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Abstract

15-lipoxygenase-1 (15-LOX-1) plays an important role in angiogenesis, but how it works still remains a controversial subject.
The aims of our study are focused on determining whether or not 15-LOX-1 inhibiting oxygen-induced ischemic retinal
neovascularization (RNV) and the underlying regulatory mechanism involving of 15-LOX-1, peroxisome proliferator-
activated receptor c (PPAR-c) and vascular endothelial growth factor receptor 2 (VEGFR-2) in oxygen-induced retinopathy
(OIR). Recombinant adenoviral vectors that expressing the 15-LOX-1 gene (Ad-15-LOX-1-GFP) or the green fluorescence
protein gene (Ad-GFP) were intravitreous injected into the OIR mice at postnatal day 12 (P12), the mice were sacrificed 5
days later (P17). Retinal 15-LOX-1 expression was significantly increased at both mRNA and protein levels after 15-LOX-1
gene transfer. Immunofluorescence staining of retinal sections revealed 15-LOX-1 expression was primarily in the outer
plexiform layer (OPL), inner nuclear layer (INL) and ganglion cell layer (GCL) retina. Meanwhile, RNV was significantly
inhibited indicated by fluorescein retinal angiography and quantification of the pre-retinal neovascular cells. The expression
levels of PPAR-c were significantly up-regulated while VEGFR-2 were significantly down-regulated both in mRNA and
protein levels. Our results suggested 15-LOX-1 gene transfer inhibited RNV in OIR mouse model via up-regulation of PPAR-c
and further down-regulation of VEGFR-2 expression. This could be a potentially important regulatory mechanism involving
15-LOX-1, PPAR-c and VEGFR-2 during RNV in OIR. In conclusion, 15-LOX-1 may be a new therapeutic target for treating
neovascularization diseases.
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Introduction

Retinal neovascularization (RNV) plays a key role in many

ocular neovascularization diseases pathological processes, such as

proliferative diabetic retinopathy (PDR), ‘‘wet’’ age-related mac-

ular degeneration (AMD) and retinopathy of prematurity (ROP).

In normal ocular tissues, RNV is regulated by two counter-

balancing systems of pro-angiogenic factors and anti-angiogenic

factors [1]. However, under some pathological conditions, this

balance would be disrupted by up-regulation of pro-angiogenic

factors and/or down-regulation of anti-angiogenic factors [2]. As a

result, endothelial cell proliferation, migration, and tube formation

leading to angiogenic growth of new blood vessels.

Lipoxygenases (LOXs) are important enzymes in lipid metab-

olism that catalyze the stereoselective dioxygenation of polyunsat-

urated fatty acids to their corresponding hydroperoxy derivatives

[3,4]. In mammals, LOXs are categorized with respect to their

positional specificity of arachidonic acid oxygenation into 5-, 8-,

12-, and 15-LOXs [3,4,5]. 15-LOXs can be subclassified into 15-

LOX-1 and 15-LOX-2 according to the specificity of tissue distri-

bution and enzymatic characteristics [6] 15-LOX-1 is mainly

expressed in reticulocytes, eosinophils, immature red blood cells,

macrophages, airway epithelial cells and skin [7,8,9]. 15-LOX-2

expression is detected in prostate, lung, skin, and cornea [10]. In

terms of enzymatic characteristics, 15-LOX-1 preferentially metab-

olizes linoleic acid primarily to 13-(S)-HODE and also metabolizes

arachidonic acid to 15-(S)-HETE [9,11]. On the other hand, 15-

LOX-2 metabolizes arachidonic acid to 15-(S)-HETE but metabo-

lizes linoleic acid rarely [6]. Previously, it was observed that 15-LOX-

1 was involved in many pathological conditions, such as cell

differentiation, inflammation, atherogenesis and carcinogenesis

[12]. Recently, 15-LOX-1 has been implicated for their role in

angiogenesis, but the role remains controversial and the underlying

mechanism remains unclear [13].
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Peroxisome proliferator-activated receptor c (PPAR-c) is a

ligand-inducible transcription factor that belongs to the nuclear

hormone receptor superfamily [14]. PPAR-c expression is mainly

found in brown and white adipose tissues, heart, skeletal muscle,

colon, small and large intestines, kidney, pancreas, spleen and

retina [15,16]. Several natural compounds serve as endogenous

ligands for PPAR-c, such as linolenic acid, arachidonic acid and

eicosapentaenoic acid [17]. In recent years, 15-LOX-1 and its

metabolites have been reported to serve as endogenous ligands for

PPAR-c [18], but the regulatory mechanism remains unclear.

