endothelial cell proliferation be-
cause other processes are involved including cell migra-
tion, matrix degradation, endothelial cell differentiation,
and recruitment of perimural cells. Given the complexity
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Figure 8. A and B: Effects of HET0016 on the angiogenic response of U251
cancer cells in vivo. Spheroids of the human glioblastoma cancer cell line
U251 were generated by seeding single-cell suspensions at low densities over
a layer of 0.8% agar. A total of five to eight spheroids, ~200 wm each, were
inserted into a corneal pocket carved in both eyes. A pellet containing either
20 pg of HET0016 or vehicle (ethanol), for control, was placed adjacent to
the spheroids. Rats were sacrificed 2 weeks after implantation and neovas-
cularization responses measured. A: Corneas in the region of the spheroid/
pellet implant for all rats in this series. B: Changes in angiogenic response
(n = 8; P < 0.01, control spheroids versus spheroids + HET0016).

of the angiogenic process, it is essential to demonstrate
that any potential inhibitor of angiogenesis is able to
affect the formation of fully formed blood vessels in vivo.
Because we hypothesized that inhibition of CYP4A would
alter angiogenic responses in vivo, we tested this hypoth-
esis in the rat cornea pocket angiogenesis assay, an in
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Figure 9. Gene expression of CYP4A1 in the corneas of control and VEGF-
treated rats. The presence of mRNA for CYP4A1 was determined by semi-
quantitative reverse transcriptase-PCR. After electrophoresis in a 10% poly-
acrylamide gel, the PCR products were visualized using ethidium bromide.
Bands from corneas containing saline (C) and VEGF (V) are of the predicted
size. B-actin was used as a loading control.
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vivo model of angiogenesis. This assay involves placing a
pellet containing an angiogenic inducer (in our case
angiogenic growth factors or cancer cells) into a pocket
carved into the corneal stroma. The pellet slowly and
continuously releases the angiogenic factor, and this in
turn stimulates outgrowth from the peripherally located
limbal vasculature toward the pellet, following the
concentration gradient. In comparison to other in vivo
assays, it has the advantage of measuring only new
blood vessels, because the cornea is initially avascular
and transparent.?®

Vigorous angiogenic responses were observed when
VEGF, FGF-2, or EGF was implanted into the rat cornea.
The angiogenic response to all of these growth factors
was almost obliterated by the presence of HETO016. This
suggests that CYP4A is a crucial regulator of angiogen-
esis, because angiogenic responses were practically
abolished when a potent inhibitor of CYP4A was present.
The olefinic compound, DDMS, has been reported to be
a potent and highly selective inhibitor of CYP4A whose
structure and mechanism of action is unrelated to that of
HET0016.2® The effects of VEGF on corneal neovascular-
ization were also abolished by DDMS. Thus, two different
inhibitors of CYP4A abolished the angiogenic responses
induced by VEGF, consequently strengthening the con-
cept that these inhibitors affect an essential step in the
angiogenic process. Because inhibition of CYP4A is ap-
parently the common link between HET0O016 and DDMS,
we conclude that one product of the enzymatic activity of
CYP4A may be either a mediator or a necessary compo-
nent (perhaps a gatekeeper or permissive factor) without
which the angiogenic process does not proceed.

With regard to the cornea pocket assay we used,
corneal angiogenesis is thought by some to be caused
by inflammation and thus driven by VEGF released by
invading white blood cells responding to the foreign pel-
let.2° However, we saw no angiogenesis or signs of in-
flammation in the corneas implanted with a pellet alone,
so the pellet, per se, is not inflammatory or angiogenic in
our hands. We cannot exclude that FGF-2 and EGF have
acted by attracting macrophages to the cornea.®%:3!

The present findings are consistent with the results of
previous studies indicating that 20-HETE is involved in
regulation of angiogenesis. Amaral and colleagues®® ex-
amined the role of 20-HETE in the angiogenesis induced
by electrical stimulation in skeletal muscle. Electrical
stimulation significantly increased 20-HETE formation
and angiogenesis in the muscle, and this increase was
blocked by chronic treatment with HETO016. Relevant to
the present work, anti-VEGF antibodies blocked the in-
creased 20-HETE formation induced by electrical stimu-
lation. The authors suggested that 20-HETE acted down-
stream from VEGF in the signaling pathway for
angiogenesis. Because we administered the growth fac-
tors directly, HETO016 and DDMS must have acted
downstream from VEGF. In other studies, renal microves-
sels transfected with an adenovirus vector inducing
smooth muscle-specific overexpression of CYP4A pro-
duced higher levels of 20-HETE and exhibited endothelial
sprouting.'" Thus, overexpression of the CYP4A1 gene
induced angiogenesis, presumably by increased pro-
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duction of 20-HETE.®®'® Therefore, 20-HETE is a prime
candidate to explain the effects of inhibiting CYP4A on
angiogenic responses.

