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Ocular neovascularization, including age-related macular degener-
ation (AMD), is a primary cause of blindness in individuals of indus-
trialized countries. With a projected increase in the prevalence of
these blinding neovascular diseases, there is an urgent need for
new pharmacological interventions for their treatment or preven-
tion. Increasing evidence has implicated eicosanoid-like metabo-
lites of long-chain polyunsaturated fatty acids (LCPUFAs) in the
regulation of neovascular disease. In particular, metabolites gen-
erated by the cytochrome P450 (CYP)-epoxygenase pathway have
been shown to be potent modulators of angiogenesis, making this
pathway a reasonable previously unidentified target for interven-
tion in neovascular ocular disease. Here we show that dietary sup-
plementation with ®-3 LCPUFAs promotes regression of choroidal
neovessels in a well-characterized mouse model of neovascular
AMD. Leukocyte recruitment and adhesion molecule expression
in choroidal neovascular lesions were down-regulated in mice
fed ®-3 LCPUFAs. The serum of these mice showed increased levels
of anti-inflammatory eicosanoids derived from eicosapentaenoic
acid and docosahexaenoic acid. 17,18-epoxyeicosatetraenoic acid
and 19,20-epoxydocosapentaenoic acid, the major CYP-generated
metabolites of these primary ®-3 LCPUFAs, were identified as key
lipid mediators of disease resolution. We conclude that CYP-de-
rived bioactive lipid metabolites from ®-3 LCPUFAs are potent
inhibitors of intraocular neovascular disease and show promising
therapeutic potential for resolution of neovascular AMD.
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Angiogenesis plays a central role in many diseases, including
age-related macular degeneration (AMD), a leading cause
of blindness. Advanced AMD exists in two forms, “atrophic” and
“neovascular,” which are defined by the absence or presence
of choroidal neovascularization (CNV), respectively (1). Neo-
vascular AMD is characterized by the formation of abnormal
blood vessels that grow from the choroidal vasculature, through
breaks in Bruch’s membrane, toward the outer retina (1). These
vessels generally are immature in nature and leak fluid below
or within the retina (2). Although growth factors are thought to
play an important role in the late stage of neovascular AMD
progression, they likely do not contribute to the underlying cause
of the disease. The current standard of care for individuals with
neovascular AMD is based on the targeting of VEGF, which
promotes both angiogenesis and vascular permeability (3). How-
ever, although VEGF-targeted therapy attenuates angiogenesis
and vascular permeability, it does not lead to complete vascular
regression or disease resolution (3).

The ®-3 and -6 long-chain polyunsaturated fatty acids
(LCPUFAs) are two classes of dietary lipids that are essential
fatty acids and have opposing physiological effects. The w-6
LCPUFA, arachidonic acid (AA), and its cytochrome P450
(CYP)-generated metabolites (epoxyeicosatrienoic acids, EETSs)
recently have attracted much attention as a result of increasing
evidence that they play a role in cancer as well as in cardiovascular

www.pnas.org/cgi/doi/10.1073/pnas. 1401191111

disease (4-9). EETs are part of the VEGF-activated signaling
cascade leading to angiogenesis (10) and promote tumor
growth and metastasis (11). The major dietary o-3 LCPUFAs
are docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA), which are highly enriched in the central nervous system
including the retina (12). The ®-3 LCPUFAs have antithrombotic,
antiangiogenic, and anti-inflammatory properties, and they
compete with w-6 LCPUFAs as substrates for synthesis of
downstream metabolites by CYP enzymes, cyclooxygenases
(COX), and lipoxygenases (LOX) (6, 13-15). Moreover, dietary
enrichment with w-3 LCPUFAs has been shown to protect
against pathological angiogenesis-associated cancer and reti-
nopathy (2, 16-19). Of the three main pathways (COX, LOX,
and CYP) involved in eicosanoid biosynthesis, the lipid media-
tors derived from the CYP branch are the most susceptible to
changes in dietary fatty acid composition (20-23). The «-3
double bond that distinguishes DHA and EPA from their o-6
counterparts provides a preferred epoxidation site for specific
CYP family members (20, 22). In fact, most CYP isoforms can
metabolize EPA and DHA with significantly higher catalytic
efficiency than AA, making them uniquely susceptible to
variations in the availability of these lipids (19-22). CYP epoxy-
genases target the -3 double bond, resulting in an accumula-
tion of 17,18-epoxyeicosatetraenoic acid (17,18-EEQ) derived
from EPA and 19,20-epoxydocosapentaenoic acid (19,20-EDP)
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from DHA (20, 22). Very recently, it was recognized that19,20-
EDP inhibits angiogenesis, tumor growth, and metastasis (24).
Thus, it appears that the CYP—epoxygenase pathway has the ca-
pacity to produce proangiogenic metabolites from -6 LCPUFAs
(10, 11) and antiangiogenic metabolites from -3 LCPUFAs (24).
This unique feature of the CYP enzymes may provide a previously
unidentified mechanistic link between the ®-6/w-3 ratio of dietary
LCPUFAs and pathological angiogenesis; however, their roles in
ocular angiogenesis have been largely unexplored to date.

