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Editor's Summary

LOX and Vessels

In a dreaded morning ritual, parents once force-fed cod liver oil-—a source of vitamin D——to their children to
prevent rickets. Today, fish oil has a new star: w-3 polyunsaturated fatty acids (PUFAS). These molecules—
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)——can protect against the abnormal growth of blood
vessels, a prime contributor to diabetes-related blindness and retinopathy associated with premature birth. Sapieha
et al. have now enriched our understanding of the mechanism behind this protection by showing that the production of
a DHA metabolite, 4-hydroxy-docosahexaenoic acid (4-HDHA), by the enzyme 5-lipoxygenase (5-LOX) is one of the
main metabolic pathways required for the antiangiogenic effect. 4-HDHA acts via peroxisome proliferator—activated
receptor y (PPARY) to directly inhibit the sprouting and proliferation of endothelial cells——those that line the inner
surfaces of blood vessels.

Mice that are exposed to high amounts of oxygen (75%) from day 7 to 12 after birth and then returned to
ambient air develop abnormal revascularization of the retina. Using this system as an approximation of human retinal
revascularization, the authors found that feeding mice a diet high in w-3 PUFAS, but not w-6 PUFASs, could prevent
this event. By genetically removing, one by one, each of the four main enzymes that convert these w-3 PUFASs to
active metabolites, the authors found that protection against revascularization required 5-LOX, a non —heme iron
dioxygenase that generates leukotrienes, lipoxins, and the recently identified w-3 PUFA-derived resolvins and
protectins. After identifying the critical 5-LOX as the one present in white blood cells, Sapieha et al. found that large
amounts of DHA metabolites were generated under stress conditions such as those that produce retinopathy in
premature newborns. One metabolite, 4-HDHA, was detected in the serum and white blood cells of mice and humans
and in retinas of mice with oxygen-induced retinopathy. 4-HDHA is known to act through the PPAR y receptor, and
pharmacological inhibition of PPAR y interfered with the ability of the w-3 diet to alleviate oxygen-induced retinopathy
in the mice. These results elucidate an important pathway through which -3 oils protect against retinopathy and
perhaps exert some of their other beneficial effects: oxidation of w-3 PUFAs by 5-LOX and subsequent inhibition of
angiogenesis via PPAR vy activation. One implication of this work is good news for those who take aspirin and
ibuprofen: The cyclooxygenase inhibition by these agents will not interfere with the healthy effects of your daily dose
of fish oil.
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ANTI-ANGIOGENESIS

5-Lipoxygenase Metabolite 4-HDHA
Is a Mediator of the Antiangiogenic Effect
of ®-3 Polyunsaturated Fatty Acids

Przemyslaw Sapieha,’?* Andreas Stahl,’>* Jing Chen," Molly R. Seaward," Keirnan L. Willett,’
Nathan M. Krah,' Roberta J. Dennison,’ Kip M. Connor,'" Christopher M. Aderman,’

Elvira Liclican,* Arianna Carughi,>® Dalia Perelman,>® Yoshihide Kanaoka,’

John Paul SanGiovanni,® Karsten Gronert,* Lois E. H. Smith'*

Lipid signaling is dysregulated in many diseases with vascular pathology, including cancer, diabetic retinopathy,
retinopathy of prematurity, and age-related macular degeneration. We have previously demonstrated that diets
enriched in -3 polyunsaturated fatty acids (PUFAs) effectively reduce pathological retinal neovascularization in a
mouse model of oxygen-induced retinopathy, in part through metabolic products that suppress microglial-
derived tumor necrosis factor-a. To better understand the protective effects of ®-3 PUFAs, we examined the
relative importance of major lipid metabolic pathways and their products in contributing to this effect. ®-3 PUFA
diets were fed to four lines of mice deficient in each key lipid-processing enzyme (cyclooxygenase 1 or 2, or
lipoxygenase 5 or 12/15), retinopathy was induced by oxygen exposure; only loss of 5-lipoxygenase (5-LOX)
abrogated the protection against retinopathy of dietary -3 PUFAs. This protective effect was due to 5-LOX oxida-
tion of the -3 PUFA lipid docosahexaenoic acid to 4-hydroxy-docosahexaenoic acid (4-HDHA). 4-HDHA directly
inhibited endothelial cell proliferation and sprouting angiogenesis via peroxisome proliferator-activated receptor
v (PPARY), independent of 4-HDHA'’s anti-inflammatory effects. Our study suggests that ®-3 PUFAs may be profit-
ably used as an alternative or supplement to current anti-vascular endothelial growth factor (VEGF) treatment for
proliferative retinopathy and points to the therapeutic potential of ®-3 PUFAs and metabolites in other diseases of
vasoproliferation. It also suggests that cyclooxygenase inhibitors such as aspirin and ibuprofen (but not lipoxygenase

inhibitors such as zileuton) might be used without losing the beneficial effect of dietary ®-3 PUFA.

INTRODUCTION

Pathological retinal neovascularization is the foremost destructive
manifestation of ischemic retinopathies such as diabetic retinopathy
(DR) and retinopathy of prematurity (ROP) and a leading cause of
blindness worldwide (1-4). Previous work from our group demon-
strated that dietary -3 polyunsaturated fatty acids (PUFAs) protect
against pathologic retinal angiogenesis in a mouse model of oxygen-
induced retinopathy (OIR) (5). This result is consistent with recent
clinical data showing that decreased ocular neovascularization corre-
lates with increased dietary intake of m-3 PUFAs (6). Although prog-
ress has been made in understanding the protective properties of ®-3
PUFAs (7, 8), we still do not know exactly which lipid-processing
pathways and which molecules govern these effects in retinopathy.
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Deciphering the pathways and bioactive lipid metabolites through
which ®-3 PUFAs block angiogenesis in the eye would allow for
the development of targeted treatments that may be additive to the
currently used anti-VEGF (vascular endothelial growth factor) ap-
proaches to treating retinopathy. It would also uncover whether the
use of commonly available inhibitors of ®-3 PUFA-related metabolic
enzymes that produce bioactive molecules would be counterproductive.
These inhibitors include aspirin and nonsteroidal anti-inflammatory
drugs (NSAIDs).