Moreover, there has been increasing appreciation of the fact that

PPAR-c might be involved in the mechanisms that regulate

angiogenesis. However, whether PPAR-c receptors act as pro-

angiogenic factors or anti-angiogenic factors still remain a very

controversial issue [19].

Vascular endothelial growth factor (VEGF) has been demon-

strated to play an important role in ocular neovascularization

[20,21] and signaling through VEGF receptors is necessary for

RNV[22]. VEGF binds to four receptors: VEGFR-1/Flt-1,

VEGFR-2/KDR/Flk-1, Flt-3/Flk-2 and VEGFR-3/Flt-4 [23],

but VEGFR-2 mediates most of the VEGF effects on blood vessels

[24]. Recent reports suggest that PPAR-c ligands can reduce the

VEGFR-2 expression and inhibit angiogenesis in vascular

endothelial cells [25].

We have previously used a mouse model of oxygen-induced

retinopathy (OIR) to explore the expression of 15-LOX-1 and

PPAR-c during RNV. Our experiment provided evidence that

expression both of 15-LOX-1 and PPAR-c decreased during RNV

in OIR. Meanwhile, 15-LOX-1 and PPAR-c expression was

negatively correlated with the progression of RNV. Our study

suggests possible negative regulatory roles of 15-LOX-1 and

PPAR-c in RNV progression. The goals of this study were to

determine whether 15-LOX-1 gene transfer inhibiting RNV and

explore the underlying regulatory mechanism involving 15-LOX-

1, PPAR-c and VEGFR-2 in OIR.

In our current study we showed, for the first time, that 15-LOX-

1 gene transfer significantly inhibited RNV via up-regulation of

PPAR-c and further down-regulation of VEGFR-2 expression in

OIR. This is a novel and potentially important regulatory

mechanism during RNV in OIR. 15-LOX-1 may be a new

therapeutic target in the treatment of ocular neovascularization

diseases.

Materials and Methods

Ethics statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of Wuhan University. The protocol was

approved by the Committee on the Ethics of Animal Experiments

of Wuhan University. All surgery was performed under sodium

pentobarbital anesthesia, and all efforts were made to minimize

suffering.

Production of recombinant adenoviral vectors expressing
15-LOX-1

The recombinant adenoviral vectors that expressing the mouse

15-lipoxygenase-1 gene fused with GFP (Ad-15-LOX-1-GFP) was

generated by AdMaxTM (Microbix Biosystems Inc. Canada).

Briefly, the coding sequence of mouse 15-lipoxygenase-1 (m15-

LOX-1) was amplified by RT-PCR. The primer sequences were

as 15-LOX-1: (forward) 59-GAG GAT CCC CGG GT ACC

GGT CGC CAC C ATG GGT GTC TAC CGC ATC C-39 and

(reverse) 59-TCA CCA TGG TGG CG ACC GGT TAT GGC

CAC GCT GTT TTC C-39. The PCR fragments and the

pDC315-EGFP plasmid (Shanghai Genechem Company Ltd.,

China, Figure 1) were digested with the restriction endonuclease of

Age I and then ligated with T4 DNA ligase to construct plasmid

pDC315-15-LOX-1-EGFP. The pDC315-15-LOX-1-EGFP plas-

mid with a cDNA encoding m15-LOX-1 was used to co-transfect

HEK293 cells with the helper plasmid pBHGloxDE1, 3Cre

(Microbix Biosystems Inc. Canada). Transfection solutions were

prepared by mixing 5 mg of the pDC315-15-LOX-1-EGFP

plasmid, 5 mg of the pBHGloxDE1, 3Cre plasmid and 10 ml

Lipofectamine 2000 in 50 ml antibiotics-free DMEM. After 8 d,

the supernatant was harvested from HEK293 cells. After 2 rounds

of virus amplification, the supernatant was filtered at 0.45 mm, and

purified using Adeno-XTM virus purification kit (Clontech

Laboratories, Mountain View, CA, USA). After resuspension,

serially diluted adenovirus was used to transduce HEK293 cells.

After 7 d, labeled HEK293 cells were counted to calculate the

viral titer. The recombinant adenoviral vectors that expressing the

green fluorescence protein gene (Ad-GFP) was used as a control.

The viral titer of Ad-15-LOX-1-GFP and Ad-GFP were

1.2561011 and 2.5061011 plaque formation unit (PFU)/ml,

respectively. Working solution was prepared to make 1.0 ml of

the vehicle contained approximately 1.06109 PFU.

