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Abstract Age-related macular degeneration (AMD) is the primary cause of blind-
ness in elderly individuals of industrialized countries, with a projected 50% increase
in prevalence by 2020. There is an urgent need for new nutritional or pharmacologi-
cal interventions that are safe over the long term for the treatment or prevention
of AMD. Prospective clinical studies have suggested that dietary intake of ®-3 long-
chain polyunsaturated fatty acids (LCPUFAs) may protect against AMD. We recent-
ly characterized a mechanism by which dietary o-3 LCPUFAs promote regression of
choroidal neovessels in a well-characterized mouse model of neovascular AMD. The
concentrations of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) were
increased in serum of mice fed a diet enriched in these ®-3 LCPUFAs. Cytochrome
P450 enzymes catalyze the epoxidation of these primary ©-3 LCPUFAs to form
17,18-epoxyeicosatetraenoic acid and 19,20-epoxydocosapentaenoic acid, respectively,
and intraperitoneal injection of these epoxyeicosanoids mimicked the beneficial ef-
fects of dietary -3 LCPUFAs on CNV resolution. Dietary intake of w-3 LCPUFAs
also suppressed leukocyte recruitment to CNV lesions by down-regulating endothelial
expression of the adhesion molecules ICAM-1 and E-selectin as well as leukocyte ex-
pression of the ICAM-1 ligands CD11b and CD18. Bioactive lipid metabolites derived
from -3 LCPUFAs thus show potential for the treatment or prevention of AMD.
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Introduction

The omega-3 long-chain polyunsaturated
fatty acids (p-3 LCPUFASs) are a class of di-
etary lipids that are highly enriched in the
central nervous system and retina. The major
dietary -3 LCPUFAs are docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA),
and mammals depend on dietary intake of
these fatty acids because they lack the en-
zymes required for their de novo synthesis.
The ©-3 LCPUF As possess anti-inflammatory

properties, and they compete with -6 LCP-
UFAs as sources for the synthesis of lipid
metabolites such as prostaglandins and leu-
kotrienes as well as those generated by cyto-
chrome P450 (CYP) isoforms. In this review,
we focus on the suppressive effect of dietary
supplementation with -3 LCPUFAs on cho-
roidal neovascularization (CNV) in a mouse
model of age-related macular degeneration
(AMD), a leading cause of blindness, as well
as on the mechanism of this effect.
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AMD and its current treatment

Advanced AMD 1is characterized as “atro-
phic” or “neovascular,” the former showing
loss of outer retinal layers, and the latter
the presence of CNV."” In neovascular AMD,
the abnormal blood vessels grow from the
choroidal vasculature, through breaks in
Bruch’s membrane, toward the outer retina.'
These blood vessels are immature in nature
and leak fluid below or within the retina. The
two forms of AMD can occur together and
share pathologies of cell death and fibrogli-
al replacement.”” The neovascular form ac-
counts for 10% to 156% of AMD cases, develops
abruptly, and rapidly leads to substantial loss
of vision." Although growth factors appear
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 indi-
viduals with CNV is based on the targeting of
vascular endothelial growth factor (VEGF),””
which promotes angiogenesis and increases
vascular permeability. However, although
anti-VEGF therapy attenuates vascular per-
meability and angiogenesis, it does not lead
to complete vascular regression.” Moreover, a
substantial improvement in vision occurs in
only about one-third of patients treated with
VEGF antagonists, with one-sixth of such
treated patients still progressing to legal
blindness.”” There is thus an urgent need for
safe nutritional or pharmacological interven-
tions for the treatment or, ideally, the pre-
vention of AMD.

®-3 LCPUFAs and AMD

The -3 and -6 LCPUFAs are two classes
of dietary lipids that are highly enriched in
the retina and have opposing physiological
effects. The ©-3 LCPUFAs have antithrom-
botic and anti-inflammatory properties, and
they compete with -6 LCPUFAs as sources
for eicosanoid synthesis at the CYP, cycloox-
ygenase, and lipoxygenase levels. Mammals
lack the enzymes required for de novo syn-
thesis of LCPUFAs, however. -6 LCPUFASs
are the primary polyunsaturated fatty acids
present in Western diets. Dietary enrichment
with ©-3 LCPUFAs has been shown to be
protective against pathological angiogenesis,
which occurs in cancer and retinopathies.*"