We now show that dietary enrichment with »-3 LCPUFAs
suppresses CNV, vascular leakage, and immune cell recruitment
to the lesion site in a mouse model of laser-induced CNV. We
characterized the CYP-dependent pathway by which dietary o-3
LCPUFAs promote resolution of choroidal neovessels in this
model and identified CYP-generated metabolites 17,18-EEQ
and 19,20-EDP as mediators of disease resolution. Furthermore,
we show that expression of adhesion molecules at the CNV site
was down-regulated in association with inhibition of leukocyte
recruitment in mice receiving w-3 LCPUFAs.

Results

Dietary Intake of w-3 LCPUFAs Promotes CNV Resolution. To evalu-
ate the effect of LCPUFAs on CNV development, we fed mice
one of three diets beginning 2 wk before CNV induction by laser
photocoagulation. The experimental diets are enriched with ei-
ther o-3 or w-6 LCPUFAs; the control diet is devoid of the
primary ®-3 or -6 LCPUFAs. Examination of CNV lesions
in choroidal flat-mount preparations revealed that lesion size at
5 d after photocoagulation [previously shown to be the time of
peak size and severity (25)] did not differ significantly between
mice fed ®-3 or -6 LCPUFAs, but lesions at 7 d were signifi-
cantly smaller in animals fed w-3 LCPUFAs (Fig. 1 A and B),
indicating that ®-3 LCPUFAs promote disease resolution in the
laser-induced AMD model. Lesion size at both 5 d and 7 d after
CNV induction did not differ between mice fed the control or
the 0-6 LCPUFA diet.

Spectral domain-optical coherence tomography (SD-OCT)
allows detailed and noninvasive evaluation of the retinal archi-
tecture in vivo, and its findings have been found to reflect
changes in retinal morphology during AMD progression (26).
Therefore we applied SD-OCT to determine the cross-sectional
area of CNV lesions in mice fed the control, -3 LCPUFA, or
®-6 LCPUFA diets. Although lesion size did not differ among
mice of the three groups at 5 d after CNV induction, lesions at
7 d were significantly smaller in mice fed ®-3 LCPUFAs than in
those fed the o-6 LCPUFA diet (Fig. 1 C and D), further sup-
porting a role for ®-3 LCPUFAs in the resolution of CNV
lesions. Similarly, lesion size in mice fed the control diet was
similar to that in animals on a w-6 LCPUFA diet at both 5 d and
7 d after CNV induction, indicating that the protection observed
is conferred by the w-3 LCPUFAs.

Vascular leakage in eyes with neovascular AMD may lead to
detachment of the retinal pigment epithelium (RPE) as well as
subretinal or intraretinal edema that can give rise to disturbance
or loss of vision. We assessed the effect of dietary intake of -3
LCPUFAs on vascular leakage in CNV lesions by fluorescein
angiography. The extent of leakage from the pathological cho-
roidal vessels at both 5 and 7 d after CNV induction was less
pronounced in mice fed ®-3 LCPUFAs than in those fed the o-6
LCPUFA diet (Fig. 1 E and F). The incidence of clinically sig-
nificant (grade 2B) CNV lesions at 7 d after photocoagulation was
only 30% in mice receiving ®-3 LCPUFAs versus 58% for those
fed the ©-6 LCPUFA diet. No change in vascular leakage was
observed in mice on the control diet and their v-6 LCPUFA-
fed counterparts.