Animal model of oxygen-induced retinopathy
Pregnant female C57BL/6J mice were provided by the

Laboratory Animal Center of Wuhan University and were fed

with a standard rodent diet (Test DietHAIN-93G Growth Purified

Diet) through pregnancy and lactation. Oxygen-induced retinop-

athy model was performed on C57BL/6J mice according to the

method of Smith et al [26] with some modifications [27]. Briefly,

at postnatal day 7 (P7), pups with their mothers were exposed to

hyperoxia (7562% O2) for 5 days (P7–P12) and then returned to

normoxia (room air). Neovascularization occurs when returning

to normoxia and peaks at postnatal day 17 (P17).

Figure 1. Schematic representation of the pDC315-EGFP
plasmid is shown. ITR: inverted terminal repeat; Ad element: mouse
15-lipoxygenase-1 coding sequence; mCMV promoter: mouse cyto-
megalovirus immediate early promoter; EGFP: enhanced green
fluorescent protein; SV40 poly A: SV40 polyadenylation signal; loxP:
Eukaryotic restructuring enzyme (Cre) restructuring recognition se-
quence; Ori: E.coli origin of replication; Amp: ampicillin resistance
sequence.
doi:10.1371/journal.pone.0085824.g001
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The mice were randomly divided into five experimental groups:

(1) OIR mice treated with Ad-15-LOX-1-GFP group (OIR-LOX-

GFP), (2) OIR mice without treatment group (OIR), (3) normal

mice without treatment group (Control), (4) OIR mice treated with

Ad-GFP group (OIR-GFP) and (5) normal mice treated with Ad-

15-LOX-1-GFP group (LOX-GFP). OIR was induced in C57BL/

6J mice from P7–P17. An intravitreous injection of 1.0 ml of the

vehicle containing approximately 1.06109 PFU of Ad-15-LOX-1-

GFP or Ad-GFP at P12 in Group 1, 4, 5 as indicated before. All

mice were sacrificed at P17, one retina was collected from each

mouse for biochemical assays while another eyeball was harvested

as a whole for morphological study.

Intravitreous injections of recombinant adenoviral
vectors in mice

Intravitreous injections were administered with a Harvard

pump microinjection apparatus and pulled glass micropipets, as

previously described [28,29]. Briefly, under a dissecting micro-

scope, the sharpened tip of a micropipette was passed through the

sclera, just behind the limbus into the vitreous cavity. Each

micropipet was calibrated to deliver 1.0 ml of the vehicle

containing approximately 1.06109 PFU of Ad-15-LOX-1-GFP

or Ad-GFP.

Immunofluorescence photograph after intravitreous
injections of Ad-15-LOX-1-GFP

Mice were sacrificed 5 days after intravitreous injections of Ad-

15-LOX-1-GFP or Ad-GFP at P12, and retinas were used to make

cryosections for immunofluorescence staining. The procedures

were performed following the protocol described before [30].

Posterior eyecups were fixed in 4% paraformaldehyde in 0.1 M

phosphate buffer (PB, pH 7.4) for 20 minutes and chilled

sequentially in 10% (w/v), 20% and 30% sucrose in 0.1 M PB

at 4uC. The eyecups were then embedded in optimal cutting

temperature (OCT, Miles Inc, Elkhart, IN, USA), frozen in liquid

nitrogen, sectioned vertically at 14 mm thickness on a freezing

microtome (Leica, Nussloch, Germany). The sections were

mounted on gelatin-coated slides. Immunofluorescence staining

was performed as described previously [31] with some modifica-

tions. In brief, deparaffinized and rehydrated cryosections were

exposed to hydrogen peroxide to eliminate endogenous peroxide

activity. The sections were then permeabilized for 30 minutes

using PBS/0.4% Triton X-100 followed by blocking in PBS/5%

BSA for 20 minutes. After 3610 minutes washes with PBS, the

sections were incubated with a mouse monoclonal antibody to 15-

LOX-1 (Abcam, Cambridge, MA, USA) at 4uC overnight. The

sections were then rinsed in PBS/0.2% Triton X-100 and

incubated with a Cy3-conjugated goat anti-mouse IgG (1:500,

Jackson Immunoresearch Lab. Inc, West Grove, PA) for 1 hour.

We omitted primary antibody (15-LOX-1) or secondary antibody

for control experiments. The stained sections were rinsed again

and mounted in a mounting medium containing 49, 6-diamidino-

2-phenylindole (DAPI). The slides were viewed at 4006 magni-

fication with a Nikon Eclipse Ti-SR fluorescence microscope

(Nikon, Tokyo, Japan).