Prospective clinical studies have suggested
that dietary -3 LCPUFAs may also pro-
tect against AMD."”" In a prospective cohort
study of 1837 participants at moderate-to-
high risk of developing advanced AMD, those
who reported the highest intake of -3 LCP-
UFAs (median of 0.11% of total energy in-
take) were 30% less likely than their peers to
develop the condition over a 12-year period.”
In a follow-up study to the Age-Related Eye
Disease Study (AREDS),"" the U.S. National
Institutes of Health is currently testing the
effects of @-3 LCPUFA supplements in >4000
subjects aged 50 to 85 years at increased risk
of developing advanced neovascular AMD.
However, two recent randomized, prospective,
placebo-controlled clinical trials found no
beneficial effect of -3 LCPUFA supplementa-
tion on late-stage AMD development."" The
findings to date suggest that the bioavailabil-
1ty of -3 LCPUFAs provided as dietary sup-
plements may differ among individuals, and
that for those individuals who are unable to
achieve elevated physiological levels of these
fatty acids by taking such supplements may
benefit from treatment with downstream bio-
active lipid metabolites with regard to protec-
tion against neovascular AMD. Identification
of the bioactive lipid metabolites with antian-
giogenic and anti-inflammatory activities is
therefore of substantial importance for such
dietary nonresponders. We have pursued this
goal with an animal model subject to strict
dietary control.

Effects of dietary intake of -3 LCPUFAs in
an AMD model

To investigate how dietary -3 LCPU-
FAs might prevent AMD, we characterized
a pathway by which dietary intake of these
fatty acids promotes resolution of choroidal
neovessels in mice with laser-induced CNV,
an animal model of neovascular AMD. To
study the effects of -3 LCPUFAs on CNV,
we fed mice one of two diets: a diet contain-
ing -3 LCPUFAs (1% DHA and 1% EPA, with
no arachidonic acid [AA]), or a diet devoid of
®-3 LCPUFAs but containing an -6 LCPU-
FA (2% AA).! These diets were started 2 weeks
before CNV induction. Given that the typical
intake of ®-3 LCPUFAs in the United States
(100 to 200 mg/day) provides ~0.05 to 0.1% of
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total calories, the amount of these fatty acids
in the experimental diet is physiological and
attainable by patients. To evaluate the effects
of LCPUFAs on the development of CNV, we
first examined choroidal flat-mount prepara-
tions after lectin staining for blood vessels."
Lesion size at b days after photocoagulation
(previously shown to be the time of maximal
lesion size and severity)” did not differ sub-
stantially between mice fed @-3 or -6 LCPU-
FAs, whereas that at 7 days was significantly
smaller in mice fed the -3 LCPUFA diet, in-
dicating that »-3 LCPUFAs promote disease
resolution in this laser-induced AMD model.”

Spectral domain-optical coherence tomog-
raphy (SD-OCT) allows detailed and nonin-
vasive evaluation of the retinal architecture
in vivo and has been found to reflect retinal
morphological changes during AMD.” We
therefore applied SD-OCT to determine the
cross-sectional area of CNV lesions in mice
fed either ©-3 or -6 LCPUFAs. Again, we
found that lesion size did not differ between
mice fed the two experimental diets at 5 days
after CNV induction, but that it was signifi-
cantly smaller in mice fed -3 LCPUFAs than
in those fed the @-6 LCPUFA diet at 7 days.
Moreover, fluorescein angiography revealed
that the extent of leakage from the new cho-
roidal vessels at both 5 and 7 days after CNV
induction was less pronounced in mice fed ©-3
LCPUFASs than in those on the »-6 LCPUFA
diet. The incidence of clinically significant
(grade 2B) CNV lesions at 7 days after pho-
tocoagulation was thus only 30.0% in mice re-
ceiving @-3 LCPUFAs versus 58.3% for those
fed the -6 LCPUFA diet.