To gain mechanistic insight into the effect of dietary w-3
LCPUFAs on CNV regression, we analyzed the lipid profiles of
both the retina and serum in mice on either diet at 7 d after CNV
induction. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) revealed that the concentrations of the principal
-3 LCPUFAs (EPA and DHA) and of total o-3 LCPUFAs as
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Fig. 1. Dietary intake of »-3 LCPUFAs attenuates CNV. (A) Lesion size at 5
and 7 d after CNV induction, as assessed by staining of choroidal flat-mount
preparations with fluorescent isolectin B4, for mice fed a diet enriched in
®-6 LCPUFAs (n = 61 and 69 lesions, respectively), o-3 (n = 63 and 65 lesions,
respectively) LCPUFAs, or a control diet (n = 73 and 72 lesions, respectively)
beginning 2 wk before laser photocoagulation. Data are presented as
means + SEM. ***P < 0.001. (B) Representative staining of CNV lesions
quantified in A. (Scale bars: 50 pm.) (C) Cross-sectional area of lesions
quantified by SD-OCT at 5 and 7 d after CNV induction in mice fed an -6
LCPUFA diet (n = 60 and 53 lesions, respectively), an -3 LCPUFA diet (n = 64
and 55 lesions, respectively), or a control diet (n = 69 and 63 lesions, re-
spectively). Data are presented as means + SEM. ***P < 0.001. (D) Repre-
sentative SD-OCT images of CNV lesions (demarcated by red dashed lines)
quantified in C. (Scale bars: 50 pm.) (E) Quantification of lesion grade at 5
and 7 d after CNV induction in mice fed an w-6 LCPUFA diet (n = 72 lesions,
respectively), an o-3 LCPUFA diet (n = 96 and 80 lesions, respectively), or
a control diet (n = 80 and 76 lesions, respectively). (F) Representative lesions
that were graded on an ordinal scale based on the spatial and temporal
evolution of fluorescein leakage. Representative fluorescein angiographic
images of lesions quantified in E.

well as the DHA/w-6 docosapentaenoic acid (DPA) ratio were
increased significantly and the ®-6/w-3 LCPUFA ratio was de-
creased significantly in serum of mice fed the o-3 LCPUFA diet
as compared with those fed the w-6 LCPUFA diet (Table S1).
The EPA level and the DHA/w-6 DPA ratio also were increased
significantly, and the amounts of AA and w-6 DPA were re-
duced, in the retina of mice fed the »-3 LCPUFA diet. These
results suggested that dietary intake of primary o-3 LCPUFAs
alone is able to alter the serum lipid profile substantially, but
such effects may be buffered in tissues enriched in these fatty
acids such as the retina.

Identification of CYP Metabolites Affected by Dietary Intake of -3 or
®-6 LCPUFAs. We used LC-MS/MS to measure the amounts of
endogenous CYP-generated metabolites in the serum and
retina 7 d after CNV induction in mice fed either -3 or w-6
LCPUFAs. The serum levels of AA-derived EETs (5,6-, §8,9-,
11,12-, and 14,15-EET) were reduced significantly (Fig. 24),
whereas those of EPA-derived EEQs (8,9-, 11,12-, 14,15-, and
17,18-EEQ) and DHA-derived EDPs (7,8-, 10,11-, 13,14-,
16,17-, and 19,20-EDP) were increased significantly (Fig. 2 B
and C, respectively) in mice fed ®-3 LCPUFA. In contrast to
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serum, the retinal levels of AA- and DHA-derived epoxyeicosanoid
epoxides did not differ between mice fed o-3 or ®-6 LCPUFAs;
only the levels of EPA-derived EEQs were increased significantly in
mice fed the ®-3 LCPUFA diet (Fig. S1 A-C). These results suggest
that, in mice on a short-term dietary regimen, circulating CYP
metabolites might contribute to CNV resolution to a greater extent
than CYP metabolites in the retina. A large family of CYP isoforms
is known to modulate eicosanoid metabolism. We assessed several
of these isoforms for their presence in the retina in mice with CNV.
We were able to detect Cyp2c44, Cyp4alZa, Cyp4al2b, and Cyp2j6
but not Cypc29 or Cyp2j5 mRNA at 7 d after CNV induction in
mice fed either 0-3 or ©-6 LCPUFAs (Fig. S1 D-I). Expression of
Cyp2c44 was increased significantly, whereas that of Cyp2j6 was
reduced significantly in mice fed w-3 LCPUFA. In contrast, ex-
pression of Cyp4al2a and Cyp4al2b did not differ between mice fed
®-3 or -6 LCPUFAs.

CYP-Generated Metabolites of ®-3 LCPUFAs Reduce the Size of CNV
Lesions. To assess the role of CYP-generated metabolites of w-3
LCPUFAs in CNV resolution, we examined the effects of 17,18-
EEQ and 19,20-EDP in the laser-induced AMD model. We ad-
ministered exogenous 17,18-EEQ or 19,20-EDP at doses corre-
sponding to the serum levels achieved in mice fed the ®-3
LCPUFA diet. The i.p. injection of 17,18-EEQ conferred signif-
icant and dose-dependent protection from laser-induced CNV,
as assessed both in choroidal flat-mount preparations (Fig. 34,
Left and Fig. S24) and by SD-OCT (Fig. 3B, Left and Fig. S2B). In
addition, 17,18-EEQ significantly reduced the extent of vascular
leakage apparent after CNV induction (Fig. 3C, Left and Fig.
S2C). The i.p. administration of 19,20-EDP conferred similar
protection against both CNV development and vascular leakage
(Fig. 3 A-C, Right and Fig. S2 D-F). These data suggested that
CYP-generated metabolites derived from -3 LCPUFAs promote
laser-induced CNV disease resolution.