The standard explanation for the benefits of ®-3 PUFAs is that
eicosapentaenoic acid (EPA) (20:503) and DHA (22:603) are directly
integrated at the sn2 position of membrane phospholipids, resulting
in the consequent unseating of structurally similar ®-6 PUFAs, mainly
linoleic acid (18:2w6) and arachidonic acid (20:4w6) (9, 10). The rel-
ative membrane concentrations of these -3 and -6 PUFA substrates
for phospholipase A, (PLA,) (which catalyzes the hydrolysis of lipids
from cell membranes, liberating them for further metabolism) are
thought to determine the concentration of downstream proangiogenic
or antiangiogenic bioactive metabolites (11). Thus, depending on die-
tary intake, changes in membrane microdomain composition can shift
the substrate pool from ®-6 PUFAs to -3 PUFAs, which in turn in-
fluences the concentrations of bioactive lipid mediators that are syn-
thesized during the retina’s response to stress stimuli (5). To date, this
change in lipid membrane composition is thought to exert its effects
mainly by modulating the inflammatory state of the tissue: Proinflam-
matory 2-series prostaglandins and leukotrienes are derived from the
®-6 PUFAs (arachidonic acid), whereas the anti-inflammatory neuro-
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Fig. 1. 5-Lipoxygenase (5-LOX) mediates w-3 PUFA suppression of neo-
vascularization in oxygen-induced retinopathy (OIR). (A) Schematic of major
®-3 and -6 PUFA metabolism pathways. (B) Graphic depiction of vascular
phenotypes from normoxic and OIR P17 mouse retinas. (C) Neovascularization
at P17 in retinas of wild-type (WT) mice with OIR fed either o-3 (n = 24) or
-6 (n = 14) PUFAs from birth. Representative images of retinal flat mounts
are displayed. (D) Quantified neovascularization in -3 PUFA-fed COX-17"~
(n = 16), COX-27" (n = 24), 5-LOX™" (n = 24), and 12/15-LOX™" (n = 12) mice
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compared to their respective w-3 PUFA-fed WT controls at P17. (E) Quanti-
fication of neovascularization at P17 in 5-LOX WT mice fed ®-3 PUFAs com-
pared to 5-LOX~~ mice fed either ©-3 or w-6 PUFAs (n = 24 for all groups).
n signifies number of eyes quantified. Representative images of retinal
flat-mounts from each data set are shown. All values are percentage of
neovascularization area over total retinal area and are expressed as a per-
centage of mean neovascularization in each strain-specific WT group; for
absolute values, see fig. S1. Scale bars, 500 um. ***P < 0.0001.
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protectins and D-series resolvins originate from the »-3 PUFA DHA, and
the E-series resolvins and 3-series prostaglandins from EPA (11-13).

The enzymatic pathways that principally process the pool of avail-
able ©-3 and -6 PUFAs into bioactive metabolites are the cyclo-
oxygenases (COXs) and the lipoxygenases (LOXs) (12) (Fig. 1A).
COXs are heme-containing enzymes with peroxidase activity that play
a primary role in prostanoid synthesis (10), whereas the LOXs are
non-heme iron dioxygenases that insert molecular oxygen with re-
gional specificity into PUFAs (14) and generate isozyme-specific, bio-
logically active products such as the eicosanoid leukotrienes, lipoxins,
and the recently identified -3 PUFA-derived resolvins and protectins
(8, 15). Beneficial effects of dietary -3 PUFAs are in part mediated by
these COX- and/or LOX-derived autacoids (12).

Given the extensive use of medications such as NSAIDs that inhib-
it lipid-processing enzymes, it is important to gain a better under-
standing of the pathways that produce the desirable effects of ®-3
PUFA lipids. Here, we sought to determine the overall contribution
of specific COX and LOX enzymatic pathways to the protective effects
of ®-3 PUFAs against the destructive neovascularization observed in
proliferative retinopathy with the widely used mouse model of OIR that
mimics the vasoproliferative phase of ocular neovascular diseases such
as ROP and DR. We demonstrated a dominant antiangiogenic role for
the 5-LOX pathway and its product 4-hydroxy-docosahexaenoic acid
(4-HDHA).

RESULTS

Antiangiogenic effects of ®-3 PUFAs in retinopathy
are mediated via the 5-LOX pathway
In a mouse model of OIR on ®-3 or ®-6
PUFA-rich diets, we screened four mouse
lines in which specific members of the
COX and LOX families (COX-1, COX-2,
5-LOX, and 12/15-LOX) had been knocked
out (Fig. 1A). Suppression of pathological
neovascularization (Fig. 1B) was assessed
at postnatal day 17 (P17) P17 during peak
pathological retinal vessel proliferation
(16, 17). ®-3 or -6 PUFA-rich diets were
provided to nursing mouse mothers at de-
livery. These defined feeds were isocaloric
and matched with respect to all nutrients
except that the 2% total fatty acid content
was either -3 (DHA and EPA) or -6
(arachidonic acid) PUFAs (5). The lipid
composition of mother’s milk reflects the
lipid content of her diet and is readily
transferred to nursing pups (5). Consist-
ent with our earlier findings (5), wild-
type mice fed -3 PUFA-rich diets show
~50% less retinal neovascularization com- 0

140+
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We examined the role of COXs in mediating the beneficial effects
of o-3 PUFAs in mice lacking either constitutive COX-1 or inducible
COX-2 and in wild-type littermate controls. Loss of either COX-1 or
COX-2 had no effect on the amount of retinal neovascularization in
mice fed -3 PUFA-rich diets [wild-type versus COX-1"~ or COX-27""
mice (P = 0.494)], indicating that -3 PUFAs exerted their antiangio-
genic effects independent of either COX enzyme (Fig. 1D). Lack of
involvement of COX-2 in the protective effect of m-3 PUFAs on retinop-
athy was confirmed in fat-1 mice, which readily convert m-6 PUFAs
to -3 PUFAs (18). There was no loss of antiangiogenic effect in fat-1
mice treated with the selective pharmacological inhibitor of COX-2,
parecoxib (intraperitoneal injection; 10 mg/kg per day) (fig. S1D). These
findings exclude the involvement of COX pathways as major media-
tors of the direct protective effects of -3 PUFAs against retinopathy.

We next investigated the participation in the antiangiogenic effects
of ©-3 PUFAs of specific LOXs that form ®-3 PUFA-derived autacoids,
leukotrienes, and/or lipoxins, namely, 5-LOX (Alox5) and 12/15-LOX
(Alox15) (8, 12, 15, 19). Similar to COX knockout mice, ®-3 PUFA-
fed 12/15-LOX knockout mice had similar levels of retinal neovascular-
ization as their matched wild-type controls (P = 0.4428) (Fig. 1D),
suggesting that this pathway is not essential for mediating the anti-
angiogenic effects of dietary -3 PUFAs in the retina. In contrast, how-
ever, the antiangiogenic effects of w-3 PUFA diets were completely
abolished in 5-LOX knockout mice, where neovascularization areas
were 57% greater than in wild-type controls (P = 0.0071) (Fig. 1D)
and similar to w-6 PUFA-fed wild-type mice. The amount of retinal
neovascularization in 5-LOX knockout mice receiving an w-6 PUFA
diet was not increased over that of -3 PUFA-fed 5-LOX knockout
mice (Fig. 1E), suggesting that, in retinopathy, 5-LOX primarily gen-
erates antiangiogenic ®-3 PUFA metabolites and that proangiogenic

PUFAs

5-LOX

LTC,S

:

Peptido-leukotrienes

LTC,S

LTC,S wild-type

pared to ®-6 PUFA—fed mice (P < 0.0001)
(Fig. 1C). We did not use standard rodent
chow (normal chow) because it exhibits
inconsistencies in the ®-3 and ®-6 PUFA
content, even between batches from a
single manufacturer (5).