Lipid profiles for serum and the retina of mice
fed »-3 LCPUFAs

To gain mechanistic insight into the effect
of dietary »-3 LCPUFAs on CNYV lesion size,
we analyzed the lipid profiles of both serum
and the retina for mice fed the two diets by
liquid chromatography and tandem mass
spectrometry (LC-MS/MS). At 7 days after
CNV induction, the concentrations of the
principal »-3 LCPUFAs (EPA and DHA) and
of total @-3 LCPUFAs as well as the DHA /-6
docosapentaenoic acid (DPA) ratio were sig-
nificantly increased, whereas the ©-6/®-3
LCPUFA ratio was significantly decreased,

in serum of mice fed »-3 LCPUFAs compared
with their counterparts fed the -6 LCPU-
FA diet.” The amount of EPA as well as the
DHA/®-6 DPA ratio were also significantly
increased, whereas the levels of AA and -6
DPA were reduced, in the retina of mice fed
the »-3 LCPUFA diet.” Both EPA and DHA
are efficient alternative substrates of the AA-
metabolizing CYP isoforms and are predomi-
nantly epoxidized at their »-3 double bonds to
yield 17,18-epoxyeicosatetraenoic acid (17,18-
EEQR) and 19,20-epoxydocosapentaenoic acid
(19,20-EDP), respectively, as the main prod-
ucts.”” We again applied LC-MS/MS analy-
sis to measure the amounts of endogenous
CYP-generated epoxyeicosanoids in serum
and the retina at 7 days after CNV induction
in mice fed w-3 or -6 LCPUFAs. The serum
levels of AA-derived 14,15-dihydroxyeicosa-
trienoic acid (DHET) and epoxyeicosatrienoic
acid (EET) were significantly reduced, where-
as those of EPA-derived 11,12- and 17,18-di-
hydroxyeicosaquatraenoic acid (DHEQR) and
EEQ and of DHA-derived 7,8- and 19,20-di-
hydroxydocosapentaenoic acid (DHDP) and
EDP were significantly increased, in the -3
LCPUFA-fed mice. Intraperitoneal injection
of EPA-derived 17,18-EEQ immediately be-
fore laser irradiation conferred significant
and dose-dependent protection from CNV and
from vascular leakage evaluated at 7 days af-
ter CNV induction.” Similar effects were also
apparent in mice injected with DHA-derived
19,20-EDP.” These data thus suggested that
eicosanoids generated from -3 LCPUFAs by
CYP mediate the resolution of laser-induced
CNV by dietary o-3 LCPUFAs.

Role of PPARYy in the amelioration of CNV by
dietary -3 LCPUFAs

Given that -3 LCPUFAs had previously
been shown to attenuate retinal neovascu-
larization via activation of peroxisome pro-
liferator-activated receptor y (PPARy), an
endogenous receptor for these fatty acids,"”
we 1nvestigated the effects of the -3 and
o-6 LCPUFA diets on PPARy expression in
mice with laser-induced CNV. Reverse tran-
scription and real-time polymerase chain re-
action analysis revealed that the amount of
PPARy mRNA in the choroid at 7 days after
CNV induction was significantly increased in
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mice fed @-3 LCPUFAs compared with those
fed the -6 LCPUFA diet, whereas immunob-
lot analysis showed that the abundance of
PPARy protein was significantly increased in
both the retina and choroid of the ®-3 LCP-
UFA-fed mice at this time.” The transactiva-
tion activity of PPARy in retinal nuclear ex-
tracts was also significantly higher in mice
receiving -3 LCPUFAs.”

Dietary intake of -3 LCPUFAs has also
been shown to down-regulate the expression
of adhesion molecules in retinal neovessels in
a PPARy-dependent manner.” Similarly, we
found that the levels of mRNAs for the ad-
hesion molecules ICAM-1 (intercellular adhe-
sion molecule-1) and E-selectin in the retinal
and choroidal vasculature at 7 days after the
induction of CNV were significantly reduced
in mice fed ©-3 LCPUFAs compared with
their counterparts fed the -6 LCPUFA diet.
In contrast, the amounts of VCAM-1 (vascu-
lar cell adhesion molecule-1) and P-selectin
mRNAs in the retina and choroid did not dif-
fer between the two groups or mice. Laser-
capture microdissection confirmed that the
levels of ICAM-1 and E-selectin mRNAs were
reduced specifically in the CNV lesions of -3
LCPUFA-fed mice. Furthermore, the protein
levels of these adhesion molecules in the cho-
roid were also significantly reduced between
2 and 7 days after CNV induction in mice fed
-3 LCPUFAs.” These observations thus sug-
gested that the recruitment of systemic leu-
kocytes to CNV lesions by endothelial adhe-
sion molecules might be down-regulated by
dietary @-3 LCPUFAs.