Qualitative assessment of retinal neovascularization by
fluorescein retinal angiography

Fluorescein retinal angiography was performed as previously

described [26]. Briefly, at P17 mice were anesthetized and

perfused via the left ventricle with 50 mg/ml high molecular

weight (26106) Fluorescein isothiocyanate-dextran (FITC-dextran,

Sigma). The mice were immediately sacrificed, and the eyes were

enucleated and fixed in 4% paraformaldehyde for 3 hours. The

retina was flat-mounted on a gelatin-coated slide. Quantification

of RNV was performed as described previously [32,33]. Briefly,

images of the retina were taken at 406 magnification with an

OLYMPUS BX41 fluorescence microscope (Olympus, Tokyo,

Japan) and imported into Adobe Photoshop. Neovascular tuft

formation was quantified by comparing the number of pixels in

the affected areas with the total number of pixels in the retina. The

avascular area in the retina was measured in the same way.

Quantitative assessment of retinal neovascularization by
counting pre-retinal neovascular cells

17-day-old mice were anesthetized and perfused transcardially

with PBS. The eyes were fixed in Bouin’s solutoin for 4 hours and

stored in 70% ethanol for further experiments. After fixation, the

eyes were embedded and cross-sectioned vertically through the

center of the cornea and optic nerve. For quantification of pre-

retinal neovascular cells, retinal structures were analyzed on 6 mm

H&E-stained sections as described previously [26]. The pre-retinal

neovascular cell nuclei were counted on eight discontinuous

sections per eye and compared with the result between five

different groups.

Western blot analysis
The retina samples were homogenized in 200 ml of lysis buffer

(20 mmol/l Tris, pH 7.4, 150 mmol/l NaCl, 1 mmol/l EDTA,

1 mmol/l orthovanadate, 1 mmol/l phenylmethylsulfonyl fluo-

ride, 1 mg/ml leupeptin and 10 mg/ml aprotinin). After centrifu-

gation at 12,0006g for 5 minutes at 4uC, the supernatant was

collected. The protein concentration of the sample was determined

using the Bradford assay. Equal amounts (40 mg) of proteins from

each sample were loaded on SDS-PAGE and then transferred

onto PVDF membranes at 200 mA for 1 hour. After blocking of

nonspecific binding sites with 5% skim milk for 1 hour, the

membrane was incubated with the primary antibodies as follows:

mouse monoclonal antibody to 15-LOX-1 (1:500 dilution, Abcam,

Cambridge, MA, USA), mouse monoclonal antibody to PPAR-c
(1:500 dilution, Santa Cruz Biotechnology, Santa Cruz, CA) and

rabbit polyclonal antibody to VEGFR-2 (1:1500 dilution, Abcam,

Cambridge, MA, USA) overnight at 4uC. Antibody dilutions were

made with a solution of 5% skim milk/0.1% Tris-buffered saline

Tween-20. Then, membranes were incubated with horseradish

peroxidase (HRP)-conjugated goat anti-mouse or rabbit IgG

(1:3000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA)

for 1 hour at room temperature. After three washes, the proteins

were visualized with enhanced chemiluminescence (Amersham

Biosciences, Piscataway, NJ, USA) detection. ß-actin staining

served as the internal standard for all membranes. The exper-

iments were repeated for five times.

Real-time PCR
Total RNA was extracted from the frozen retina tissue by using

Trizol reagent according to the manufacturer’s instructions. cDNA

synthesis was conducted according to the RNA PCR kit protocol

(Takara, Dalian, China). ß-actin was used as a normalizing

control. The primer sequences were 15-LOX-1: 59-TTG GTT

CTA CTG GGT TCC TAA TG-39 (forward) and 59-GGA GCC

AAA CGA CAT TTA TCT G-39 (reverse); PPAR-c: 59-ATG

GAG CCT AAG TTT GAG TTT G-39 (forward) and 59-CAG

CAG GTT GTC TTG GAT GTC-39 (reverse); VEGFR-2: 59-

TCG AGC CCT CAT GTC TGA AC-39 (forward) and 59-TGA

TGC TGT CCA AGC GTC TT-39 (reverse); ß-actin: 59-CTG

AGA GGG AAA TCG TGC GT-39 (forward) and 59-CCA CAG
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GAT TCC ATA CCC AAG A (reverse). The PCR reaction was

performed in a volume of 25 ml using SYBR green mix (Toyobo,

Shanghai, China) on the Rotor-Gene 3000 Real-time PCR

instrument (Corbett Research, Sydney, Australia). The thermal

cycling program consisted of 1 minute at 95uC, 40 cycles of 15

seconds at 95uC, 15 seconds at 58uC, 45 seconds at 72uC. Relative

quantification of the gene expression was performed using the

2(2DDCT) method [34]. All experiments were carried out three

times.