1 Wild-type
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mm Knockout

Fig. 2. The cysteinyl-leukotriene pathway does not contribute to the protective effects of 5-LOX on
retinopathy. (A) Schematic of production of peptido-leukotrienes by 5-LOX. (B) Quantification of ret-
inal neovascularization at P17 in LTC,S™~ and WT control mice fed w-3-rich diets and subjected to OIR
(P = 0.0929; n = 26). Representative images are shown. Scale bar, 500 um.
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5-LOX metabolites derived from an ®-6 PUFA (arachidonic acid) diet
have a smaller effect. No developmental phenotypic vascular differ-
ences were detected during normal growth between 5-LOX knockout
mice raised in room air and wild-type mice (fig. S2). Together, these
observations point to a central role for the 5-LOX pathway in mediating
the beneficial effects of w-3 PUFAs in proliferative retinopathy.

The cysteinyl-leukotriene pathway does not contribute

to the protective effects of 5-LOX on retinopathy

5-LOX is responsible for the formation of conjugated triene eicosanoid
metabolites with potent biological effects (20). The direct arachidonic
acid-derived 5-LOX product is leukotriene A4 (LTA,), which is rap-
idly converted to leukotriene B, (LTB,) by LTA,4 hydrolase (LTAH).
Alternatively, arachidonic acid is converted to the cysteinyl leukotrienes
[slow-reacting substance of anaphylaxis (SRS-A)] LTC,, LTD,, and LTE,
via LTC, synthase (LTC,S) (20), whereas EPA is metabolized to LTCs,
LTDs, and LTEs. Peptido-leukotrienes (Fig. 2A) such as the cysteinyl
leukotrienes are potential candidate-mediators of vasoproliferation in
OIR because they are potent effectors of vascular inflammation and
can alter vascular permeability and contractility (21-23).

To determine whether the 5-LOX ™~ phenotype observed above
was attributable to short circuiting the leukotriene pathway, we inves-
tigated the contribution of this pathway to neovascularization in OIR.
Given that our lipidomic analysis of retinas on both feeds did not
yield appreciable amounts of LTB, (<1 pg per retina), we focused on
the cysteinyl leukotriene pathway. LTC,S™~ mice on -3 feeds were sub-
jected to OIR, and neovascularization was assessed at P17 as above. In
contrast to 5-LOX "~ mice, LTC,S™~ mice did not show any detectable
reduction in the protective effects of -3 PUFAs with respect to neovas-
cularization (P = 0.0929) (Fig. 2B), suggesting that the protective 5-LOX~
derived metabolites are generated upstream of the leukotriene pathway.

VEGF levels remain unaltered in 5-LOX-deficient mice

Of all growth factors involved in vessel growth, VEGF is thought to
play a central role in pathological retinal neovascularization (1-4).
Given the pronounced increase in destructive retinal neovascularization
observed in 5-LOX-deficient mice (Fig. 1D), we determined whether
retinal levels of VEGF were higher in 5-LOX '~ mice. Retinal mRNA
levels of VEGF assessed by real-time polymerase chain reaction (PCR)
revealed no change in expression at P17 of OIR (peak neovascularization)
between ®-3 PUFA-fed wild-type and 5-LOX " mice (P = 0.1236),
underscoring that the antiproliferative influence of 5-LOX is not di-
rectly VEGF-dependent (Fig. 3). This finding is consistent with the
normal retinal vascular development observed in 5-LOX '~ mice
(fig. S2) and suggests that approaches to modulate 5-LOX may be
complementary to anti-VEGF therapies.

5-LOX is expressed by circulating leukocytes

but not retinal cells

The expression of 5-LOX has been thought to be restricted to myeloid
cells (20, 24). Nevertheless, given the profound effects of 5-LOX loss
on ®-3 PUFA protection in OIR (Fig. 1D), we examined whether this
enzyme was expressed by retinal cells. Both PCR (Fig. 4A) and Western
blot analysis (Fig. 4B) of phosphate-buffered saline (PBS)-perfused (to
remove blood) OIR retinas at P14 revealed that retinal concentrations
of 5-LOX were very low, because we were unable to detect retinal expres-
sion of 5-LOX mRNA by reverse transcription PCR (RT-PCR). Howev-
er, concordant with previous reports, 5-LOX mRNA transcript (Fig. 4A)
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[and protein (~75 kD; Fig. 4B)] was highly expressed in circulating
leukocytes isolated from whole blood. These findings agree with the
prevailing paradigm that vascular leukocytes provide 5-LOX ®-3 PUFA-
derived metabolites to injured or stressed tissues such as the retina dur-
ing OIR.

DHA-derived 5-LOX metabolites are present

in the OIR retina

To identify the 5-LOX ®-3 PUFA-derived metabolite(s) originating
from blood leukocytes that conferred the retina protective effect, we
performed lipid mediator analysis using liquid chromatography-
tandem mass spectrometry (LC/MS/MS)-based lipidomics on serum
and retinas (25-28) from ®-3 PUFA-fed mice. In our analysis, we spe-
cifically focused on DHA-derived metabolites because DHA is a
prominent structural fatty acid present at high concentrations in retina
(10) and brain (29) and accounts for up to 1.3% of free fatty acids in
serum (30). In contrast, the ®-3 PUFA EPA does not accumulate in ap-
preciable amounts, because it is readily converted to DHA (10) in situ.
As LOX isozymes selectively catalyze oxidation of PUFAs by stereo-
selective and specific enzymatic insertion of molecular oxygen, we in-
vestigated the production of two primary and specific 5-LOX-derived
DHA products, 4-HDHA and 7-HDHA, in OIR (Fig. 4C).

Given the expression of 5-LOX in leukocytes (Fig. 4, A and B), we
investigated in human blood from 28 healthy human patients the relative
amounts of 4-HDHA and 7-HDHA generated by leukocytes physiolog-
ically activated with blood dlotting. The serum concentration of 4-HDHA
was more than 20 times that of 7-HDHA [4-HDHA (8.63 + 1.10 ng/ml)
versus 7-HDHA (039 + 0.04 ng/ml); P < 0.0001] (Fig. 4D). This prefer-
ential generation of 4-HDHA was also observed, but to a lesser extent, in
isolated mouse polymorphonuclear leukocytes (PMNs) activated with cal-
cium ionophore in the presence of exogenous DHA to assess the max-
imal ability of 5-LOX to generate 4-HDHA and 7-HDHA. Consistent with
the data above, activated PMNs (6 x 10° cells) generated 247 + 28 ng of
4-HDHA and 149 +18 ng of 7-HDHA (P = 0.0197) compared to 0.08 +
0.01 and 0.79 + 0.03 ng, respectively, when DHA was not added (Fig. 4E).
Blocking 5-LOX with the potent specific inhibitor CAY10606 reduced
the formation of both 4-HDHA and 7-HDHA by ~75%. The specificity
of this approach for inhibiting 5-LOX was confirmed by demonstrating
that the 15-LOX product 17-HDHA was not affected by treatment with
CAY10606 (fig. S4A). No human or mouse LOX other than 5-LOX has
been shown to generate significant amounts of 4-HDHA or 7-HDHA,
nor have any cytochrome P450 enzymes been identified that catalyze se-
lective generation of 4-HDHA or 7-HDHA. These data thus demonstrate