Peroxisome Proliferator-Activated Receptor-Gamma Expression and
Activity Are Increased in ®-3 LCPUFA-Fed Mice. To decipher fur-
ther the mechanism by which dietary ®-3 LCPUFAs promote
CNV resolution, we investigated the possible role of peroxisome
proliferator-activated receptor-gamma (PPARYy) (27). The o-3
LCPUFAs previously were shown to attenuate retinal neo-
vascularization via a mechanism involving the activation of PPARy,
which serves as an endogenous ®-3 LCPUFA receptor (18).
Real-time PCR analysis showed that the amount of Ppary
mRNA in the choroid at 7 d after CNV induction was increased
significantly in mice fed w-3 LCPUFAs compared with those fed
an w-6 LCPUFA diet (Fig. S34), whereas immunoblot analysis
revealed that the abundance of Ppary protein was increased
significantly in both the retina and choroid of the animals fed ®-3
LCPUFAs (Fig. S3 B and C). The transactivation activity of
Ppary in retinal nuclear extracts also was significantly higher for
mice fed w-3 LCPUFAs (Fig. 44). These findings suggest that
dietary intake of w-3 LCPUFAs promotes Ppary signaling and
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Fig. 2. Effects of dietary intake of »-3 and w-6 LCPUFAs on the serum profile
of CYP monoepoxides. CYP bioactive lipid metabolite profiles derived from
AA (A), EPA (B), and DHA (C) were determined for serum isolated at 7 d after
CNV induction in mice fed a diet enriched in ©-6 or -3 LCPUFAs (n = 8). Data
are presented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

Yanai et al.

A B t

= 35 NTTT = g 12 ttt g 12 F

3 30{ > 3 S E10{ — S E10

g g S £ 5E

£ = Go 8 5o 8

TEX bl 226 o2

Sq 15 L oc °T

N 210 N Ng4 Ng 4

7} @ S 5 3,

> 5 > 3 28

3 o 3 o S o 5 o
0 5 50 0 5 50 0 550 0 5 50
17,18-EEQ 19,20-EDP 17,18-EEQ 19,20-EDP

(ug/kg per day) (ug/kg per day) (ug/kg per dav) (ug/kg per day)

--- LIRS _ = SN
100

I I I m Grade 2B

Grade 2A

Grade 1
Grade 0

~
o

N
a1

CNV grade
(% of Iesmns)
(%))

o

0 5 50 0 0 5 50
17,18-EEQ 19,20-EDP

(ug/kg per day) (ug/kg per day

Fig. 3. Metabolites generated by CYP from »-3 LCPUFAs suppress laser-
induced CNV. (A) (Upper) Lesion size as determined by staining of choroidal
flat-mount preparations with fluorescent isolectin B4 at 7 d after CNV induction
for mice fed a normal diet and injected i.p. with vehicle, 17,18-EEQ at 5 or
50 ug~"kg~"-d, or 19,20-EDP at 5 or 50 ug~"-kg~"-d beginning immediately after
photocoagulation. Data are presented as means + SEM (n = 25-30 lesions). ™"P <
0.001 versus the corresponding value for mice injected with vehicle; NS, not
significant. (Lower) Representative staining of CNV lesions. (Scale bars: 50 pm.)
(B) (Upper) Cross-sectional area of lesions quantified by SD-OCT at 7 d after
CNV induction in mice fed a normal diet and injected with vehicle, 17,18-EEQ,
or 19,20-EDP. Data are presented as means + SEM (n = 50-58 lesions). P <
0.05, P < 0.001 versus the corresponding value for mice injected with ve-
hicle. (Lower) Representative SD-OCT images of CNV lesions. (Scale bars: 50
um.) (C) (Upper) Fluorescein angiography of lesions (n = 64-76) at 7 d after
CNV induction in mice fed a normal diet and injected with vehicle, 17,18-EEQ,
or 19,20-EDP. (Lower) Representative fluorescein angiographic images.

that such signaling might contribute to the resolution of laser-
induced CNV. To assess the role of Ppary signaling in CNV
regression in mice fed the -3 LCPUFA diet, we examined the
effect of the potent PPARy inhibitor GW9662 (18). Daily i.p.
injections of this agent beginning immediately after CNV in-
duction resulted in significant attenuation of the protective effect
of ©-3 LCPUFAs on CNV size (Fig. 4 B and C). We confirmed
that GW9662 also significantly reduced the activity of Ppary in
the retina (Fig. 4D). These results suggest that Ppary plays a key
role in CNV regression induced by dietary -3 LCPUFAs.