Statistical analysis
All values were given as means 6 standard deviation (SD).

Group differences were analyzed with one-way ANOVA followed

by the Bonferroni post-test. P values less than 0.05 were

considered statistically significant.

Results

Efficacy of 15-LOX-1 gene transfers into the mouse retina
The efficacy of 15-LOX-1 gene transfer was assessed by

immunofluorescence staining. Immunofluorescence staining of

retinal sections revealed 15-LOX-1 expression was clearly shown,

primarily in the outer plexiform layer (OPL), inner nuclear layer

(INL) and ganglion cell layer (GCL) retinas of the intravitreous

injections of Ad-15-LOX-1-GFP mice (Figure 2A and 2B),

whereas mice intravitreous injections of Ad-GFP showed a small

amount of fluorescence in the OPL, INL and GCL retinas

(Figure 2C). In our control experiment of omitting the primary

antibody (15-LOX-1) or omitting secondary antibody, no positive

staining was presented (data not shown).

Western blot analysis showed that the 15-LOX-1 protein levels

were substantially higher in LOX-GFP group (1.47960.06) and

OIR-LOX-GFP group (1.29160.08) than those in Control group

(1.07160.07), OIR group (0.67960.09) and OIR-GFP group

(0.64460.08) (p,0.01, n = 5) (Figure 3A and 3B).

Real-time PCR assays further confirmed that the mRNA

expression levels of 15-LOX-1 in LOX-GFP group (1.30060.03)

and OIR-LOX-GFP group (1.06760.07) were also higher than

those in Control group (0.86060.06), OIR group (0.56060.08)

and OIR-GFP group (0.54060.04) (p,0.01, n = 3) (Figure 3C).

Effects of 15-LOX-1 gene transfer on oxygen-induced
ischemic retinal neovascularization

The impact of 15-LOX-1 gene transfer on oxygen-induced

ischemic RNV was evaluated in the OIR model, which develops

oxygen-induced ischemic RNV [26]. To determine whether 15-

LOX-1 gene transfer suppresses the oxygen-induced ischemic

RNV, we examined the retinal vasculature in all five groups by

using fluorescein angiography in retinal flat-mounts at P17. The

results revealed significant neovascularization in the flat-mounted

retinas from OIR group and OIR-GFP group mice (Figure 4B and

4D). In contrast, the retinas from OIR-LOX-GFP group mice

developed less severe neovascular tufts (Figure 4A). Control group

and LOX-GFP group mice maintained in room air showed no

neovascularization in the retinal vasculature (Figure 4C and 4E).

The RNV was quantified by measuring areas of neovascular tufts

in retinal whole mounts, which showed that the retinas from OIR-

LOX-GFP group mice have significantly smaller retinal neovas-

cular tufts areas, approximately 39% of those in OIR group and

41% in OIR-GFP group respectively (Figure 4F). To further

determine whether 15-LOX-1 gene transfer ameliorates the extent

of hyperoxia-mediated vaso-obliteration in the OIR, we measured

the non-perfusion areas in the central retina at P17. In OIR-LOX-

GFP group, the non-perfusion areas were significantly smaller

than those in OIR group (p,0.05, n = 8) and OIR-GFP group

(p,0.05, n = 8) (Figure 4G). No obvious retinal inflammation,

toxicity or other damage related to intravitreal injections were

found in the dosage we used (Figure S1 and S2). Taken together,

our results suggested that 15-LOX-1 gene transfer inhibited

oxygen-induced ischemic RNV and ameliorated hyperoxia-

mediated vaso-obliteration.

Reduced pre-retinal neovascular cells in the oxygen-
induced retinopathy model

To further confirm the effect of 15-LOX-1 gene transfer on

RNV, we quantified pre-retinal neovascular cells, a characteristic

feature of the OIR model [26,35]. The pre-retinal neovascular

cells grown into the vitreous humor were counted on eight non-

continuous cross-sections from each eye following an established

method [26]. As shown in the Figure 5, the numbers of pre-retinal

Figure 2. Expression of 15-LOX-1 gene transfers into the mouse retina. This figure shows the expression of 15-LOX-1 gene transfer in the
retinas of 12-day-old C57BL/6J mice, 5 days after intravitreous injections of approximately 1.06109 plaque formation unit of Ad-15-LOX-1-GFP or Ad-
GFP. Retinas obtained from LOX-GFP group, OIR-LOX-GFP group and OIR-GFP group mice were immunostained with an antibody for 15-LOX-1.
Immunofluorescence staining indicated that the 15-LOX-1 protein is more strongly expressed in retinas from LOX-GFP group (A) and OIR-LOX-GFP
group (B) mainly in the outer plexiform layer (OPL), inner nuclear layer (INL) and ganglion cell layer (GCL) than in retinas from OIR-GFP group (C). Cell
nuclei were stained with 49, 6-diamidino-2-phenylindole (DAPI). Images A-C were taken at 4006magnification for optimal comparison, scale
bars = 35 um.
doi:10.1371/journal.pone.0085824.g002
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neovascular cells in the retinas from OIR-LOX-GFP group

