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Age-related macular degeneration (AMD) is the most common
cause of blindness for individuals age 50 and above in the developed
world. Abnormal growth of choroidal blood vessels, or choroidal
neovascularization (CNV), is a hallmark of the neovascular (wet) form
of advanced AMD and leads to significant vision loss. A growing body
of evidence supports a strong link between neovascular disease and
inflammation. Metabolites of long-chain polyunsaturated fatty acids
derived from the cytochrome P450 (CYP) monooxygenase pathway
serve as vital second messengers that regulate a number of hormones
and growth factors involved in inflammation and vascular function.
Using transgenic mice with altered CYP lipid biosynthetic pathways in
a mouse model of laser-induced CNV, we characterized the role of
these lipid metabolites in regulating neovascular disease. We discov-
ered that the CYP-derived lipid metabolites epoxydocosapentaenoic
acids (EDPs) and epoxyeicosatetraenoic acids (EEQs) are vital in
dampening CNV severity. Specifically, overexpression of the monoox-
ygenase CYP2C8 or genetic ablation or inhibition of the soluble epoxide
hydrolase (sEH) enzyme led to increased levels of EDP and EEQ with
attenuated CNV development. In contrast, when we promoted the
degradation of these CYP-derived metabolites by transgenic over-
expression of sEH, the protective effect against CNV was lost. We
found that these molecules work in part through their ability to
regulate the expression of key leukocyte adhesion molecules, on
both leukocytes and endothelial cells, thereby mediating leukocyte
recruitment. These results suggest that CYP lipid signaling mole-
cules and their regulators are potential therapeutic targets in
neovascular diseases.
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ge-related macular degeneration (AMD) is a progressive

chronic disease and a leading cause of irreversible visual
impairment in developed countries (1). AMD is generally clas-
sified into two forms: exudative (“wet”) and nonexudative
(“dry”). Advanced exudative AMD is characterized by neo-
vascularization arising from the choroid and infiltrating into
the subretinal space. This choroidal neovascularization (CNV) is
immature and leaky in nature, resulting in subretinal and
intraretinal edema and hemorrhage that can lead to severe
vision loss (2, 3). Current standard therapy for patients with
CNV involves inhibiting vascular endothelial growth factor
(VEGF), a molecule that promotes angiogenesis and vascular
permeability (3-6). Despite their therapeutic value, intra-
vitreal injections of anti-VEGF agents act primarily to prevent
vascular permeability and resultant edema; thus, constant
anti-VEGF injections are necessary to keep these abnormal
vessels at bay (4, 5, 7, 8). Anti-VEGF therapy in patients has
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also been shown to lead to progressive vision loss with long-term
use (9). Substantial vision improvement occurs in only one-third
of patients treated with VEGF antagonists, and one-sixth of
treated patients still progress to legal blindness (4, 5). Moreover,
anti-VEGF therapy minimally affects the contribution of immune
cells, known to play a vital role in CNV disease progression and
regression (10-13). Given these limitations, there is an urgent
need for additional pharmacological interventions for the early
treatment of exudative AMD.

Significance

Abnormal blood vessel growth occurs in many common dis-
eases, from cancers and cardiovascular diseases to ocular con-
ditions like age-related macular degeneration (AMD) and is
thus a major target of many recent treatment approaches.
Long-chain polyunsaturated fatty acids are of significant in-
terest in this context, since bioactive lipid metabolites derived
from this pathway have been shown to be potent regulators of
inflammation and angiogenesis. Our study has identified key
compounds of the cytochrome P450 metabolic pathway that
are responsible for resolving abnormal vascular growth in
AMD, which work in part by modulating the recruitment of
inflammatory immune cells. We believe these findings have
significant therapeutic implications not only for AMD but also
for other inflammatory disorders.

Author contributions: E.H. and K.M.C. designed research; E.H., S.I., L.M., Y.O., R.Y., K.E.S,,
CB.K. G.K., D.RB., N.P, JRF, D.H, M.LE., D.CZ, K.SS.L, B.D.H., W-H.S., and K.M.C.
performed research; J.R.F., D.C.Z,, B.D.H., and W.-H.S. contributed new reagents/analytic
tools; E.H., S.I, LM, Y.O, RY., G.K, JW.M, B.D.H., W.-H.S., and K.M.C. analyzed data;
and E.H., B.D.H., W.-H.S., and K.M.C. wrote the paper.

Reviewers: N.G.B., LSU Health Sciences Center; and M.B.G., Indiana University School
of Medicine.

Conflict of interest statement: Massachusetts Eye and Ear Infirmary holds a patent appli-
cation on anticomplement therapeutics in ocular cell death titled Cyp450 lipid metabo-
lites reduce inflammation and angiogenesis (MEEI WO 2014110261 A1: PCT/US2014/
010880) (of which K.M.C. and R.Y. are inventors) and has a pending application of the
use of sEH inhibitors in inflammation and angiogenesis (of which K.M.C., E.H., and B.D.H.
are inventors). Additionally, Massachusetts Eye and Ear has a proprietary interest in pho-
todynamic therapy for conditions involving unwanted ocular neovascularization and has
received financial remuneration related to this technology. J.W.M. receives a share of the
same in accordance with institutional guidelines. Max Delbruck Center for Molecular
Medicine and University of Texas Southwestern hold a patent family on novel eicosanoid
derivatives, also encompassing C21 and its use (WO 2010/081683, PCT/EP2010/000140) (of
which W.-H.S., J.R.F., and N.P. are inventors). Max Delbruck Center for Molecular Medicine
holds a pending patent application of the use of novel eicosanoid derivatives in indica-
tions, associated with inflammation and neovascularization (of which W.-H.S. is inventor).

"To whom correspondence may be addressed. Email: bdhammock@ucdavis.edu or
kip_connor@meei.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1620898114/-/DCSupplemental.