Dietary -3 LCPUFAs Suppress Intercellular Adhesion Module-1 and E-
Selectin Expression in CNV Lesions. Dietary ©-3 LCPUFAs pre-
viously were found to down-regulate the expression of adhesion
molecules in retinal neovessels of mice in a Ppary-dependent
manner (18). Therefore we next examined the possible effects of
the o-3-LCPUFA diet on adhesion molecule expression in the
laser-induced CNV model. Mice fed -3 LCPUFASs had signifi-
cantly reduced levels of intracellular adhesion molecule 1 (Icam-1)
and E-selectin mRNAs in the retina or choroid at 7 d after CNV
induction compared with mice on an -6 LCPUFA diet (Fig. S4 4
and B). In contrast, there was no difference between the two
groups of animals in the amounts of Vcam-1 or P-selectin mRNAs
in the retina or choroid (Fig. S4 C and D). Furthermore, the
levels of Icam-1 and E-selectin proteins in the choroid between 2
and 7 d after CNV induction were reduced significantly in mice
fed w-3 LCPUFAs (Fig. S4 E and F). Laser-capture microdis-
section of CNV lesions confirmed that the abundance of Icam-1
and E-selectin mRNAs was reduced in lesions of mice fed the -3
LCPUFA diet (Fig. 5 A-C). These data indicated that dietary o-3
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Fig. 4. Dietary o-3 LCPUFAs up-regulate PPARy signaling and attenuate laser-
induced CNV in a PPARy-dependent manner. (A) PPARy activity as determined
with an ELISA in nuclear extracts of the retina at 7 d after CNV induction in
mice fed w-6 or w-3 LCPUFAs. Data are expressed as means + SEM of absor-
bance at 450 nm (Azs) (0 = 6). ***P < 0.001. (B) (Upper) Lesion size as de-
termined in choroidal flat-mount preparations at 7 d after CNV induction for
mice fed ©-3 LCPUFAs, mice fed ©-6 LCPUFAs, or mice fed w-3 LCPUFAs injected
i.p. with the PPARy inhibitor GW9662 (GW, 1 mg/kg) daily beginning imme-
diately after photocoagulation. Data are presented as means + SEM (n = 50-73
lesions). *P < 0.05, ¥*P < 0.01. (Lower) Representative staining of CNV. (Scale
bar: 50 pm.) (C) (Upper) Cross-sectional area of lesions as determined by
SD-OCT for mice treated as in B. Data are presented as means + SEM (n = 36—
69 lesions). ***P < 0.001. (Lower) Representative images. (Scale bars: 50 pm.) (D)
PPARy activity in nuclear extracts of the retina for mice treated as in B. Data
are presented as means + SEM (n = 6). *P < 0.05, ¥**P < 0.001.

LCPUFAs regulate adhesion molecule expression in CNV lesions
and therefore might affect recruitment of systemic leukocytes to
these lesions.

Functional Down-Regulation of the ICAM-1 Ligand on Leukocytes by
Dietary -3 LCPUFAs. Leukocyte recruitment to CNV lesions is
thought to increase disease severity (28). To assess the impact of
®-3 LCPUFAs on systemic leukocyte recruitment to the CNV
site, we measured the rolling velocity of peripheral blood leu-
kocytes (PBLs) at 3 d after CNV induction (the peak of immune
cell infiltration in this model) (29) by using an autoperfused
microflow chamber coated with P-selectin or the combination of
P-selectin and Icam-1 (Movie S1). The rolling velocity of PBLs
on the combination of P-selectin and Icam-1 was significantly
greater for mice fed w-3 LCPUFAs (1.87 + 0.18 pm/s) than for
those fed the -6 LCPUFA diet (1.24 + 0.07 um/s) (Fig. 5D). The
increased rolling velocity of w-3 LCPUFAs was attenuated by the
PPARy inhibitor GW9662 (Fig. 5E). PBLs from mice fed o-3
or -6 LCPUFAs rolled at similar velocities on immobilized
P-selectin (Fig. S54). Hemodynamic conditions within the chamber
and the number of interacting leukocytes did not differ between
groups (Table S2 and Fig. S5 B and C). These data thus suggested
functional down-regulation of the Icam-1 ligand on the surface of
leukocytes in mice fed the w-3 LCPUFA diet.