(1.2560.89) were obviously lower than those in the retinas from

OIR group (60.63610.82) and OIR-GFP group (54.6367.63)

respective (P,0.05, n = 8), confirming the anti-neovascularization

effect of 15-LOX-1 gene transfer in the retina.

15-LOX-1 gene transfer up-regulates the expression of
PPAR-c and down-regulates VEGFR-2 in the oxygen-
induced retinopathy model

To investigate the inhibitory mechanism of 15-LOX-1 gene

transfer during RNV in OIR, we compared the expression levels

of PPAR-c and VEGFR-2 in all groups. As shown by Western blot

analysis, protein levels of PPAR-c were down-regulated in OIR

group and OIR-GFP group, whereas up-regulated in Control

group and OIR-LOX-GFP group. On the contrary, protein levels

of VEGFR-2 were up-regulated in OIR group and OIR-GFP

group, but down-regulated in Control group and OIR-LOX-GFP

group (Figure 6A and 6B). Moreover, RT-PCR further demon-

strated the above changes that mRNA levels of PPAR-c were

significantly increased in Control group and OIR-LOX-GFP

group, and decreased in OIR group and OIR-GFP group.

Whereas mRNA levels of VEGFR-2 were significantly increased

in OIR group and OIR-GFP group, and decreased in Control

group and OIR-LOX-GFP group (Figure 6C). Taken together,

these results suggested that 15-LOX-1 gene transfer has an

inhibitory effect on RNV in the OIR model via up-regulation of

PPAR-c and down-regulation of VEGFR-2 expression.

Discussion

Retinal neovascularization (RNV) occurs in a number of ocular

neovascularization diseases at all ages such as retinopathy of

prematurity (ROP) in children, proliferative diabetic retinopathy

(PDR) in young adults and age-related macular degeneration

(AMD) in the elderly, which could lead to blindness if leave

untreated [36,37]. For many years, treatment for RNV of ocular

neovascularization diseases was limited to laser photocoagulation

and cryosurgery of the avascular zone, which effective for reducing

severe vision loss, whereas could lead to serious side effects,

including diminished night vision, reduced peripheral vision, and

decreased visual acuity. It is urgent and important to develop

efficacious therapies for the pathological angiogenesis. In recent

years, anti-angiogenic strategies involving intravitreal injections

have emerged as valuable new therapies for ocular neovascular-

ization diseases [38,39,40,41].

Accumulating evidence indicates that lipoxygenase pathways in

general and 12/15-LOX in particular play a key role in the

development of RNV during OIR [42]. There are two kinds of 15-

LOX isozymes: 15-LOX-1 and 15-LOX-2. 15-LOX-1 has been

implicated in angiogenesis, but previous studies apparently

Figure 3. Efficacy of 15-LOX-1 gene transfers into the mouse retina. The efficacy of 15-LOX-1 gene transfers in the retinas of 12-day-old
C57BL/6J mice, 5 days after intravitreous injection of approximately 1.06109 plaque formation unit of Ad-15-LOX-1-GFP or Ad-GFP. A, B: Western blot
analysis confirmed that protein levels of 15-LOX-1 were higher in OIR-LOX-GFP group mouse retinas than those in OIR group, Control group and OIR-
GFP group mouse retinas. The bands were quantified by densitometry and normalized by ß-actin, data were analysis as means6SD. OIR-LOX-GFP
group versus OIR group *p,0.01; OIR-LOX-GFP group versus Control group **p,0.01; OIR-LOX-GFP group versus OIR-GFP group ***p,0.01, n = 5. C:
Real-time PCR analysis further showed that mRNA levels of 15-LOX-1 in OIR-LOX-GFP group mouse retinas were higher than those in OIR group,
Control group and OIR-GFP group mouse retinas. Data were shown as means 6 SD, the relative amount of mRNA was normalized to ß-actin. OIR-
LOX-GFP group versus OIR group *p,0.01; OIR-LOX-GFP group versus Control group **p,0.01; OIR-LOX-GFP group versus OIR-GFP group ***p,
0.01, n = 3.
doi:10.1371/journal.pone.0085824.g003
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contradicted on the angiogenic properties of 15-LOX-1, varied