PNAS | Published online August 21, 2017 | E7545-E7553

wv
=2
=
a
w
<
=
o

s
=3
T
S =
—
o=
2<
2
=2
=



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1620898114&domain=pdf
mailto:bdhammock@ucdavis.edu
mailto:kip_connor@meei.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620898114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1620898114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1620898114

L T

/

1\

=y

Omega (w)-3 and -6 fatty acids are two functionally distinct
subsets of long-chain polyunsaturated fatty acids (LCPUFAs)
(14, 15). Endogenous lipid bioactive metabolites derived from
-3 and 0-6 LCPUFAs, termed oxylipins, are known to function
in inflammation and overall tissue homeostasis (16). Mechanis-
tically, the metabolism of arachidonic acid (AA), docosahex-
aenoic acid (DHA), and eicosapentaenoic acid (EPA) into
biologically active lipid mediators by cyclooxygenase (COX) and
lipoxygenase (LOX) enzymes is relatively well established (17,
18). However, these LCPUFAs are also substrates for the cyto-
chrome P450 (CYP) enzymes, which either hydroxylate AA to
hydroxyeicosatetraenoic acids (HETEs) or epoxygenate AA to
epoxyeicosatrienoic acids (EETs) (19, 20). Of the three main
pathways involved in oxylipin biosynthesis (i.e., COX, LOX, and
CYP), the lipid metabolites of the CYP branch are likely the
most susceptible to changes in dietary fatty acid composition (20,
21). Importantly, the »-3 double bond that distinguishes DHA
and EPA from their ©-6 counterparts provides a preferred epox-
idation site for specific CYP family members. Among the major
CYP metabolites derived from DHA are epoxydocosapentaenoic
acids (EDPs), while those derived from EPA are epoxyeicosate-
traenoic acids (EEQs) (19). Interestingly, specific CYP family
members can metabolize DHA and EPA up to 10 times faster than
AA (20, 22). EETs, EDPs, and EEQs are known to generally op-
pose the inflammatory and vascular functions of their o-hydroxylase
counterparts such as 20-HETE, and are therefore of significant
interest (19, 20). These fatty acid metabolites are produced pri-
marily in the endothelium by CYP2C and CYP2J enzymes and
are further metabolized principally by soluble epoxide hydrolase
(sEH) into less active dihydroxyeicosatrienoic acids (DHETS),
dihydroxydocosapentaenoic acids (DHDPs), and dihydroxy-
eicosatetraenoic acids (DHEQs) (derived from AA, DHA, and
EPA, respectively), thereby conferring tight regulation of these
bioactive lipid metabolites (19, 20, 23).

®-3 LCPUFAs have recently been implicated in neovascular
AMD (9, 24, 25). Moreover, we have previously reported that
®-3 LCPUFA-derived CYP metabolites, 17,18-EEQ and 19,20-
EDP, are involved in regulating CNV (13). However, the precise
role and mechanism of the CYP monooxygenases and the CYP-
dependent metabolites in regulating neovascular ocular disease
still remains unclear. In this study, we focused on defining the
contribution of the CYP monooxygenases and their metabolites
on CNV and elucidating the effect of CYP-dependent metabo-
lites on leukocyte recruitment during CNV formation. We
demonstrated that -3 CYP metabolites modulate CNV disease
progression and severity using transgenic and knockout mice
designed to increase or decrease the endogenous levels of ep-
oxide metabolites (CYP2CS8-transgenic and sEH-knockout ver-
sus sEH-transgenic mice). Moreover, we showed that w-3—derived
CYP metabolites regulate the leukocyte rolling velocity by modu-
lating the expression of adhesion molecules both on the surface of
circulating leukocytes and in the CNV lesions. These results in-
dicate that CYP monooxygenases and the epoxides produced by
these enzymes from EPA and DHA could be potent mediators of
intraocular inflammation and neovascular disease regression.

Results

CYP-Derived Epoxide Metabolites of EPA and DHA Reduce CNV. We
have previously shown that a diet enriched in EPA and DHA or
administration of @-3—derived CYP metabolites (i.e., 17,18-EEQ
and 19,20-EDP) reduces the size of CNV (13). However, the rel-
ative importance of the w-3—derived CYP metabolites and their
downstream metabolites (e.g., 17,18-DHEQ and 19,20-DHDP) has
not been characterized. To investigate whether the CYP metabolic
pathway is a critical pathway regulating CNV size, we used trans-
genic mice that modulate CYP pathway-selective enzymes. Tie2-
CYP2C8-Tg mice overexpress the monooxygenase CYP2CS in
endothelial cells (and to a lesser extent immune cells), which

E7546 | www.pnas.org/cgi/doi/10.1073/pnas.1620898114

promotes the metabolism of the primary LCPUFAs to their
active downstream metabolites. The size of CNV lesions 7 d after
laser induction was significantly decreased in Tie2-CYP2C8-Tg
mice fed a diet enriched with EPA and DHA compared with
mice fed a control diet, as assessed in choroidal flat mounts (Fig.
14) and optical coherence tomography (OCT) cross-sectional
images (Fig. 1B). Vascular leakage in CNV lesions, assessed by
fluorescein angiography (FA), was also significantly decreased in
Tie2-CYP2C8-Tg mice fed a diet enriched with EPA and DHA
compared with mice on a control diet (Fig. 1C). sEH, an enzyme
that functions downstream of the CYP pathway, metabolizes
bioactive epoxy metabolites of the primary LCPUFAs into less
bioactive vicinal diols (vic-diols). The loss of sEH had a similar
effect as the overexpression of the monooxygenase CYP2C8 in
endothelial cells. The size of CNV lesions 7 d after laser in-
duction was significantly decreased in SEH null mice fed a diet
enriched with EPA and DHA compared with mice on a control
diet, as assessed in choroidal flat mounts (Fig. 24) and OCT
cross-sectional images (Fig. 2B). The severity of vascular leakage
in CNV lesions was also significantly decreased in sEH null mice
fed a diet enriched with EPA and DHA compared with mice on a
control diet (Fig. 2C). These results suggest that the increase in
CYP-derived epoxide metabolites of EPA and DHA by over-
expression of CYP2CS or by loss of sEH play an important role
in suppression of CNV development.