To investigate further the increase in the Icam-1-dependent
rolling velocity of PBLs in mice fed ®-3 LCPUFAs, we measured
the expression of the Icam-1 ligand CD11b/CD18 on circulating
leukocytes. Flow cytometry revealed that the surface expression
levels of both CD11b and CD18 on PBLs were significantly lower
for mice fed w-3 LCPUFAs than for those fed the w-6 LCPUFA
diet (Fig. S5 D and E), in accordance with the notion that the in-
creased rolling velocity of leukocytes from mice fed w-3 is attrib-
utable, at least in part, to down-regulation of CD11b and CD18.

Invasion of Leukocytes Is Suppressed in the Choroid and Retina of
CNV Lesions in Mice Fed -3 LCPUFA. To investigate whether down-
regulation of leukocyte adhesion molecules during w-3 LCPUFA
intervention affects leukocyte infiltration in the eye, we quantified
the number of leukocytes in the retina and choroid after CNV
induction in Cx3crl ¥+ mice, which express GFP under the
control of the Cx3crl promoter (30). Cx3crl “*F* mice fed an w-3
LCPUFA diet manifested significantly fewer leukocytes in the
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retina (Fig. 6 A and B) and choroid (Fig. 6 C and D) than
did Cx3crl SF* mice fed the o-6 LCPUFA diet. These data
suggest that w-3 LCPUFASs suppress the recruitment of immune
cells to the retina and choroid of CNV lesions.

Dietary ®-3 LCPUFAs Suppress VEGF Expression in the Retina and
Choroid. Infiltrated macrophages are a potential source of
proangiogenic molecules such as VEGF (28). To investigate the
possible role of VEGF in CNV resolution, we examined VEGF
expression. The amount of Vegfa mRNA in the retina or choroid
did not differ between mice fed 0-3 or w-6 LCPUFA diets (Fig.
S6A). In contrast, the abundance of Vegf protein in both the
retina and choroid at 7 d after CNV induction was significantly
lower in mice fed ®-3 than in mice fed w-6 LCPUFA diets (Fig.
S6 B and C). This pattern of Vegf expression thus correlates with
CNV size and vascular leakage (Fig. 1), suggesting that Vegf
produced by infiltrated leukocytes might contribute to CNV size
in the mouse model of AMD.

Discussion

We have shown that the primary ©-3 LCPUFAs, EPA and DHA,
promote vascular regression in a manner dependent in part on
the CYP epoxygenase pathway. The w-3 LCPUFAs (and their
CYP-generated metabolites) reduced disease severity by sup-
pressing conditions favorable to both angiogenesis and leukocyte
recruitment (Fig. S7). Mice fed o-3 LCPUFAs showed generally
increased circulating levels of EPA- and DHA-derived CYP
eicosanoids (EEQs and EDPs), whereas the levels of AA-derived
proangiogenic EETs were reduced significantly. We identified
two specific bioactive products (17,18-EEQ and 19,20-EDP) as
being important for disease resolution in a mouse model of
neovascular AMD. We also show that mice fed an ©-3 LCPUFA
diet manifest greater Ppary expression and activity in the retina
or choroid than seen in their counterparts fed w-6 LCPUFA and
that the effect of -3 LCPUFAs on the size of CNV lesions is
blocked by a specific inhibitor of Ppary. The recruitment of circu-
lating immune cells to CNV lesions was dampened significantly in
mice receiving o-3 LCPUFAs. In these mice, expression of the key
endothelial adhesion molecules Icam-1 and E-selectin was down-
regulated significantly in the choroidal vasculature, and the ICAM-1
ligand CD11b-CD18 was suppressed on circulating PBLs.

We found that administration of the CYP-derived o-3 LCPUFA
metabolites 17,18-EEQ or 19,20-EDP reduced CNV lesion size
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Fig. 5. Dietary w-3 LCPUFA intervention suppresses adhesion molecule expres-
sion in CNV lesions and increases leukocyte rolling velocity. (A) Representative
isolectin B4 staining of a CNV lesion in a chorioretinal section. The red dashed
line indicates the border of the sample isolated by laser-capture microdissection.
(Scale bar: 50 pm.) (B and C) Real-time PCR analysis of /cam-1 (B) and E-selectin
(C) mRNAs in laser-captured CNV lesions at 7 d after CNV induction in mice fed
-6 or ®-3 LCPUFAs. Data are presented as means + SEM (n = 3). **P < 0.01. (D
and E) (Upper) Cumulative frequency of leukocyte rolling velocity in a chamber
coated with both P-selectin and lcam-1 at 3 d after CNV induction in mice fed ©-6
(n = 6) or ©-3 (n = 6) LCPUFASs. (E) Mice on »-3 feed were injected i.p. with the
PPARy inhibitor GW9662 (GW, 1 mg/kg) (n = 4) or vehicle (n = 3) daily beginning
immediately after CNV induction. (Lower) Representative overlay images of in-
dividual leukocytes tracked over 10 s.