from promoting angiogenic effect [43] to its suppression effect of

angiogenesis [44,45,46]. The role and mechanism of 15-LOX-1 in

oxygen-induced ischemic RNV have not been lucubrated previ-

ously. In the present study, we have been using fluorescein

angiography on retinal whole mounts and quantified by counting

pre-retinal neovascular cells to evaluate the effect of 15-LOX-1

gene transfer on RNV in the OIR mouse model. The results

showed that the oxygen-induced ischemic RNV, as quantified by

neovascular tufts, avascular areas and pre-retinal neovascular cells,

were all suppressed in OIR-LOX-GFP group compared with

those in OIR group and OIR-GFP group. Our studies have

confirmed that 15-LOX-1 gene transfer in the retina inhibits

oxygen-induced ischemic RNV. These observations indicate that

15-LOX-1 functions as an anti-angiogenic factor in the retina.

Peroxisome proliferator-activated receptor gamma (PPAR-c) is

a member of a ligand-activated nuclear receptor superfamily and

plays a critical role in a variety of biological processes, including

adipogenesis, glucose metabolism, and angiogenesis [47]. In recent

years, 15-LOX-1 and its metabolites have been reported to serve

as endogenous ligands for PPAR-c, and 15-LOX-1 activates

PPAR-c through its metabolite 13-(S)-HODE [48,49,50]. Mean-

while, some studies have reported that PPAR-c ligands are potent

inhibitors of angiogenesis in vitro and in vivo [51,52,53,25,54], but

other studies instead provided evidence that the same molecules

may have important pro-angiogenic effects [55]. So far, the

relationship between 15-LOX-1 and PPAR-c during RNV in OIR

has not been well-elucidated, and whether PPAR-c receptors act

as pro-angiogenic factors or anti-angiogenic factors still remain

unclear. Recent studies demonstrated that PPAR-c is expressed in

normal retina, particularly in blood vessels and Müller cells, and

that it is suppressed in experimental models of OIR [56]. At the

same time, some studies demonstrated that the putative role of

long-chain polyunsaturated fatty acids (LCPUFAs)-PPAR rela-

tionships in the retina [57] and direct PPAR-c mediated effects of

dietary v-3-PU FAs on retinal vessel formation in an OIR model

of pathologic retinal angiogenesis [58,59]. Consistent with these

studies, in our previous work, we found that both 15-LOX-1 and

PPAR-c expression were down-regulated in the development of

RNV in a mouse model of OIR, following similar time-dependent

variable tendency, which suggests possible negative regulator roles

for 15-LOX-1 and PPAR-c in RNV. In the present study, we

Figure 4. Effects of 15-LOX-1 gene transfer on retinal neovascularization in the oxygen-induced ischemic retinopathy model. Mice
were perfused with fluorescein isothiocyanate-dextran at postnatal day 17 and the retina flat mounted. A: OIR-LOX-GFP group, B: OIR group, C:
Control group, D: OIR-GFP group, E: LOX-GFP group. Magnification640. The red rectangles in each figure are the magnification of randomly selected
foci of the retina, and the red arrows indicate the neovascular tufts. F: Quantification of the neovascularization in the retinas from OIR-LOX-GFP group,
OIR group, Control group, OIR-GFP group and LOX-GFP group mice. Retinal neovascularization was quantified by measuring the ratio of the
neovascular tuft area to the total retinal area using the Image-Pro Plus 6.0 software (means 6 SD). OIR-LOX-GFP group versus OIR group *p,0.05;
OIR-LOX-GFP group versus OIR-GFP group **p,0.05, n = 8. G: Retinas non-perfusion areas were measured and compared with OIR-LOX-GFP group,
OIR group, Control group, OIR-GFP group and LOX-GFP group using the Image-Pro Plus 6.0 software (means 6 SD). OIR-LOX-GFP group versus OIR
group *p,0.05; OIR-LOX-GFP group versus OIR-GFP group **p,0.05, n = 8.
doi:10.1371/journal.pone.0085824.g004

PLOS ONE | www.plosone.org 6 January 2014 | Volume 9 | Issue 1 | e85824

15-LOX-1 Increase PPAR-c and Decrease VEGFR-2



found that the mRNA and protein expression levels of 15-LOX-1

and PPAR-c were also up-regulated in OIR-LOX-GFP group.