The Protective Effect Observed from CYP-Derived Epoxide Metabolites
of EPA and DHA Is Lost by Their Metabolic Degradation. To confirm
that CYP-derived epoxide metabolites of EPA and DHA are the
primary mediators of protection against CNV, we examined Tie2-
sEH mice (26). This strain overexpresses the sEH enzyme in
endothelial cells and immune cells, which rapidly breakdown CYP
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Fig. 1. Dietary intake of ®-3 LCPUFAs in Tie2-CYP2C8-Tg mice attenuates
CNV. (A and B) Lesion size at 7 days (d) after CNV induction was assessed by
staining of choroidal flat-mount preparations with fluorescent isolectin B4
(A), and a cross-sectional area of lesions was quantified by SD-OCT (de-
marcated by red lines) (B), for Tie2-CYP2C8-Tg mice fed a control diet (n =
25 lesions, respectively), o-3 LCPUFA-enriched diet (n = 38 lesions, re-
spectively), or -6 LCPUFA-enriched diet (n = 30 lesions, respectively) be-
ginning 2 weeks (wk) before laser photocoagulation. Tie2-CYP2C8-Tg mice
overexpress the monooxygenase CYP2C8 in endothelial cells, which pro-
motes the metabolism of the primary LCPUFAs to their active downstream
fatty acid metabolites. ©-3 LCPUFAs decreased CNV size in choroidal flat-
mount and OCT section compared with the control diet and w-6 LCPUFA-
diet groups. Data are presented as means + SEM. *P < 0.05. (Scale bar:
100 pm.) (C) Fluorescein leakage in CNV lesions was graded at 7 d after CNV
induction in Tie2-CYP2C8-Tg mice fed a control diet (n = 25 lesions), -3
LCPUFA-enriched diet (n = 38 lesions), or »-6 LCPUFA-enriched diet (n =
30 lesions) beginning 2 wk before laser photocoagulation. o-3 LCPUFASs also
attenuated fluorescein leakage from the CNV lesions compared with the
control diet and w-6 diet groups. The grade of the hyperfluorescent lesions is
as follows: score 0 (i.e., no leakage); score 1 (i.e., debatable leakage); score
2A (i.e., definite leakage); score 2B (i.e., clinically significant leakage).
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Fig. 2. Dietary intake of ©-3 LCPUFAs in sEH null mice attenuates CNV. (A
and B) Lesion size at 7 d after CNV induction was assessed by staining of
choroidal flat-mount preparations with fluorescent isolectin B4 (A) and a
cross-sectional area of lesions was quantified by SD-OCT (demarcated by red
lines) (B), for sEH null mice fed a control diet (n = 49 lesions, respectively), -3
LCPUFA-enriched diet (n = 57 lesions, respectively), or -6 LCPUFA-enriched
diet (n = 50 lesions, respectively) beginning 2 wk before laser photocoagu-
lation. sEH null mice lack expression of sEH, an enzyme that degrades CYP-
dependent epoxynoid fatty acid metabolites into less bioactive vic-diols. o-3
LCPUFAs decreased CNV size in choroidal flat-mount and OCT section com-
pared with the control diet and »-6 LCPUFA-diet groups. Data are presented
as means + SEM. *P < 0.05. (Scale bar: 100 pm.) (C) Fluorescein leakage in
CNV lesions was graded at 7 d after CNV induction in sEH null mice fed a
control diet (n = 49 lesions), »-3 LCPUFA-enriched diet (n = 57 lesions), or ©-6
LCPUFA-enriched diet (n = 50 lesions) beginning 2 wk before laser photo-
coagulation. w-3 LCPUFAs also attenuated fluorescein leakage from the CNV
lesions compared with the control diet and »-6 diet groups. The grade of the
hyperfluorescent lesions is as follows: score 0 (i.e., no leakage); score 1 (i.e.,
debatable leakage); score 2A (i.e., definite leakage); score 2B (i.e., clinically
significant leakage).

epoxide metabolites into less bioactive vic-diols (27). When Tie2-sEH
mice were fed a diet enriched with EPA and DHA, the protective
effects conferred by a diet enriched in DHA and EPA on the CNV
lesion was abolished (Fig. 3 A-C). Littermate control animals, on a
C57BL/6 background, confirmed that a diet enriched with EPA and
DHA was still protective against increased CNV disease severity (Fig.
S1). These results suggest that the epoxide metabolites produced
from EPA and DHA via the cytochrome P450s are conferring sig-
nificant protection against CNV. In light of these findings, we spec-
ulated that CYP-derived eicosanoids of AA (ie., EETs) promote
CNV pathogenesis. However, contrary to our hypothesis, feeding a
diet enriched with AA to CYP-Tg mice and administration of EETs
to C57BL/6 mice did not alter CNV size or severity compared with
their respective base line controls (Figs. 1-3 and Fig. S2). These data
suggest that CYP-derived EEQs and EDPs confer protection rather
than the AA-derived EETs as drivers of disease severity.

Derivatives of CYP Monooxygenases Are Significantly Regulated in Our
CYP-Tg Mice. We previously identified 17,18-EEQ and 19,20-EDP,
two metabolites synthesized by CYP monooxygenases, as potential
mediators in CNV disease resolution (13). To assess if these lipid
metabolites are significantly modulated in our transgenic mice, we
measured the plasma concentrations of 17,18-EEQ and 19,20-
EDP in these animals maintained on our experimental diets 7 d
after laser induction. LC-MS/MS revealed that EPA-derived
17,18-EEQ was significantly increased in both Tie2-CYP2C8-Tg
and sEH null mice fed an EPA- and DHA-enriched diet com-
pared with their respective strain-matched mice fed a control
diet (Fig. 44). Additionally, DHA-derived 19,20-EDP was sig-
nificantly increased in Tie2-CYP2C8-Tg mice fed an EPA- and
DHA-enriched diet compared with Tie2-CYP2C8-Tg mice fed a
control diet (Fig. 4B). The plasma levels of 17,18-EEQ in Tie2-
CYP2CS8-Tg mice and sEH null mice on an EPA- and DHA-
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enriched diet were significantly up-regulated compared with
C57BL/6 mice on an EPA- and DHA-enriched diet. In contrast,
Tie2-sEH-Tg mice on an EPA- and DHA-enriched diet did not
exhibit a significant increase in either 17,18-EEQ or 19,20-EDP
compared with Tie2-sEH-Tg mice on a control diet (Fig. 4 4 and
B). Taken together these results implicate 17,18-EEQ and 19,20-
EDP as important effector metabolites in CNV disease resolu-
tion. However, to date, the role of additional EDP and EEQ
family members remains unknown. These data are supported by
our observation that the protective effect of an enriched EPA
and DHA diet is lost with overexpression of sEH, an enzyme that
degrades these bioactive fatty acid metabolites (27).