Yanai et al.


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1401191111/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1401191111/-/DCSupplemental/pnas.201401191SI.pdf?targetid=nameddest=SF7
www.pnas.org/cgi/doi/10.1073/pnas.1401191111

L T

/

1\

=y

Fig. 6. Dietary -3 LCPUFA intervention sup-
presses leukocyte invasion in CNV lesions. (A)
Leukocyte invasion in CNV lesions at the back
surface of the retina was determined in retinal
flat-mount preparations at 7 d after CNV induction
in Cx3cr1 GFP/* mice fed #-6 or w-3. (Scale bar:
20 pm.) (B) Quantitation of leukocyte (GFP™ cell)
infiltration in the retina in A. Data are presented
as means + SEM for 15 and 13 lesions in w-6- or
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and vascular leakage, indicating that enrichment of these metab-
olites in serum by dietary supplementation can reduce choroidal
neovessel growth and pathology significantly. Up-regulation of
these CYP-generated metabolites in serum was observed pre-
viously in rats and man after dietary EPA/DHA supplementation
(21, 23). EETs, EDPs, and EEQs are synthesized by the same CYP
enzymes in both hepatic and extrahepatic tissues and act as second
messengers with potent biological activities (7-9). Although we
identified several CYP family members localized to the retina,
further investigation is needed to determine how these enzymes
are modulated both locally in the retina and systemically. This
information should give us greater insight into how these CYP-
derived lipid metabolites are regulated in response to disease.

Three distinct enzyme classes are responsible for the metab-
olism of LCPUFAs: CYP, COX, and LOX. EPA and DHA
compete with AA for binding to and metabolism by these
enzymes, with such competition affecting the production, bio-
activity, and bioavailability of epoxides, prostanoids, and leuko-
trienes, respectively. Chronic aspirin administration recently was
shown to be associated with an increased risk of neovascular
AMD (31). Given the ability of aspirin to affect the formation of
both -3 and »-6 LCPUFA metabolites, such long-term aspirin
use may influence leukocyte recruitment and angiogenesis.

The bioactive w-3 LCPUFA-derived mediators neuropro-
tectin D, resolvin D1, and resolvin El suppress angiogenesis
(16). Neuroprotectin D, a potent anti-inflammatory molecule,
was found to reduce the extent of clinically relevant vascular
leakage in a mouse model of CNV (17). Resolvin D1 and E1
dampen leukocyte responses and facilitate the resolution of in-
flammation (13), and they also have been shown to attenuate
angiogenesis associated with oxygen-induced retinopathy (16).
We have now identified additional w-3 LCPUFA derivatives,
17,18-EEQ and 19,20-EDP, that reduce the size of CNV lesions
and suppress vascular leakage in a mouse model of CNV. CYP-
generated metabolites of w-3 LCPUFAs thus not only promote
CNV resolution but also facilitate vascular repair and regression.

Immune cell recruitment plays a key role in innate host re-
sponses including local inflammation (32), neovascularization (33),
and wound healing (34) as well as in various diseases including
inflammatory neurodegeneration (35), atherosclerosis (36), and
cancer (13). Our data now suggest that dietary intake of -3
LCPUFAs results in functional down-regulation of both Icam-1 on
endothelial cells and the ICAM-1 ligand on the surface of leuko-
cytes and also suppresses macrophage invasion into CNV lesions.

The results of three randomized, controlled, prospective cohort
trials (37-39), four case-control studies (40—43), and two cross-
sectional studies (44, 45) showed that high dietary w-3 fatty acid
intakes were associated with a 38% reduction in the risk of late
AMD [odds ratio (OR): 0.62; 95% confidence interval (CI): 0.48—
0.82]. Eating fish at least twice a week was associated with a re-
duced risk of both early AMD (OR: 0.76; 95% CI: 0.64-0.90) and
late AMD (OR: 0.67; 95% CI: 0.53-0.85) (46). In contrast, two
recent randomized, prospective, placebo-controlled, clinical trials
tested the efficacy of w-3 supplementation on late AMD devel-
opment and found no beneficial effect (47, 48). In the National
Institutes of Health-initiated Age-Related Eye Disease Study 2
(AREDS?2) subjects were given supplements containing lutein plus
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zeaxanthin, -3 LCPUFAs [DHA (350 mg) + EPA (650 mg) from
ethyl esters], or both on top of the original AREDS formulation. It
was found that ©-3 supplementation did not reduce the 5-y risk of
progression from early to late AMD (progression of either geo-
graphic atrophy or neovascular AMD was assessed) (47). The
Nutritional AMD Treatment 2 (NAT2) study found no effect with
3-y ©-3 supplementation [DHA (840 mg) and EPA (270 mg) from
fish oil] on neovascular AMD development in the unaffected eye
from the patients with CNV in the contralateral eye (48).