VEGF
3 WT -3

__ 60000 - Bl 510X --0-3
3
>
(]
= 40000
O
w
2
< 200000
=z
o
E

0

Fig. 3. VEGF levels in 5-LOX™~ mice remain unaffected. Real-time PCR
analysis and quantification of VEGF mRNA reveal no change in expression
at P17H expression in -3 PUFA-fed WT and 5-LOX™~ whole retinas, nor-
malized to millions of copies of CyclophilinA mRNA (P = 0.1236; n = 3).
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Fig. 4. The leukocyte-derived 5-LOX metabolites 4-HDHA and 7-HDHA are enriched in serum and retina
during OIR. (A) PCR analysis of 5-LOX mRNA from whole retina and blood leukocytes normalized to millions
of copies of CyclophilinA mRNA (n = 3). (B) Western blot analysis of 5-LOX protein from whole retina and
blood leukocytes (n = 3) reveals an immunoreactive band at ~75 kD. (C) Schematic depicting metabolism
of DHA through 5-LOX into 4-HDHA and 7-HDHA. (D) 4-HDHA and 7-HDHA in human serum from healthy
male subjects (n = 28) in a model of physiologically activated leukocytes (blood clotting). (E) 5-LOX-
specific formation of 4-HDHA and 7-HDHA by mouse polymorphonuclear leukocytes (PMNs) after acti-
vation with a calcium ionophore (A23187; 2 uM) in presence or absence of DHA (10 uM), with or without a
specific 5-LOX-reversible inhibitor (CAY10606; 50 uM) (n = 4). (F) Systemic serum concentrations of 4-HDHA
(n = 5) and 7-HDHA (n = 6) in WT and 5-LOX™~ mice with OIR and in normoxic mice at P17. (G) Retinal
concentrations of 4-HDHA (n = 6) and 7-HDHA (n = 4) in OIR WT and 5-LOX™" mice. *P < 0.05; **P < 0.001;
**P < 0,0005; *P < 0.05 versus PMN + DHA + A23187.

a predominant production of 4-HDHA and
7-HDHA by leukocytes that is both ®-3
PUFA- and 5-LOX-dependent.

We continued by assessing the serum
concentrations of 4-HDHA and 7-HDHA
in ®-3 PUFA-fed mice subjected to OIR,
which showed three times more 4-HDHA
(P =0.0313) and 2.3 times more 7-HDHA
(P = 0.1540) in the systemic circulation
than did normoxic controls. This increase
was 5-LOX~-dependent based on our data
showing that the rise was completely abol-
ished in 5-LOX knockout mice (Fig. 4F).

In light of the protective role of 5-LOX
in retinopathy (Fig. 1D), we next sought to
determine whether systemically generated
5-LOX metabolites would be present in
OIR retinas and therefore able to act local-
ly on the formation of neovascularization.
We measured 4-HDHA (177 pg per ret-
ina) and 7-HDHA (62 pg per retina) in
the whole retinas of -3 PUFA-fed wild-type
animals. Values were significantly higher
than in 5-LOX knockout mice [21 pg per
retina for 4-HDHA (P = 0.0003) and 20
pg per retina for 7-HDHA (P = 0.0252)]
(Fig. 4G). 4-HDHA was also detected in
retinas from room air-raised m-3 PUFA-
fed wild-type mice (101 pg/ul), whereas
retinas from 5-LOX knockout animals
show significantly lower concentrations
(P=0.0496) (fig. S4B). Together, these data
demonstrate that 4-HDHA and 7-HDHA
in OIR are generated by 5-LOX and that
their endogenous formation is selectively
increased in the retinas of OIR animals.
The fact that we also observed 4-HDHA
in 5-LOX knockout mice suggests that
there is a low level of 5-LOX-independent
production of 4-HDHA, which may con-
tribute to the 4-HDHA baseline concen-
trations seen in all groups. However, the
pronounced increase in 4-HDHA in the
-3 PUFA-fed OIR groups is not observed
in 5-LOX knockout mice (Fig. 4G), pro-
viding evidence that the OIR-induced in-
crease in 4-HDHA is mediated by 5-LOX.

4-HDHA is antiangiogenic

via PPARy and independent

of effects on inflammation

Recent studies report that enzymatic oxida-
tion products of DHA, such as 4-HDHA,
bind to the nuclear lipid receptor peroxisome
proliferator-activated receptor y (PPARY)
(26, 31, 32) and provoke PPARYy activa-
tion to levels similar to or greater than
those induced by the PPARy-selective
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agonist pioglitazone or the naturally occurring prostaglandin-derived
PPARYy agonist 15d-PGJ2 (33). We therefore explored the propensity of
4-HDHA and 7-HDHA to directly modulate PPARy-controlled angi-
ogenesis. In cultured human retinal endothelial cells (HRECs), 4-
HDHA induced a 300% increase in PPARy mRNA expression measured
by real-time PCR (P = 0.0457), whereas 7-HDHA was ineffective (Fig. 5A).
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To investigate further the effects of these DHA derivatives on endothelial cell
function, we performed an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] cell proliferation assay in HRECs. After 36
hours of incubation, 4-HDHA (3 uM) inhibited cell proliferation by 45%
(P < 0.0001), whereas 7-HDHA (3 uM) did not significantly affect endo-
thelial cell division (P = 0.8059) (Fig. 5B). To determine whether the
observed effects were due to activation of
PPARy, we used the irreversible, selective
PPARy antagonist GW9662. The anti-
* proliferative effect of 4-HDHA seemed
n.s. to be mediated via PPARY, because treat-

. ment with GW9662 completely reversed
the inhibition (P = 0.0017). These data

were corroborated by two independent
and complementary assays of sprouting
angiogenesis. First, in a spheroid assay
of endothelial microvascular cell sprout-
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reduce spheroidal sprouting (P = 0.07)
(Fig. 5C). Second, in an aortic explant
ex vivo model of vascular sprouting (35),
4-HDHA also attenuated vascular sprout-
ing by ~60% (P = 0.0382) (Fig. 5D). Asin
the endothelial proliferation assay results,
the antiangiogenic effect of 4-HDHA was

Vehicle + GW966

50000

Area of growth
(number of pixels)

0-

- GW9662 + GW9662
CVehicle
3 4-HDHA
I 7-HDHA

*

Nn.s.

140 - n.s.