Blockade of the Metabolic Degradation of CYP Epoxide Metabolites
of EPA and DHA Enhances the Protective Effect Against CNV. To
further elucidate the effect of CYP epoxide metabolites of EPA
and DHA on CNV, we used a sEH inhibitor, which can block the
hydrolysis of 17,18-EEQ and 19,20-EDP by sEH (28). We ad-
ministered daily i.p. injections (13) of 17,18-EEQ and 19,20-EDP
into mice on a control diet with or without sEH inhibitor ad-
ministered orally in the drinking water. The administration of
both 17,18-EEQ and 19,20-EDP alone significantly attenuated
CNV size in choroidal flat mounts (Fig. 54, black bars) and in
cross-sectional OCT images compared with the administration of
vehicle control (Fig. 5B, black bars), as previously shown (13).
Moreover, the administration of both 17,18-EEQ and 19,20-
EDP alone also significantly reduced the severity of vascular
leakage in CNV lesions (Fig. 5C). Coadministration of the sEH
inhibitor with either 17,18-EEQ or 19,20-EDP further attenu-
ated CNV size (Fig. 5 4 and B, gray bars and Fig. S3 4 and B)
and also decreased the severity of vascular leakage in CNV le-
sions (Fig. 5D and Fig. S3C) compared with 17,18-EEQ or 19,20-
EDP administration alone. Of note, our previous study demon-
strated the effective dose for both 17,18-EEQ and 19,20-EDP
(50 pg/kg/d) (13); however, we had not assessed the minimal
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Fig. 3. Dietary intake of w-3 LCPUFAs in Tie2-sEH-Tg mice does not affect
CNV. (A and B) Lesion size at 7 d after CNV induction was assessed by staining
of choroidal flat-mount preparations with fluorescent isolectin B4 (A), and a
cross-sectional area of lesions was quantified by SD-OCT (demarcated by red
lines) (B), for Tie2-sEH-Tg mice fed a control diet (n = 21 lesions, respectively), »-3
LCPUFA-enriched diet (n = 44 lesions, respectively), or -6 LCPUFA-enriched diet
(n = 39 lesions, respectively) beginning 2 wk before laser photocoagulation. sEH
overexpression in Tie2-sEH-Tg mice resulted in no significant differences in CNV
size in choroidal flat-mount and OCT section among the three dietary groups.
Data are presented as means + SEM. N.S., not significant. (Scale bar: 100 pm.) (C)
Fluorescein leakage in CNV lesions was graded at 7 d after CNV induction in Tie2-
sEH-Tg mice fed a control diet (n = 21 lesions), »-3 LCPUFA-enriched diet (n =
44 lesions), or w-6 LCPUFA-enriched diet (n = 39 lesions) beginning 2 wk before
laser photocoagulation. The severity of fluorescein leakage did not change
among the three groups. The grade of the hyperfluorescent lesions is as fol-
lows: score 0 (i.e., no leakage); score 1 (i.e., debatable leakage); score 2A (i.e.,
definite leakage); score 2B (i.e., clinically significant leakage).
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Fig. 4. The plasma profile of CYP-dependent metabolites in CYP enzyme Tg
mice. The plasma levels of 17,18-EEQ (A) and 19,20-EDP (B) in CYP-Tg mice
[C57BL/6 background (abbreviated as BL6), Tie2-CYP2C8-Tg (abbreviated as
2C8), sEH null, and Tie2-sEH-Tg (abbreviated as sEHtg), respectively] were
determined at 7 d after CNV induction by LC-MS/MS. Tie2-CYP2C8-Tg mice
overexpress the monooxygenase CYP2C8 in endothelial cells, which pro-
motes the metabolism of the primary LCPUFAs to their active downstream
fatty acid metabolites (e.g., 17,18-EEQ and 19,20-EDP). sEH null mice lack ex-
pression of sEH, an enzyme that degrades these CYP-derived fatty acid me-
tabolites into less bioactive vic-diols. Conversely, Tie2-sEH-Tg mice overexpress
sEH. Mice were fed either a w-3 LCPUFA-enriched diet, ®-6 LCPUFA-enriched
diet, or control diet. Data are presented as means + SEM. *P < 0.05, **P < 0.01,
***P < 0.001. N.S., not significant. n = 3-4 mice per experimental group.

effective dose for these compounds. To assess the minimum ef-
fective dose of 17,18-EEQ and 19,20-EDP, we administered
daily i.p. injections of each eicosanoid at concentrations of 0, 15,
25, or 50 pg/kg/d to mice on a control diet. A concentration of
50 pg/kg/d significantly attenuated CNV size compared with the
control vehicle, shown using choroidal flat-mount preparations
(Fig. S4 A-C) and spectral domain OCT (SD-OCT) (Fig. S4 D-
F), and reduced the severity of vascular leakage in CNV lesions
(Fig. S4 G-I). However, administration of 15 or 25 pg/kg/d did
not show significant protective effects on CNV size (Fig. S4 A-
F), indicating that 50 pg/kg/d is the minimum effective dose for
both 17,18-EEQ and 19,20-EDP.

We next assessed a stable 17,18-EEQ analog, termed C21,
which maintains its potent bioactive functions, but is unable to be
degraded by sEH (29). Administration of C21 significantly reduced
CNV size compared to vehicle control as assessed in both choroidal
flat mounts and SD-OCT (Fig. 6 A and B and Fig. S5 A and B). In
addition, C21 significantly reduced the extent of vascular leakage
observed in these lesions (Fig. 6C and Fig. S5C). The minimum ef-
fective dose was also assessed for C21 and found to be 50 pg/kg/d
(Fig. S4). These results are consistent with the results from our
aforementioned experiments using CYP-Tg mice, which demon-
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strate that CYP epoxide metabolites of EPA and DHA are the
critical mediators in protection against CNV. Furthermore, our
results suggest that increasing resistance to degradation of these
metabolites as well as increasing their corresponding bioavailability
may be useful approaches to enhance protection against CNV.