Effects of dietary »-3 LCPUFAs on leukocyte
recruitment and macrophage infiltration in
CNV lesions

Recruitment of systemic leukocytes to
CNV lesions has been thought to worsen
disease.” To assess the impact of -3 LCPU-
FAs on systemic leukocyte recruitment dur-
ing CNV, we measured the rolling velocity of
peripheral blood leukocytes (PBLs) at 3 days
after CNV induction (the peak of immune cell
infiltration in this model)” with the use of
an autoperfused microflow chamber coated
with P-selectin or with the combination of P-
selectin and ICAM-1. The rolling velocity of
PBLs in the chamber coated with P-selectin

and ICAM-1 was significantly higher for
mice fed -3 LCPUFAs (1.87 £ 0.18 um/s)
than for those fed the -6 LCPUFA diet (1.24
= (0.07 um/s). PBLs from both groups of mice
rolled at similar velocities on immobilized P-
selectin. The average shear stress values and
the number of interacting leukocytes per field
of view also did not differ between PBLs of
the two groups of mice in these experiments.”
Together, our data were thus suggestive of
functional down-regulation of both ICAM-
1 on endothelial cells and ICAM-1 ligand on
the surface of leukocytes in mice fed the ©-3
LCPUFA diet.

To investigate further the increase in the
ICAM-1-dependent rolling velocity of PBLs
from mice fed -3 LCPUFAs, we measured
the expression of the ICAM-1 ligands CD11b
and CD18 on the cell surface. Flow cytometry
revealed that the surface expression levels of
both CD11b and CD18 on PBLs were signifi-
cantly lower for mice fed -3 LCPUFAs than
for those fed the »-6 LCPUFA diet, consistent
with the notion that the increased rolling ve-
locity of leukocytes from the former mice is
attributable, at least in part, to down-regula-
tion of CD11b and CD18.”

Inflammatory cell invasion has been detect-
ed in surgically excised CNV lesions from in-
dividuals with AMD as well as in postmortem
eyes with CNV.** To investigate whether
down-regulation of leukocyte adhesion mol-
ecules by ®-3 LCPUFA intervention affects
leukocyte infiltration in the eye, we quanti-
fied the number of leukocytes in the retina
and choroid after CNV induction. Mice fed
®-3 LCPUFAs manifested significantly fewer
macrophages in the retina and choroid at 7
days after CNV induction compared with
those fed the -6 LCPUFA diet.”

Infiltrated macrophages and other leu-
kocytes are a source of inflammatory cyto-
kines” and proangiogenic molecules such as
VEGF that contribute to CNV pathogenesis.”
The amount of VEGF-A mRNA in the reti-
na or choroid at 7 days after CNV induction
did not differ between mice fed the »-3 or »-6
LCPUFA diets. However, the abundance of
VEGF protein in both the retina and choroid
at 7 days (but not at 5 days) after CNV in-
duction was significantly reduced in the -3
LCPUFA-fed mice compared with mice on the



-3 Fatty Acids and Choroidal Neovascularization 33

»-6 LCPUFA diet.” This temporal pattern of
VEGF expression correlated closely with that
of CNV size and vessel leakage, suggesting
that the modulation of ocular angiogenesis
and inflammation by -3 LCPUFAs contrib-
utes to their protective effect against CNV.

Conclusion

Diets rich in ¢-3 LCPUFAs have been found
to protect against the development of vari-
ous conditions, including cardiovascular dis-
ease, cancer, and inflammatory and autoim-
mune diseases,”” although the mechanisms
underlying such protection have remained
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unknown. Our recent results suggest that -3
LCPUFAs inhibit pathological angiogenesis
via a pathway dependent on CYP-generat-
ed eicosanoids (Fig. 1)* and PPARy-mediated
down-regulation of adhesion molecule expres-
sion and leukocyte invasion. Our observa-
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Fig. 1 Proposed roles of CYP-generated lipid metabolites in CNV.

EPA and DHA are efficient alternative substrates for CYP isoforms that metabolize
AA, with their metabolism resulting in reduced levels of the AA-derived metabolite 11,12-
EET and increased levels of the EPA-derived metabolite 17,18-EEQ and the DHA-derived
metabolite 19,20-EDP. These CYP-generated metabolites of w-3 LCPUFAs promote reso-
lution of CNV by down-regulating inflammatory and proangiogenic conditions.
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