-
oSN
o o
Il

80 4
60 -
40 -
20 1

Aortic sprouting
(% of control)

- GW9662 + GW9662

Cvehicle
3 4-HDHA
Il 7-HDHA

Fig. 5. 4-HDHA directly modulates endothelial cell proliferation and vascular sprouting through activation
of PPARYy. (A) gPCR quantification of PPARy mRNA of cultured HRECs treated with 4-HDHA or 7-HDHA; all
groups were normalized to millions of copies of CyclophilinA mRNA (n = 3). (B) Proliferation of HRECs treated
with vehicle (n = 5), 4-HDHA (3 uM) (n = 10), or 7-HDHA (3 uM) (n = 9) with or without GW9662 (3 uM)
present (n = 5). (C) Spheroid assay of microvascular sprouting: retinal endothelial cells treated with vehicle
(n =9), 4-HDHA (n = 10), or 7-HDHA (n = 17) in the presence and absence of GW9662 (3 uM) (n = 11);
sprouting was quantified 24 hours after treatment. (D) Aortic ring assay of microvascular sprouting: Aortic
rings were treated with vehicle, 4-HDHA, or 7-HDHA in the presence and absence of GW9662 (3 uM). Area
of sprouting was quantified 48 hours after treatment (n = 5). For (C) and (D), images representative of the
quantification are shown at the right. *P < 0.05; **P < 0.005; ***P < 0.0001.
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dependent on PPARYy in both the spheroid
assay (P = 0.0046) (Fig. 5C) and the aor-
tic sprouting assay (P = 0.0215) (Fig. 5D)
given the ability of GW9662 to reverse
the inhibitory effects of 4-HDHA on vas-
cular proliferation. Because each of these
experiments was ex vivo in isolated en-
dothelial cell monocultures, the antiangio-
genic effects of 4-HDHA seen in this context
therefore must be independent of inflam-
mation. Together, these data suggest a role
for 4-HDHA in directly blocking endothe-
lial cell proliferation and sprouting angio-
genesis via the fatty acid receptor PPARYy.

The protective effects of ©-3
PUFAs in retinopathy are
mediated via PPARy

We next examined the expression of PPARy
in retinas of mice receiving either ®-3 or
®-6 PUFA-enriched diets. PPARYy levels,
as detected by Western blotting and quanti-
fied by densitometry, were significantly
elevated in ®-3 PUFA-fed (versus m-6
PUFA-fed) mouse retinas throughout the
neovascular phase of OIR (Fig. 6A). Laser
capture microdissection of normal vessels
and pathological OIR vessels followed by
quantitative RT-PCR localized PPARy
to retinal vessels. There was a robust
800% PPARy mRNA induction in new
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pathological vessels isolated by laser capture from «-3 PUFA-fed P17
OIR retinas compared to pathological vessels isolated from OIR retinas
of -6 PUFA-fed mice (Fig. 6B). These data, together with the data
presented above, form a rationale for exploring the contribution of this
receptor to the antiangjogenic effects of w-3 PUFAs in retinopathy. In-
deed, inhibition of PPARy by administration of GW9662 [daily intra-
peritoneal injection (1 mg/kg) from P12 to P17] to wild-type mice
receiving -3 PUFA diets effectively abrogated the antiangjogenic effects
of ®-3 PUFAs as the neovascular area increased from 7.6 to 10.9% (P =
0.004), yielding areas of neovascularization akin to those observed in both
®-6 PUFA-fed wild-type mice (11.2%; fig. S1A) and -3 PUFA-fed 5-
LOX knockout animals (11.3%; Fig. 6C). Collectively, these data support
our in vitro findings, suggesting a role of PPARy in mediating the anti-
angiogenic effects of -3 PUFA metabolites.

DISCUSSION

Although the beneficial effects of @-3 PUFAs on human health have
been reported since the beginning of the last century (36), our knowl-
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edge of the primary mechanisms by which these lipids exert their pro-
tective effects remains relatively limited. Here, we present two concepts
regarding the actions of -3 PUFAs as antiangiogenic compounds for
proliferative retinopathies. First, we identify 5-LOX (and not COX-1 or
COX-2) as the central generator of angiostatic mediators of -3 PUFAs
in the retina. Second, we find a key role for 5-LOX-derived 4-HDHA
in the antiangjogenic effects of -3 PUFAs and identify PPARy as the re-
ceptor governing these effects. In addition, we report significant 4-HDHA
concentrations in healthy human subjects, suggesting that our findings
may apply to ®-3 PUFA action in humans.

Lipid mediators have been considered as proinflammatory because
NSAIDs inhibit prostaglandin and thromboxane synthesis. In this re-
spect, the antiangiogenic properties of 5-LOX and its products may seem
counterintuitive. Nevertheless, although 5-LOX can generate potent pro-
inflammatory, -6 PUFA (arachidonic acid)-derived products such as
leukotrienes (20), in later phases of inflammation, 5-LOX switches to
producing anti-inflammatory/pro-resolving w-6 PUFA-derived lipoxins
(37) and -3 PUFA-derived resolvins (38). Consistent with this anti-
inflammatory role of 5-LOX, loss of 5-LOX in knockout retinas is asso-
ciated with significantly increased levels of
inflammatory mediators (fig. S3) and mark-
ers of endothelial cell activation (fig. S5).
We have previously demonstrated that cer-
tain bioactive ®-3 PUFA derivatives [nota-
bly the 5-LOX-derived resolvin E1 (RvE1)]
protect against retinal neovascularization
(5). These beneficial effects are thought
to occur in part via inhibition of tumor
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Fig. 6. -3 PUFAs induce neovessel-specific expression of PPARy, which mediates the antiangiogenic effects
of -3 PUFAs in retinopathy. (A) Western blot and densitometry analysis for PPARy in P13, P14,and P17 retinas
from w-3 PUFA-fed normoxic mice and mice with OIR fed either »-3 or »-6 PUFA diets. (B) gPCR quantifica-
tion of PPARy mRNA from laser-captured tufts (pathological neovessels) (at P17), normalized to a million
copies of CyclophilinA mRNA. Left-hand panel indicates a tuft (neovessel sprout) representative of the
captured cell population. (C) Quantification of neovascularization at P17 in w-3 PUFA-fed WT mice injected
with vehicle or GW9662 (3 M) (n = 6) and w-3-fed 5-LOX~~ mice. Scale bar, 500 um. *P < 0.05; **P < 0.005.
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necrosis factor-a (TNF-a) derived from
microglia in the retina, confirming that
suppression of inflammation with anti-
inflammatory mediators such as RvEl can
suppress pathological neovascularization
(5). The findings presented in this study
are complementary to this earlier work in
that they describe an additional directly
antiangiogenic, 5-LOX~-derived -3 metab-
olite, 4-HDHA. The effect of 5-LOX-derived
4-HDHA is independent of the previously
established anti-inflammatory effects of
resolvin-related 5-LOX metabolites be-
cause 4-HDHA has potent effects in endo-
thelial cell sprouting assays in which no
immune cells are present to modulate in-
flammation. Together, these results confirm
a central role for 5-LOX in generating direct
®-3-derived antiangiogenic mediators that
act both through anti-inflammatory path-
ways and directly to inhibit endothelial cell
proliferation and sprouting angiogenesis
independent of alterations in inflammatory
activation.