Pharmacokinetics of CYP-Derived Eicosanoids of EPA and DHA. To
assess if the protective effect of 17,18-EEQ, 19,20-EDP, and
C21 is due to an increase of these lipid metabolites in plasma, we
measured their concentration in the plasma following i.p. injec-
tions at 30 s (immediately following injection), 1, 5, 15, and
30 min after injection by LC-MS/MS. The plasma concentration
of 17,18-EEQ was significantly increased 1 and 5 min following
injection compared with mice injected with the control vehicle
(Fig. S64). The 19,20-EDP levels were also significantly in-
creased 30 s and 1 and 5 min after injection (Fig. S6B). The peak
plasma concentration of all metabolites occurred 1 min after i.p.
injection, indicating a relatively short half-life for these metab-
olites postadministration (Fig. S6 A-C).

Leukocyte Recruitment Is Modulated by CYP Epoxide Metabolites.
Systemic leukocyte recruitment to extravascular areas is thought to
play a crucial role in the inflammatory process and the pathophysi-
ology of several diseases, including AMD (10). Modulation of key
adhesion molecules is known to recruit different populations of im-
mune cells to sites of injury. Leukocytes in the blood stream attach
and roll on the surface of endothelial cells via interactions between
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Fig. 5. sEH inhibition enhances the protective effect of CYP-derived w-3 fatty
acids on CNV. (A and B) Lesion size at 7 d after CNV induction was assessed
by staining of choroidal flat-mount preparations with fluorescent isolectin
B4 (A), and a cross-sectional area of lesions was quantified by SD-OCT (B), for
C57BL/6 mice administered control vehicle, 17,18-EEQ (50 pg/kg/d), or 19,20-
EDP (50 pg/kg/d) once a day without sH inhibitor (black bars) or with sEH
inhibitor (1 mg/kg/d, gray bars). Mice were fed a control diet over the course
of the experiment. Data are presented as means + SEM. *P < 0.05, **P <
0.01. n = 35-43 lesions per experimental group. (C and D) Fluorescein
leakage in CNV lesions was graded at 7 d after CNV induction in C57BL/6
mice administered control vehicle, 17,18-EEQ (50 pg/kg/d), or 19,20-EDP
(50 pg/kg/d) once a day without sEH inhibitor (C) or with sEH inhibitor
(1 mg/kg/d) (D). The grade of the hyperfluorescent lesions is as follows: score 0
(i.e., no leakage); score 1 (i.e., debatable leakage); score 2A (i.e., definite leakage);
score 2B (i.e., clinically significant leakage). Mice were fed a control diet over the
course of the experiment. n = 35-43 lesions per experimental group.
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Fig. 6. Administration of C21 in C57BL/6 mice attenuates CNV. (A and B)
Lesion size at 7 d after CNV induction was assessed by staining of choroidal
flat-mount preparations with fluorescent isolectin B4 (A), and a cross-
sectional area of lesions was quantified by SD-OCT (B), for C57BL/6 mice
administered control vehicle or C21 (50 pg/kg/d) once a day immediately
after laser photocoagulation. Data are presented as means + SEM. ***P <
0.001. n = 37-48 lesions per experimental group. (C) Fluorescein leakage in
CNV lesions was graded at 7 d after CNV induction in C57BL/6 mice admin-
istered control vehicle or C21 (50 pg/kg/d) once a day immediately after laser
photocoagulation. The grade of the hyperfluorescent lesions is as follows:
score 0 (i.e., no leakage); score 1 (i.e., debatable leakage); score 2A (i.e.,
definite leakage); score 2B (i.e., clinically significant leakage). n = 37-48 le-
sions per experimental group.

adherent molecules and their ligands, such as intercellular cell-
adhesion molecules (ICAM) or selectins, leading to leukocyte
crawling and transendothelial migration (10). In particular, proin-
flammatory leukocyte recruitment to CNV lesions has been shown to
be a critical step in increasing the severity of exudative AMD (11-13).
We have recently shown that consuming an EPA- and DHA-
enriched diet down-regulates CNV by modulating leukocyte in-
filtration into the CNV lesions (13). These findings have led us to
presume that CYP metabolites are the critical mediators of in-
traocular inflammation and angiogenesis by modulating leukocyte
recruitment. To address this hypothesis, we used the autoperfused
microflow chamber assay to assess the impact of 17,18-EEQ and
19,20-EDP on systemic leukocyte recruitment during CNV devel-
opment (30). The autoperfused microflow chamber allows us to as-
sess leukocyte-adhesion molecule interactions by connecting a coated
chamber (which mimics endothelium) to the mouse circulatory sys-
tem, where we are able to assess leukocyte rolling velocity without
introducing extraneous manipulation, more closely mimicking the
natural microenvironment (30). The rolling velocity of peripheral
blood leukocytes (PBLs) in the circulating blood was measured 3 d
post-CNV induction, as this reflects the peak of immune cell in-
filtration in this model (12, 31). The rolling velocity of PBLs on the
chamber, which is coated with adherent molecules ICAM-1 and
P-selectin, was significantly faster for mice administered 17,18-EEQ
(1.48 + 0.16 pmy/s) than for those administered PBS (0.94 + 0.06 pmy/s)
(Fig. 74 and C). The rolling velocity of PBLs along the chamber was
also significantly faster in mice administered 19,20-EDP (1.44 + 0.12
pmy/s) than in mice administered PBS (0.94 + 0.06 uny/s) (Fig. 7 B and
(). These data suggest that the functional down-regulation of ICAM-
1 and P-selectin ligands on the surface of leukocytes in mice ad-
ministered 17,18-EEQ and 19,20-EDP results in increased rolling
velocity and decreased recruitment. To further investigate the in-
crease in ICAM-1-dependent rolling velocity of PBLs in mice ad-
ministered 17,18-EEQ and 19,20-EDP, we measured the expression
of the ICAM-1 ligand, CD11b/CD18, on circulating leukocytes. Flow
cytometry analysis revealed that the surface expression level of
CD11b on PBLs was significantly lower for mice administered 19,20-
EDP, but not 17,18-EEQ, than for those administered PBS (Fig. 7 D
and E). On the contrary, the surface expression level of CD18 on
PBLs was significantly lower for mice administered 17,18-EEQ, but
not 19,20-EDP, than for those administered PBS (Fig. 7 F and G).
Next, we examined the effects of 17,18-EEQ and 19,20-EDP on the
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expression of adhesion molecules in CNV lesions. CNV lesions were
collected using laser-capture microdissection. Mice administered
17,18-EEQ had significantly reduced mRNA levels of ICAM-1 and
E-selectin in the CNV lesions 7 d post-CNV induction compared
with PBS-injected controls (Fig. 7 H and I). These data suggest that
the increased rolling velocity of leukocytes from mice administered
17,18-EEQ and 19,20-EDP is attributable to the down-regulation of
the expression of adhesion molecules; furthermore, each lipid me-
tabolite has differential regulation on leukocytes or endothelial cells
in CNV lesions. Modulation of specific adhesion molecules likely
allows for the recruitment of individual leukocyte populations to the
site of injury that can be proresolving or proinflammatory depending
on the individual’s lipidomic profile.