Mobilization of arachidonic acid from cellular mem-
brane glycerolipid pools is an integral part of cellular
response to many stimuli such as cytokines, growth fac-
tors, and hormones. Arachidonic acid can be oxidized by
cyclooxygenase (COX), lipoxygenase(LOX), or P450 ep-
oxygenase (EOX) to form a variety of eicosanoids in-
volved in several homeostatic biological functions and
inflammation. The COX enzymes, COX1 and COX2, cat-
alyze a key step in the conversion of arachidonate to an
endoperoxide precursor, prostaglandin H2 (PGH2), which
is subsequently converted by isomerases to form prosta-
glandins, prostacyclin, or thromboxane. There are data
suggesting that COX-2 activity, reflected by PGE2 produc-
tion, is involved in hypoxia-induced VEGF expression, and
thus angiogenesis. Arachidonate metabolism by LOXs
leads to the formation of regioisomeric cis-/trans-conju-
gated hydroxyeicosatetraenoic acids (HETEs), leukotri-
enes, lipoxins, and hepoxilins. Among them, 12(S)-HETE is
biologically very active. 12(S)-HETE can elicit several an-
giogenic responses such as migration and mitogenesis of
endothelial cells.®® In addition, 12-HETIE is also angiogen-
ic.® EOX products, such as 11,12-epoxyeicosatrienoic
acid (EET), stimulate endothelial cell proliferation, and it has
been reported that CYP 2C9-derived EETs stimulate angio-
genesis by a mechanism involving the activation of the EGF
receptor.®> We now report that 20-HETE is also angiogenic
and that CYP4A may be a crucial factor in regulation of
angiogenic responses. It is clear that eicosanoids have
emerged as key regulators for angiogenesis. It is obvious
that further studies are necessary on the role that CYP4A-
derived metabolites and, among them 20-HETE, play in
pathological angiogenesis and growth.

It remains to be determined how inhibitors of CYP4A
are so effective at reducing the angiogenic responses to
different growth factors. It would be reasonable to ascribe
their anti-angiogenic activity to blockade of 20-HETE, which
by itself is angiogenic. We questioned whether corneas of
control rats show CYP4A1 gene expression and whether
VEGF would alter these basal levels. The mRNA coding for
CYP4A1 was present in vehicle-treated rat corneas. We
were unable to detect changes in mRNA levels in corneas
treated with VEGF for 7 days. Thus, it appears that growth
factors do not act by chronically increasing CYP4A gene
expression. The precise interaction between growth factor
induced angiogenesis and CYP4A-derived metabolites re-
mains to be elucidated.

The present results point to 20-HETE synthesis inhibi-
tion as being responsible for the anti-angiogenic effects
of the CYP4A inhibitors. However, further confirmation is
needed because we cannot exclude the possibility that
HET0016 and DDMS have other targets besides CYP4A
and inhibition of 20-HETE synthesis. According to Miyata
and colleagues,'® HET0016 inhibits CYP4A enzymes in
human renal microsomes at ~0.01 umol/L concentration.
The concentrations of HET0O016 we needed to inhibit
responses to VEGF in the in vitro studies were in the order
of 10 umol/L. This may be because of barriers for
HET0016 to reach CYP4A within the cell and/or metabo-

lism of HETO016, which was incubated with the cells for
24 hours. Yet it can also suggest that HETO016 is acting
on targets other than CYP4A, which are inhibited at high
HET0016 concentrations. In addition we have not shown
in this work that HETO016 acts by inhibiting the synthesis
of discrete eicosanoids, including 20-HETE.

Further, it is not clear which of the described biological
effects of 20-HETE may explain its angiogenic activity.
Numerous reported results suggest that 20-HETE acti-
vates multiple signaling cascades that impact on ion
channel activity, vascular tone, and growth in various cell
types.® 20-HETE causes blockade of Ca®*-activated K*
channels (BKg,), thereby promoting Ca®* entry by de-
polarizing vascular smooth muscle cells. If this were the
mechanism behind the angiogenic effects of 20-HETE,
then angiogenic growth factors should act by similar
mechanisms. However, FGF-2, a potent angiogenic
polypeptide, has been reported to activate BK,.*° Thus
it seems unlikely that prevention of angiogenic responses
by HET0016 and DDMS is because of activation of BK,
secondary to 20-HETE removal.