We were able to impose strict dietary controls on our subject
animals so that they had access only to either »-3 (DHA and
EPA) or w-6 LCPUFAs during the experimental window (before
disease onset and through the experimental end point). This
dietary restriction to only »-3 or @-6 lipids was not possible in the
supplemented AREDS2 and NAT?2 study (47, 48). Collectively
these results indicate that dietary sources alone might not be
sufficient to alter an individual’s systemic lipid profile. Indeed,
identification and subsequent administration of potent bioactive
lipid metabolites may be critical to therapeutic treatment for
a large majority of the population. Last, the AREDS2 and NAT2
studies comprised a population that generally consisted of highly
educated and well-nourished individuals with an overall in-
cidence of late AMD lower than expected from observational
studies, and this study population already may have had ade-
quate -3 levels. The elevated -3 serum levels of the placebo
groups in both trials suggest this possibility and also might sug-
gest that trial effects (e.g., self supplementation) might have
reduced the power of the statistics in both randomized trials.

A recent study showed that patients who were able to achieve
a high EPA+DHA content in their red blood cell membranes
(RBCM) had a significant (48%) reduction in the odds of de-
veloping neovascular AMD (43). Interestingly, this effect also was
observed in a subset of individuals in the NAT?2 study, which found
that patients with high EPA+DHA content in their RBCM were
significantly protected from progression of neovascular disease
(48). The authors correctly conclude that RBCM lipid content is
a more valid reflection of long-term incorporation of these lipids
into tissues, because these lipids likely are introduced during
hematopoiesis, whereas serum lipid profiles largely reflect re-
cent, short-term dietary changes (43). Unfortunately only serum
profiles were assessed in AREDS2, so tissue incorporation could
not be assessed (47). These results suggest that incorporation of
these lipids is vital to overall bioavailability and that therapeutic
treatment with the downstream bioactive lipid metabolites could
be of significant importance in individuals who are unable to
achieve an elevated level of w-3s. However, given the high var-
iability among individuals with different tissue-specific levels
of EPA/DHA, dietary intake of ®-3 LCPUFAs alone may not be
sufficient to achieve protection against neovascular AMD.
Therefore, identifying the bioactive lipid metabolites with anti-
angiogenic and anti-inflammatory functions, as defined in this
study, is of significant interest for dietary nonresponders who may
not be able to alter their tissue lipid metabolite profiles despite
supplementation. In our animal models, we can regulate the diets
tightly and therefore are able to draw strong conclusions on the
actions of individual eicosanoids.
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Moreover, dietary incorporation of these lipids into tissues seems to
occur largely in an age-dependent manner. This dependence is illus-
trated by our inability to shift the retinal tissue profile in the adult mice
in our current study, in contrast with our earlier work, in which these
lipids were incorporated readily into the retinas of neonatal mice (16).
Similarly, age-dependent alterations have been identified in a number
of CYP isoforms (49) and could reflect how downstream lipid me-
tabolite formation might change drastically with age, thereby providing
an important clue into the pathogenesis of AMD development.

In conclusion, we have found that CYP-generated metabolites of
dietary o-3 LCPUFAs are responsible, at least in part, for attenu-
ation of pathological angiogenesis in vivo. Importantly, this bene-
ficial effect can be achieved with physiologically relevant increases
in the dietary content of ®-3 LCPUFAs. Although our studies were
performed with a mouse model of AMD, our findings also may be
relevant to other diseases in which angiogenesis and inflammation
play key roles, including atherosclerosis, arthritis, and cancer.
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Materials and Methods

The study adhered to the Statement for the Use of Animals in Ophthalmic
and Vision Research of the Association for Research in Vision and Oph-
thalmology and was approved by the Animal Care Committee of the
Massachusetts Eye and Ear Infirmary (www.arvo.org/About_ARVO/Policies/
Statement_for_the_Use_of_Animals_in_Ophthalmic_and_Visual_Research/).

Detailed descriptions of the animals, regents, animal studies, analysis of
CYP-generated metabolites and fatty acids, RNA isolation, cDNA preparation,
real-time PCR, laser-capture microdissection, measurement of PPARy activity,
flow cytometric analysis, ELISA, and immunoblot analysis are available in
SI Materials and Methods.
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