Leukocyte Adhesion Is Up-Regulated by Administration of CYP
Epoxide Metabolites of AA. We also assessed the effect of CYP-
generated eicosanoids of AA, EETSs, on leukocyte recruitment. The
rolling velocity of PBLs along the chamber was significantly de-
creased for mice administered 8,9-EET (1.14 + 0.15 pm/s) than those
administered PBS (2.30 + 0.13 pmy/s) (Fig. S7 A and D). The rolling
velocity of PBLs on the chamber was also significantly decreased in
mice administered other regioisomeric EETs, 11,12-EET (141 +
0.45 pm/s) and 14,15-EET (1.41 + 0.11 pmy/s), than in mice admin-
istered PBS (2.30 + 0.13 pmy/s) (Fig. S7 B-D). The surface expression
levels of CD11b on PBLs were unchanged for mice administered
each EET compared with those administered PBS (Fig. S7 E-G).
Conversely, the surface expression levels of CD18 on PBLs were
significantly higher for mice administered EETs compared with those
administered PBS (Fig. S7 H-J). Mice administered EETs had sig-
nificantly increased levels of ICAM-1 mRNAs in the CNV lesions 7 d
post-CNV induction compared with PBS-injected controls (Fig. S7K).
In contrast, only 11,12-EET showed a significant increase in the
mRNA level of E-selectin compared with mice administered PBS
(Fig. S7L). These data indicate that the decreased rolling velocity of
leukocytes from mice administered EETs are attributable to the up-
regulation of the expression of adhesion molecules both on the sur-
face of leukocytes and on endothelial cells in CNV lesions. The cell
types and their ability to confer either a pro- or antiinflammatory
actions is as yet to be determined.

Adoptive Transfer of Peritoneal Cells from Omega-3 Epoxide Metabolite-
Treated Mice Reduces CNV. Given the relatively short half-life for
17,18-EEQ, 19,20-EDP, and C21 in the serum of mice receiving i.p.
injections, we sought to identify if their protective effect was sys-
temic or local (retina). To begin to investigate the systemic contri-
bution of these bioactive lipids, we wanted to address the
involvement of peritoneal cells (at the sight of administration) on
CNV disease regulation. Peritoneal cells were transferred from
donor mice that received i.p. injections of either control vehicle,
17,18-EEQ, 19,20-EDP, or C21 to untreated recipient mice and
then CNV disease severity was assessed (Fig. S84). Choroidal flat
mounts and SD-OCT (Fig. 8 4 and B and Fig. S8 B and C) showed
that recipient mice, which received peritoneal cells from donor mice
treated with 17,18-EEQ, 19,20-EDP, and C21, had significantly
smaller CNV lesions compared with control donor mice. Vascular
leakage in CNV lesions was also significantly decreased in recipient
mice that received peritoneal cells from donor mice treated with
17,18-EEQ, 19,20-EDP, and C21 (Fig. 8C and Fig. S8D). These
results suggest peritoneal cells functionally modified by 17,18-EEQ,
19,20-EDP, or C21 administration, play an important systemic role
in CNV resolution.

Discussion

The metabolism of LCPUFAs is initiated by three distinct en-
zyme classes: COX, LOX, and CYP. COX and LOX pathways
are well known to produce many structurally different fatty acid
metabolites from LCPUFAs (17, 18). The COX enzymes are
responsible for prostaglandin and thromboxane synthesis (17, 18,
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Fig. 7. Administration of CYP-dependent »-3 LCPUFA metabolites modulates leukocyte rolling velocity and adhesion molecule expression. (A and B) Cu-
mulative frequency of leukocyte rolling velocity in a chamber coated with both P-selectin and ICAM-1 was assessed at day 3 after CNV induction. Mice were
injected i.p. with (A) 17,18-EEQ (50 pg/kg/d), (B) 19,20-EDP (50 ng/kg/d), or PBS daily beginning immediately after CNV induction. Administration of both EEQ
and EDP increased leukocyte rolling velocity compared with PBS groups (n = 3 mice per group). (C) Representative rendering depicting images of individual
leukocytes tracked over 10 s. (D-G) Flow cytometric analysis of (D and E) CD11b and (F and G) CD18 expression on peripheral blood leukocytes 3 d after CNV
induction in C57BL/6 mice injected i.p. with (D and F) 17,18-EEQ (50 pg/kg/d) or (E and G) 19,20-EDP (50 npg/kg/d). Administration of EEQ decreased
CD18 expression and EDP decreased CD11b expression on leukocytes compared with PBS-injected groups. Data are presented as means + SEM. n = 10 mice per
group. MFI, mean fluorescence intensity values. *P < 0.05. (H and /) Real-time PCR analysis of (H) ICAM-1 and (/) E-selectin mRNAs in laser-captured CNV lesions
at 7 d after CNV induction in C57BL/6 mice injected i.p. with 17,18-EEQ (50 pg/kg/d) and 19,20-EDP (50 pg/kg/d). Administration of 17,18-EEQ significantly
decreased ICAM-1 and E-selectin expression compared with PBS-injected groups. Data are presented as means + SEM. n = 6 mice per group. *P < 0.05.