5-LOX is an obligatory enzyme for the
formation of LTB, and peptido-leukotrienes,
which are important in inflammation and
potentially in angiogenic responses in
tumors (24). However, our lipidomic analysis
did not detect LTB, or peptido-leukotriene
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precursors in the retina. Moreover, deletion of the essential enzyme for
generating peptido-leukotrienes (LTC,S) did not affect pathological ret-
inal neovascularization in wild-type mice on ®-3 PUFA diets. These
findings eliminate leukotrienes as major modulators of OIR-induced an-
giogenesis. Although other w-3 PUFA derivatives such as NPD1 (a direct
12/15-LOX DHA-derived product) have potent anti-inflammatory
and neuroprotective properties (15, 39, 40), the 12/15-LOX pathway
was not essential for mediating the antiangiogenic action of dietary w-3
PUFAs. Although complementary pathways might contribute to gen-
erating NPD1 and other bioactive molecules involved in resolving in-
flammation, our data implicate direct metabolism of DHA by 5-LOX
as the major source of w-3-derived antiangiogenic signals in the retina.

In addition, we identify PPARY as a receptor for mediating the anti-
angiogenic properties of ®-3 PUFAs. PPARYy is also the high-affinity
receptor for the insulin-sensitizing and antidiabetic thiazolidinediones
(41, 42) such as the Food and Drug Administration (FDA)-approved
rosiglitazone and pioglitazone. Similar to 5-LOX-derived -3 PUFA
metabolites, these pharmacological agonists prevent pathological reti-
nal neovascularization in a mouse model of OIR (43) and reduce pro-
liferative retinopathy in human diabetic patients (44). Rosiglitazone,
although useful for lowering blood sugar, may increase the risk of heart
disease in diabetic patients (45), whereas ®-3 PUFAs lower the risk of
cardiovascular disease (46) and thus may be a potential alternative to
currently marketed PPARY agonists. Future clinical studies are required
to establish the therapeutic merits of ®-3 PUFA supplementation as an
alternative or adjunctive therapy to currently used insulin-sensitizing
and antidiabetic PPARy agonists in humans.

Establishing the contribution of the major COX and LOX pathways
to the generation of beneficial ®-3 PUFA metabolites is important
from a translational perspective because these enzymes are the tar-
gets of common over-the-counter medications such as aspirin and
other NSAIDs (for example, ibuprofen) or of prescription medications
such as zileuton and celecoxib, which are used to treat asthma and
arthritis, respectively.

This study reports an in vivo assessment of the relative contribu-
tion of the major ®-3 and -6 PUFA-metabolizing pathways to the
modulation of pathological angiogenesis in the mouse model of OIR
(47). This model serves as a proxy for human ocular neovascular dis-
eases such as ROP and DR characterized by a late phase of destructive
pathological angiogenesis (2). Studies using this model (48, 49) have
been translated to treatment for neovascular age-related macular de-
generation (AMD) (50). Although the secondary pathological neo-
vascularization observed in this model shares many biochemical
similarities to the neovascular phase of human retinopathy (51), the
model is not identical to human disease. The avascular area of the
retina is more central in the mouse model than the more peripheral
avascular area in human ROP. The etiology of vessel loss in the model
(hyperoxia) differs from the hyperglycemia-induced damage observed
in DR. However, the model can be used to address the molecular mech-
anisms by which dietary -3 PUFAs influence ocular neovascularization
to give direction to clinical trials.

In line with the central role for 5-LOX, the protective effects of -3
PUFAs persist in COX-1 and COX-2 knockout mice, as well as in
mice receiving the COX-2 inhibitor parecoxib. These results suggest
that the widely used COX inhibitors will not block the beneficial ef-
fects of -3 PUFAs. Aspirin triggers production of a newly identified
family of 5-LOX-dependent anti-inflammatory lipids, the aspirin-
triggered lipoxins (ATLs) (19, 52, 53). The aspirin-acetylated COX-2
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catalytic site remains active and readily produces substrates that are
later converted into ATLs by 5-LOX. Moreover, COX-2 modified
by aspirin metabolizes EPA and DHA into bioactive epimers of resol-
vins (RvE1 and RvDs) and protectins (52, 54, 55) and would be ex-
pected to potentially further attenuate retinal neovascularization (5).
The production of antiangiogenic/pro-resolving lipids via the cooper-
ative action of COX and 5-LOX circuits suggests that future therapeu-
tic interventions may be specifically tailored to maximize production of
these protective metabolites. Clinical use of 5-LOX inhibitors, such as
the FDA-approved drug zileuton, in patients at risk of ocular neovas-
cular disease warrants closer investigation in light of our findings that
5-LOX is central to the production of antiangiogenic metabolites. In
contrast, aspirin or NSAID use in patients would not be expected to
negate the benefits of an -3 PUFA-rich diet.

As current therapies for proliferative retinopathies are largely re-
stricted to invasive interventions such as laser photocoagulation or in-
traocular injections, there is presently a need for safe, efficient, and
readily available treatments. The cost of intervention with -3 PUFAs
is very low (~$10 per month) compared to the cost of intraocular in-
jections of anti-VEGF treatment, which is up to $4000 per month.
Dietary intervention with -3 PUFAs may be an attractive, easily ap-
plicable, and cost-effective strategy that could provide an adjunct to
current regimes such as intraocular injections of anti-VEGF drugs.
There is an ongoing multicenter Phase 3 randomized clinical trial
(AREDS2) designed to assess the effects of oral supplementation of
®-3 PUFAs as a treatment for AMD. The use of NSAIDs and aspirin
will also be assessed. Similar clinical trials are needed to evaluate ®-3
PUFAs and COX and LOX enzyme inhibitors in ROP and DR.

Our data also identify a direct antiangiogenic role for m-3 PUFA-
derived and 5-LOX-metabolized 4-HDHA. These findings can serve
as the foundation for exploring new treatment regimes tailored for
prevention of ocular neovascularization, as well as for possible treat-
ment of systemic diseases with perturbed vascular growth such as
cancer.

MATERIALS AND METHODS

Animals

All studies adhered to the Association for Research in Vision and Oph-
thalmology Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Children’s Hospital Boston Ani-
mal Care and Use Committee. C57BL/6 wild-type (WT), 5-LOX ",
and 12/15-LOX " mice were purchased from Jackson Laboratories.
COX-17" (Taconic strain 002180-M and WT control 002180-W) and
COX-27" (COX-2 Taconic strain 002181-M and WT control 002181-W)
were from Taconic Farms. LTC,S™~ mice were generated as described
(56) and backcrossed on C57BL/6 backgrounds for more than 10 gen-
erations. fat-1 mice were generated as described (18). All mice were
weighed at the end of experiments, and mice less than 5 g at P17 were
not included in data analysis (16).