VEGF is a strong activator of ERK1/2 (extracellular
signal regulated protein kinases 1 and 2) via tyrosine
phosphorylation of kinase insert domain-containing re-
ceptor (KDR) and specific inhibitors of MEK1/2 (mitogen-
activated protein kinase/ERK kinase 1/2), the kinase re-
sponsible for ERK activation, reduce endothelial
tubulogenesis in vitro. The major pathway through which
receptor tyrosine kinases activate ERKs involves Ras
activation, leading to activation of the Raf-1/MEK/ERK
cascade. There is strong evidence, however, that KDR
activates ERK via a Ras-independent pathway involving
PLC-y. VEGF induces strong PLC-y tyrosine phosphory-
lation and activation, leading to generation of diacylglyc-
erol and inositol 1,4,5-trisphosphate and subsequent ac-
tivation of protein kinase C (PKC) and Ca®* mobilization.
VEGF induces Ras-independent induction of the ERK
pathway whereas PKC inhibitors block VEGF-induced
activation of ERK1/2 and MEK.3” Several studies also
show that PKC inhibition, using either pharmacological
inhibitors or anti-sense oligonucleotides to PKC-a and
PKC-¢ isoforms, blocks VEGF mitogenic signaling and
diverse PKC inhibitors block VEGF-induced angiogene-
sis in vitro.®® ERK mediates VEGF-induced activation of
cPLA,, a key rate-limiting step in release of arachidonic
acid and its subsequent conversion to diverse metabo-
lites such as 20-HETE via CYP and prostanoids via COX.
PKC inhibitors block VEGF-induced and ERK-mediated
cPLA, activation and PGl, production.®® 20-HETE acti-
vates PKC, and inhibitors of PKC block the vasoconstric-
tor response to 20-HETE in cat cerebral vascular smooth
muscle cells*® and renal arterioles.’®*" Thus the linkage
between receptor tyrosine kinase signaling and 20-HETE
may involve Ca®* mobilization, cPLA, activation, and
activation of the PKC and Ras-Raf mitogen-activated pro-
tein kinase (MAPK) pathway. Interestingly, tyrosine ki-
nase inhibitors block the effects of 20-HETE.® This sug-
gests that how CYP4A inhibitors affect tyrosine-kinase
receptors signaling deserves further study.

Angiogenesis is a crucial event in physiological con-
ditions such as wound healing and the female reproduc-



tive cycle and also in pathological situations such as
diabetic retinopathy, macular degeneration, and chronic
inflammatory diseases. In particular, tumor expansion is
dependent on angiogenesis, which is critical for the
growth of cancers greater than 1 to 2 mm. Consequently,
suppressing a tumor’s ability to generate new vessels is
an appealing therapeutic target.*?

Therefore, we explored whether HETO016 would affect
tumor-induced angiogenesis. For this, we selected a ma-
lignant glioma cell model known to be highly angiogenic,
the glioblastoma cell line U251.%® This is clinically rele-
vant because glioblastoma multiforme is distinguished by
intense angiogenesis.?®** We implanted U251 spheroids
into the rat corneal stroma together with a pellet contain-
ing either HETO016 or controls (palmitic acid or saline).
All control eyes showed marked corneal neovasculariza-
tion, however, HETO016 significantly decreased angio-
genic responses by ~70%. This suggests that CYP4A
may be a key regulator of cancer-induced angiogenesis
and therefore cancer progression. The elucidation of the
role of CYP4A, as well as other arachidonic acid-metab-
olizing enzymes (such as COX, LOX, and EOX), brings
about a potentially important opportunity to develop novel
inhibitors targeted to reduce pathological angiogenesis.

In summary, CYP4A enzymes metabolize arachidonic
acid to 20-HETE. We demonstrated that 20-HETE is mi-
togenic in endothelial cells in vitro and angiogenic in vivo.
The highly selective CYP4A inhibitor HETO016 blocked
the mitogenic activity of VEGF in endothelial cells. DDMS
is another selective inhibitor of CYP4A and both HETO016
and DDMS inhibit angiogenic responses to VEGF in vivo.
HET0016 also blocked the angiogenic response to FGF-2
and EGF. HET0016 decreased angiogenesis induced by
U251, a human glioblastoma cell line. This is consistent
with a metabolite produced by CYP4A having a crucial
role in the regulation of angiogenesis, either as a media-
tor or an essential permissive factor. Further studies are
needed to determine whether or not this metabolite is
20-HETE or whether or not HET0O016 and DDMS indeed
inhibited angiogenesis via CYP4A inhibition. The results
shown here suggest that inhibitors of CYP4A may be
useful tools to manipulate angiogenic responses.
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