32), while LOXs are responsible for leukotriene and lipoxin
synthesis (17, 18, 33). In addition to these two enzyme types, the
CYP enzyme family also has the capacity to synthesize fatty acid
metabolites. Of these three main pathways, the cytochrome
P450 branch appears most susceptible to changes in dietary fatty
acid composition. Moreover, the ®-3 double bond that distin-
guishes DHA and EPA from their w-6 counterparts provides a
preferred epoxidation site for specific CYP family members
leading to the formation of 17,18-EEQ and 19,20-EDP as pre-
dominant epoxide metabolites upon dietary EPA/DHA supple-
mentation (20-22, 34, 35). Compared with EETs, which are CYP
epoxide metabolites of AA widely investigated for their impor-
tant roles in cardiovascular physiology and cancer (19, 34, 35),
EDPs and EEQs are not well defined in terms of their bio-
activity. We have recently reported that intake of EPA- and
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DHA-enriched diets reduces disease severity in a mouse model
of neovascular AMD (13). Our subsequent interest was to elu-
cidate which bioactive lipid effector molecules of EPA and DHA
might prevent or dampen neovascular AMD disease severity. We
identified that the plasma levels of EEQs and EDPs are in-
creased in mice fed an EPA- and DHA-enriched diet and found
that direct administration of 17,18-EEQ and 19,20-EDP can
reduce CNV (13). Expanding on this work, our current study
clearly demonstrates that CYP epoxide metabolites of EPA and
DHA are key modulators in the attenuation of inflammation and
CNV. CYP2C subfamily members, such as CYP2CS, are con-
sidered potent monooxygenases of EPA and DHA, as well as AA
(20, 22). Specifically, CYP2CS8 is the predominant isoform that
converts EPA to 17,18-EEQ and DHA to 19,20-EDP (19).
Several recent studies have demonstrated the involvement of
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significant leakage). n = 42-48 lesions per experimental group.

these CYP enzymes and their metabolites in arrhythmia, cardiac
hypertrophy, hypertension, and other cardiovascular diseases (36,
37). In our CNV model, overexpression of human CYP2CS, cou-
pled with an EPA- and DHA-enriched diet, markedly attenuated
CNV lesions with a corresponding increase in the plasma levels of
17,18-EEQ and 19,20-EDP (Figs. 1 and 4). Data from our phar-
macokinetic study (illustrating the short half-life of i.p.-administered
compounds in plasma, Fig. S6) and adoptive transfer (17,18-EEQ
and 19,20-EDP primed immune cells) studies point to a major role
for circulating immune cells as the major effectors in CNV reso-
lution and not necessarily a predominantly local retinal effect. Of
note, to date the contribution of the additional EEQ and EDP
family members (7,8-EDP, 10,11-EDP, 13,14-EDP, and 16,17-EDP;
8,9-EEQ, 11,12-EEQ, and 14,15-EEQ, respectively) on CNV dis-
ease progression and regression is as yet unknown.

In the current study, the total plasma levels of 17,18-EEQ were
slightly higher and levels of 19,20-EDP were lower than those from
our previous analyses (13). One possible explanation for this di-
vergence could involve a difference in the composition of the EPA-
and DHA-enriched diets between these studies. The current study
used an EPA- and DHA-enriched diet containing 2.5% (wt/wt)
of an oil with a higher percentage of EPA (EPA:DHA =
478.5 mg:193.5 mg/g oil) compared with the previous diet (EPA:
DHA = 465 mg:375 mg/g oil). Thus, we can infer that increased
plasma levels of 17,18-EEQ and 19,20-EDP can improve the effi-
ciency of protection against CNV development. We tried two dif-
ferent strategies based on this idea to increase the biological activity
of these metabolites: pharmacological inhibition of sEH (Fig. 5) and
treatment of a stable analog of 17,18-EEQ (Fig. 6). These chemicals
have been shown to have significant effects on antiinflammatory
activity (38), lowering of blood pressure (39), attenuation of hepatic
fibrosis (40), and antiarrhythmic activity (29). We demonstrate that
both strategies are effective in attenuating CNV development in our
model. Although further analyses are needed, we believe these tools
can be applied to the clinical setting.

Leukocyte recruitment and transmigration from circulating
blood into tissues are essential for various inflammatory and
autoimmune disorders, including CNV progression in exudative
AMD (10-13). In the current study, we demonstrate that 17,18-
EEQ and 19,20-EDP down-regulate peripheral blood leukocyte
adhesion ability (Fig. 7). The interaction between (2 integrins on
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leukocytes and their endothelial ligands, such as ICAM-1 and
E-selectin, is required for modulating adhesion, migration, and
infiltration of leukocytes into inflammatory sites (41). Integrin
CD11b/CD18, which consists of a heterodimer of the oM
(CD11b) and p2 (CD18) subunits, is the most crucial 2 integrin
for leukocyte recruitment (41). In our intraocular model of in-
flammation, we show that 17,18-EEQ and 19,20-EDP reduced
CD11b/CD18 expression in PBLs, and that 17,18-EEQ reduced
ICAM-1 and E-selectin expression in endothelial cells in CNV
lesions (Fig. 7). These findings indicate that the inhibitory effect
of 17,18-EEQ and 19,20-EDP on CNV is due to their inhibitory
effect on leukocyte recruitment by reducing the expression of
adherent molecules on both leukocytes and endothelial cells.
Significant down-regulation of CNV by gene disruption of
CD18 and ICAM-1 (42) supports our theory. However, it is still
unclear how CYP-dependent fatty acids modulate the expression
of these adherent molecules. On one end of the LCPUFA
spectrum, the major dietary o-6 LCPUFA is AA, which has
attracted significant attention due to increasing evidence of its
role in cancer biology (34, 43), vascular injury, and arterioscle-
rosis (44, 45). Several studies have shown the proangiogenic ef-
fect of EETs, which are CYP-dependent eicosanoids derived
from AA (46, 47). Contrary to our expectations, dietary intake of
AA (13) and direct administration of EETs did not have a sig-
nificant effect on CNV development (Fig. S2). One potential
reason is that the EETSs, as relatively weak angiogenic agents,
might not have reached sufficient levels in the local environment
to exacerbate CNV development at the administered dosages.
Another possibility is that the CNV in this model may have
reached peak size because of the severe intraocular inflamma-
tion already caused by laser administration. In contrast to our
findings in CNV development, EETs promoted PBL adhesion,
increased CD18 expression in PBLs, and increased ICAM-1
and E-selectin expression in endothelial cells in CNV lesions
(Fig. S7). However, it is more than likely that different subsets
of immune cells, either proinflammatory or proresolving, are
brought to the CNV lesion based on the bioactive lipid micro-
environment. In regards to the effect of EETs on leukocyte re-
cruitment, 14,15-EET has been shown to promote monocyte
adherence to endothelial cells (48). However, several recent studies
have shown that some EETs have antiinflammatory effects and can
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attenuate vascular inflammatory responses (49-51). Node et al. (49)
demonstrated that 11,12-EET significantly attenuated cytokine-
induced NF-xB activation and adhesion molecule expression in
endothelial cells, and exogenous 11,12-EET administration atten-
uated leukocyte adhesion to murine carotid arteries. Compared
with their in vitro experiments that stimulated potent proin-
flammatory cytokines (e.g., TNF-o, IL-1, and LPS) to activate en-
dothelial cells, our injury conditions were in an in vivo local
microenvironment and, thus, may have a different pathology from
prior studies that can account for the difference in results.