0,-induced retinopathy

Mice were exposed to 75% oxygen from P7 to P12. Upon return to
room air, hypoxia-driven neovascularization is initiated and forms
from P14 onward until peak neovascularization is reached on P17
(16, 47). Retinal neovascularization was evaluated at the disease peak
(P17) as described. Briefly, mice were given a lethal dose of avertin
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(Sigma-Aldrich), and eyes were enucleated and fixed in 4% paraform-
aldehyde for 1 hour at room temperature. Retinas were dissected and
stained overnight at room temperature with fluoresceinated Isolectin B4
(Alexa Fluor 594, 121413, Molecular Probes) in 1 mM CaCl, in PBS.
Lectin-stained retinas were whole-mounted onto Superfrost/Plus micro-
scope slides (Fisher Scientific) with the photoreceptor side down and
imbedded in SlowFade Antifade reagent (Invitrogen). For quantification
of retinal neovascularization, 20 images of each whole-mounted retina
were obtained at 5x magnification on a Zeiss AxioObserver.Z1 micro-
scope and merged to form one image with AxioVision 4.6.3.0 software.
Neovascularization was analyzed with the SWIFT_NV method (17).

®-3 and ©-6 PUFA diets

Mouse mothers with pups were fed from birth with defined rodent diets
with 10% (w/w) saftlower oil containing either 2% «-3 PUFAs (DHA
and EPA) for the treatment group or 2% ®-6 PUFAs (arachidonic acid)
for the control group. Both diets have been described in detail (5). The
lipid composition of the mother’s milk reflects the mother’s diet (57, 58),
and changes in the mother’s are efficiently transferred to the pups (5).
Dietary PUFAs were produced by DSM Nutritional Products under the
trade name ROPUFA. The arachidonic acid and DHA supplements,
under the trade names ARASCO and DHASCO, respectively, were ob-
tained from Martek Biosciences Corp. The feed was produced at Re-
search Diets Inc. The composition of this diet has been previously
described, and lipids in the diet are stable over time with respect to ox-
ygen exposure over the course of the experiments and with cold storage
of feed for a year (5). Standard rodent chow (“normal feed”) as a control
diet is not suitable because oil composition in rodent chow varies from
batch to batch and is not specified by the manufacturer.

Pharmacological inhibition of PPARy or COX-2

The irreversible PPARY inhibitor GW9662 (2-chloro-5-nitrobenzanilide,
Cayman Chemical), a specific antagonist with a nanomolar inhibitory
concentration (59) that has been shown to effectively block PPARy in
vivo (60), was injected intraperitoneally once daily in a concentration
of 1 mg/kg in 20 ul of total volume from P14 to P17. GW9662 was iden-
tified in a competition-binding assay against the human PPARy ligand-
binding domain (region E/F). Controls were injected with vehicle
[PBS/DMSO (dimethyl sulfoxide), 1:1] only. Alternatively, parecoxib
(Dynastat; Pfizer) was injected intraperitoneally at 10 mg/kg per day.

RT-PCR and quantitative real-time PCR analysis

Eyes were rapidly enucleated and whole retinas (or laser-captured
neovessels) were processed for RNA, followed by treatment with de-
oxyribonuclease (DNase) I (Qiagen) to remove any contaminating
genomic DNA. The DNase-treated RNA was then converted into comple-
mentary DNA (cDNA) with reverse transcriptase (Invitrogen). PCR prim-
ers targeting TNF-a, interleukin-1p (IL-1B), IL-6, IL-10, intercellular
adhesion molecule-1 (ICAM-1), E-selectin, VEGF, and the control gene
cyclophilin A were designed with Primer Bank and National Center for
Biotechnology Information (NCBI) Primer Blast software. Quantitative
analysis of gene expression was generated with an ABI Prism 7700 Sequence
Detection System and the SYBR Green Master Mix kit, and gene expression
was calculated relative to cyclophilin A expression with the AC method.

Western blotting
Retinal samples were obtained as described above. Pooled retinal lysate
(30 pg) from three different animals was loaded on an SDS-polyacrylamide
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gel electrophoresis (SDS-PAGE) gel and electroblotted onto a poly-
vinylidene difluoride (PVDF) membrane. White blood cells were
isolated with a red blood cell (RBC) lysis buffer (Sigma-Aldrich),
and 30 ug of protein was loaded. After blocking, the membranes were
incubated overnight with 1:500 rabbit antibody to mouse 5-LOX
(C49G1; Cell Signaling) or 1:500 rabbit antibody to mouse PPARy
(N-20, sc1884; Santa Cruz Biotechnology). After washing, membranes were
incubated with 1:2000 horseradish peroxidase-conjugated anti-rabbit
secondary antibody (Amersham) for 1 hour at room temperature. Densi-
tometry measurements of immunoreactive bands were carried out with
the Image] software.

Lipid mediator lipidomics

For endogenous lipid autacoid analysis, frozen retinas were homog-
enized with a handheld tissue grinder in 66% methanol (4°C). Serum
samples (20 to 200 pul) were combined with two volumes of methanol
(4°C, 40 to 400 pl). The methanol contained deuterated internal
standards, prostaglandin E2 (PGE,-d,), 15(S)-hydroxyeicosatetraenoic
acid [15(S)-HETE-dg], and LTB,-d, (400 pg each), to calculate the re-
covery of different classes of oxygenated fatty acids. Lipid autacoids
were extracted by solid phase with Accubond ODS-C18 cartridges
(Agilent Technologies) (61). Eicosanoids and docosanoids were iden-
tified and quantified by LC/MS/MS-based lipidomics (25-28). In brief,
we analyzed extracted samples by a triple-quadruple linear ion trap
LC/MS/MS system (MDS SCIEX 3200 QTRAP) equipped with a LUNA
C18-2 mini-bore column, using a mobile phase (methanol/water/acetate,
65:35:0.02, v/v/v) with a 0.5 ml/min flow rate. MS/MS analyses were
carried out in negative ion mode, and hydroxy fatty acid was quanti-
fied by multiple reaction monitoring (MRM) mode with established
transitions for eicosanoids and docosanoids, which included 343—101
mass/charge ratio (m/z) for 4-HDHA and 343—113 m/z for 7-HDHA
(25, 27, 28, 32). Calibration curves (1 to 1000 pg) and specific LC re-
tention times for each compound were established with synthetic
standards (Cayman Chemical). Structures were confirmed for selected
samples by MS/MS analyses with enhanced product ion mode with ap-
propriate selection of the parent ion in quadrupole 1.

Collection and analysis of human serum samples

Healthy male subjects were enrolled as part of a dietary study by the
Health Research and Studies Center Inc., and the study was approved
by the External Review Board, a compensated and independent Nu-
trition Research Review Committee composed of health professionals
(San Francisco, CA). The approved protocol for collecting serum and
informed consent comports with the California Health and Safety
Code, Section 24170 at Chapter 1.3 regarding a human subject’s right
to know. The following inclusion criteria were used: males aged 35 to
65 years, a fasting blood glucose level at screening of <110 mg/dl, and
body mass index (BMI) <30 and >18.5 kg/m” The subjects were inter-
viewed by a nutritionist and had to complete a prospective diet diary.
The following exclusion criteria were used: taking regular fish oil or -3
PUFA supplements; eating fish more frequently than once a week; di-
agnosis of diabetes, kidney, or liver disease, asthma, or acute illness; and
use of corticosteroids, NSAIDs, or immunosuppressants. The demograph-
ics (mean + SD) for the 28 male subjects were age 50.3 + 7.1 years, BMI
of 24.5 + 32 kg/m? and blood pressure of 1192 + 12.5/75.7 + 9.0 mmHg
(systolic/diastolic). Fasting blood samples were collected in the evening
to establish basal levels of serum fatty acids. Blood was collected from
the antecubital fossa vein with venipuncture, and blood was allowed to
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spontaneously clot. Serum was collected and snap-frozen for solid-
phase extraction and LC/MS/MS-based lipidomic analysis.