Earlier work has illustrated that an imbalance in retinal lipids
leads to photoreceptor degradation and the accumulation of
lipid and lipoprotein debris in the retinal pigment epithelium
layer (14). Because the continuous renewal of retinal membranes
requires a constant supply of w-3s, supplied by retinal pigment
epithelium cells, diets rich in w-3s may improve retinal function
and may delay the development of neovascular AMD (52, 53). In
this study, we demonstrate the role of @-3 CYP-dependent me-
tabolites in the resolution of CNV. However, this is not to say
that our study is without its limitations. To date, two major
clinical studies assessing the role of ®w-3 supplementation on
AMD disease progression have yielded conflicting results. The
NIH-initiated age-related eye disease study 2 (AREDS2) found
no protective effects from dietary supplementation with o-3s on
disease progression [based on both geographic atrophy (GA) and
CNV] (54). In contrast, the nutritional AMD treatment 2 (NAT2)
study identified a significant protective effect of »-3 supplementation
when CNV development alone was assessed (24, 55). In the
NAT?2 study, patients with neovascular AMD in one eye were given
oral @-3s or a placebo over 3y, and the study eye was assessed for
CNV occurrence (24, 55). It was observed that elevated EPA serum
status or a high red-blood cell membrane (RBCM) EPA+DHA in-
dex (ie., -3 index) was significantly associated with a reduction in
the odds of developing neovascular AMD (24, 55). In particular,
patients with the highest EPA/DHA levels in their RBCMs had a
significant decrease (68% reduction) in CNV development over the
3-y period (24). These data indicate that »-3 compounds have potent
antiangiogenic properties. Conversely, in AREDS2, the dose of
supplemented DHA, the primary w-3 LCPUFA in the retina, was
significantly lower than that in the NAT2 study (350 mg from ethyl
esters versus 840 mg from fish oil, respectively), suggesting that the
supplementation dose is crucial to CNV outcome (24, 54). In addi-
tion, AREDS2 only measured the serum levels of the primary w-3
LCPUFAs in patients, but not the incorporation of these lipids into
cellular membranes (i.e., RBCM). Thus, AREDS2’s assessment is
only reflective of the dietary levels and not the tissue levels of these
lipids. Moreover, the placebo in AREDS2 was not a true placebo, as
it was also supplemented with the AREDS1 formulation that con-
tained a number of antioxidant compounds (54, 56). Lastly, in
AREDS2, GA and CNV were used as diagnostic markers of disease
progression; the effect of these lipids on CNV was not directly
studied (54). The NAT2 study is the first study reporting associations
of elevated EPA serum status or a high RBCM EPA+DHA index
with a reduction in the odds of developing neovascular AMD (55,
57). The strength of this study was the combined use of biological
data with dietary assessment of w-3 LCPUFA status in the same
groups of individuals affected or unaffected with AMD. It is impor-
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tant to note that potential protection against neovascular AMD may
not be consistently achieved with dietary intake of -3 LCPUFAs
alone, especially since there is significant variation among individuals
in the tissue levels of EPA/DHA. Thus, for patients who may not
have improvements in AMD progression with ©-3 supplementation,
it would be beneficial to identify bioactive lipid metabolites of these
compounds that possess antiangiogenic and antiinflammatory func-
tions. In contrast to the aforementioned clinical studies, our current
work in animal models incorporated stricter regulations on the level
of 0-3 LCPUFASs in the diets, thus allowing us to make more robust
conclusions on the specific role of these w-3 CYP-derived fatty acids.
Although there are inherent limitations in translating our findings
from animal models to human patients that warrant further in-
vestigation, our work clearly begins to elucidate the therapeutic po-
tential of specific ®-3 CYP-dependent downstream lipid metabolites
in CNV resolution.

In conclusion, we have clearly identified CYP-derived lipid
biometabolites, 17,18-EEQ and 19,20-EDP, as important medi-
ators of the protection against CNV, determined their ability to
regulate leukocyte recruitment and local inflammation in the
microenvironment of CNV lesions, and demonstrated their po-
tential as a pharmacologic target for neovascular AMD disease
progression. Given the systemic nature of this metabolic path-
way, we feel that the findings from this study are not only rele-
vant to AMD, but also to many other salient conditions involving
angiogenesis and inflammation, such as diabetic retinopathy,
atherosclerosis, and cancer.

Materials and Methods

All animal procedures adhered to the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
Research. The Animal Care and Use Committee of Massachusetts Eye and Ear
Infirmary approved the protocol for the experiments outlined herein. Tie2-
CYP2C8-Tg mice, which overexpress human CYP2C8 in endothelial cells (58);
Tie2-sEH-Tg mice, which overexpress human sEH in endothelial cells (26); and sEH
null mice, which have systemic knockout of sEH (59), were kindly provided by
Darryl C. Zeldin, NIH/National Institute of Environmental Health Sciences,
Bethesda. All mice were on the C57BL/6 (area R16) genetic background from
Charles River Laboratories. These C57BL/6 mice were used as control mice for
CNV experiments involving the aforementioned CYP-Tg mice. Male C57BL/6 mice
(stock no. 000664) at 6-8 wk of age obtained from The Jackson Laboratory were
used for all other experiments.

Detailed descriptions of the animal studies, reagents, diets, lipid analysis,
pharmacokinetics, autoperfused flow chamber assay, immune cell analysis,
and laser-capture microdissection can be found in S/ Materials and Methods.
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