PMN metabolism of DHA

C57BL/6] stock 000664 mice (6 to 10 weeks old; Jackson Laboratory)
were injected intraperitoneally with 1 mg of zymosan A (Sigma) in
1 ml of sterile saline [Hanks’ balanced salt solution (HBSS), pH 7.4].
Mice were anesthetized subcutaneously with Ketaset (ketamine, 50 mg/kg)
and xylazine (20 mg/kg) 16 hours after zymosan A injection, and
PMNs were collected by peritoneal lavage (5 ml of sterile HBSS). PMN
counts were performed by microscopy with a hemocytometer. The
peritoneal exudates were briefly centrifuged, and PMNs were resus-
pended in serum-free basal medium-2 (600,000 cells per 0.5 ml of me-
dium; Lonza Walkersville Inc.). PMNs were incubated at 37°C for
15 min with 2 uM Ca** ionophore (A23187; Fisher Scientific) alone or
for 5 min with 10 uM DHA (Cayman Chemical) followed by 10 min of
2 uM Ca®* ionophore in the presence or absence of a specific 5-LOX
inhibitor (CAY10606, 50 uM, Cayman Chemical). Enzymatic reactions
were terminated through the addition of 2x volume methanol. Sam-
ples were then processed for lipidomic analyses to quantify the forma-
tion of 5-LOX-specific DHA metabolites (4-HDHA and 7-HDHA)
and a 15-LOX-specific DHA metabolite (17-HDHA). DHA-derived
products were quantified by MS/MS-based lipidomic analyses with a
triple-quadrupole linear ion trap LC/MS/MS system and multiple re-
action monitoring with specific and established transition ions.

Laser capture microdissection

Eyes with OIR or normoxic controls were enucleated at P14 and em-
bedded in optimal cutting temperature (OCT) compound. The eyes were
sectioned at 12 um in a cryostat, mounted on ribonuclease (RNase)-free
polyethylene naphthalate glass slides (11505189, Leica), and immediately
stored at —80°C. Slides containing frozen sections were fixed in 50%
ethanol for 15 s, followed by 30 s in 75% ethanol, before being washed
with diethyl pyrocarbonate (DEPC)-treated water for 15 s. Sections were
stained with fluoresceinated Isolectin B4 (Alexa Fluor 594, 121413, 1:50
dilution in 1 mM CaCl, in PBS) and treated with RNase inhibitor (03 335
399 001, Roche) at 25°C for 3 min. Neovessels were laser-microdissected
with the Leica LMD 6000 system (Leica Microsystems) and collected di-
rectly into lysis buffer from the RNeasy Micro kit (Qiagen).

MTT proliferation assay

HRECs were obtained from Cell Systems and used from passage 2 to 7.
Cell number was determined with the MTT assay as described (62).
4-HDHA (3 uM), 7-HDHA (3 uM), and GW9662 (3 uM) were introduced
to medium upon seeding, and cell viability was assessed 36 hours after.

Spheroidal sprouting angiogenesis

HRECs were used from passage 2 to 7 for sprouting experiments. Cells
were cultured as monolayers at 37°C and 5% CO, in a humidified atmo-
sphere in complete medium (Cell Systems). The preparation of endo-
thelial cell spheroids was performed as described (34, 63). Briefly, cells
were harvested from subconfluent monolayers by trypsinization and
suspended in complete medium containing 10% fetal bovine serum
(FBS) and 0.25% (w/v) carboxymethylcellulose (Sigma). Five hundred
cells were seeded together in one hanging drop to assemble into a single
spheroid within 24 hours at 37°C and 5% CO,. After 24 hours, spheroids
were harvested and used for sprouting analysis in a matrix of type I col-
lagen. Briefly, 30 endothelial cell spheroids per group were seeded into
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0.5 ml of collagen solution in nonadherent 24-well plates, with a final
concentration of rat type I collagen of 1.5 mg/ml. Freshly prepared gels
were transferred rapidly into a humidified incubator (37°C, 5% CO,),
and after the gels had solidified, 0.1 ml of serum-free medium (Cell
Systems) was added per well containing DHA derivatives and/or PPARy
inhibitors as indicated. After 24 hours, gels were photographed and
spheroid sprouting was assessed quantitatively with Adobe Photoshop.
Results are expressed as means + SEM.

Microvascular sprouting from aortic explants

Aortae from C57BL/6 WT mice were cut into 1-mm-thick rings and
placed in growth factor-reduced Matrigel (BD Biosciences) in 24-well
tissue culture plates and cultured for 4 days in EBM-2 medium (Clonetics)
(35). 4-HDHA (3 uM), 7-HDHA (3 uM), and GW9662 (3 uM) were
introduced to the culture medium 48 hours and then 72 hours after
seeding. Photomicrographs of individual explants were taken 96 hours
after plating (48 hours after treatment), and microvascular sprouting
was quantified by measuring the area covered by outgrowth of the aor-
tic ring with Adobe Photoshop. Results are expressed as means + SEM.

Immunohistochemistry

For immunohistochemistry, eyes were enucleated from mice and fixed
in 4% paraformaldehyde at room temperature for 1 hour. The retina
was isolated, permeabilized overnight at 4°C with 0.1% Triton X-100
(T-8787, Sigma) in PBS, and stained with fluoresceinated Isolectin B4
(Alexa Fluor 594, 121413) in 1 mM CaCl, in PBS for retinal vasculature.
Antibodies to ICAM-1 (AF796, R&D Systems) and E-selectin (ab2497,
Abcam) were used for localization studies according to the manufac-
turers’ recommendations. Flat mounts were visualized with 40x objec-
tives on a Zeiss AxioObserver.Z1 microscope, and images were obtained
with a Zeiss AxioCam MRm and AxioVision 4.6.3.0. software.

Statistical analysis

Results are presented as means + SEM for all animal studies and
means * SD for all other studies. Analysis of variance with significance
o = 0.05 was used for processing all data. Two-tailed ¢ tests were used
to test for significance.

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/3/69/69ra12/DC1

Fig. S1. Percentage values for retinal neovascularization quantification.

Fig. 52. Representative images of P17 normoxic retinas from wild-type and 5-LOX™"~ mice.
Fig. S3. P17H expression of angiogenic and inflammatory markers from -3 PUFA-fed wild
types and 5-LOX ™" retinas.

Fig. S4. CAY10606 effect on the formation of the 15-LOX product 17-HDHA.

Fig. S5. Localization and expression of endothelial activation markers ICAM-1 and E-selectin.
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