These results confirmed that 15-LOX-1 and PPAR-c function as

anti-angiogenic factor in the retina. The increased 15-LOX-1

levels may be due to the exogenous 15-LOX-1 gene transfer. The

transcriptional and translational levels of PPAR-c were signifi-

cantly up-regulated by increasing the expression of 15-LOX-1. So

we proposed the activated effect of 15-LOX-1 which serves as an

endogenous ligand for PPAR-c on retinal PPAR-c expression. On

the contrary, some previous reports have suggested that the down-

regulation expression of PPAR-c via increased expression of 15-

LOX-1 [60,61,45,46] and the mechanism involving the MAPK-

dependent PPAR-c phosphorylation was activated, which caused

a down-regulation or loss of PPAR-c transcriptional activity.

Therefore, we propose there is a balance between these two

opposing effects may determine the role of PPAR-c receptor.

Angiogenesis is a multistep process that includes the degradation

of basement membrane, proliferation, migration, and tube

formation by endothelial cells; the process is stimulated by a

variety of growth factors and cytokines [62], and among those,

VEGF which signals mainly through the receptor tyrosine kinases

VEGFR-1 and VEGFR-2, plays a dominant role in angiogenesis,

with VEGFR-2 mediates most of the VEGF effects on blood

vessels [24]. Previous studies revealed that PPAR-c ligands reduce

VEGFR-2 expression indirectly via suppression of the interaction

between Sp1 and VEGFR-2 promoter region [63], consistent with

the finding that there is no consensus PPRE sequence in the

promoter region of the VEGFR-2 gene. Similarly, repression of

Sp1-dependent binding and transactivation may be responsible for

the reduced expression of VEGFR-2 upon PPAR-c activation

[64]. Agreed with the theory that the pro-angiogenic factor

VEGFR-2 transcriptional activity could be inhibited by PPAR-c
activating, intravitreal 15-LOX-1 gene transfer efficiently inhib-

ited the expression of VEGFR-2 in our study showing that 15-

LOX-1 gene transfer can exert an anti-angiogenic effect by

increasing PPAR-c expression leading to down-regulating

VEGFR-2 expression.

In conclusion, we have shown that 15-LOX-1 gene transfer

inhibits RNV in a mouse model of OIR. The mechanism for the

inhibition involves in activated effect of 15-LOX-1 which serves as

an endogenous ligand for PPAR-c on retinal PPAR-c expression,

and then further down-regulate the expression of VEGFR-2.

Better understanding of the mechanism of function of 15-LOX-1

may provide a new therapeutic target in the treatment of ocular

neovascularization diseases.

Figure 5. Effects of 15-LOX-1 gene transfer on pre-retinal neovascularization in mice with oxygen-induced ischemic retinopathy. At
postnatal day 17, the eyeballs of OIR-LOX-GFP group, OIR group, Control group, OIR-GFP group and LOX-GFP group mice were fixed, sectioned, and
stained with H&E. A: OIR-LOX-GFP group, B: OIR group, C: Control group, D: OIR-GFP group, E: LOX-GFP group. Arrows indicate pre-retinal neovascular
cells. Magnification6200. Scale bar = 50 um. F: The average numbers of pre-retinal neovascular cells (means 6 SD) of OIR-LOX-GFP group, OIR group,
Control group, OIR-GFP group and LOX-GFP group mice using one-way ANOVA test. Pre-retinal neovascular cells were counted on eight non-continuous
sections per eye and averaged. OIR-LOX-GFP group versus OIR group *p,0.05; OIR-LOX-GFP group versus OIR-GFP group **p,0.05, n = 8.
doi:10.1371/journal.pone.0085824.g005
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Supporting Information

Figure S1 Retinal inflammation after the intravitreous
administration of Ad-15-LOX-1 at different doses. 12-day-

old C57BL/6J mice were treated with 1.06108, 1.06109 and

1.061010 PFU of Ad-15-LOX-1 via intravitreal injection. Five days

after administration, all the animals were euthanized. The eyes were

processed into paraffin, sectioned, and hematoxylin and eosin stained.

Intravitreal injection of Ad-15-LOX-1 at dose of 1.06108 (A1–A2) or

1.06109 PFU (B1–B2) did not induce detectable inflammation (no

detectable inflammatory infiltration cells, hemorrhagic inflammation

and retinal edema) in the retina and vitreous cavity, but inflammatory

reaction was observed at the dose of 1.061010 PFU (C1–C2). A1–C1

were taken at 2006, A2–C2 were taken at 4006.

(TIF)

Figure S2 Retina TNF-a and ICAM-1 expression were
detected after intravitreal injection of 1.06108, 1.06109

and 1.061010 PFU of Ad-15-LOX-1. 12-day-old C57BL/6J

mice were treated with 1.06108, 1.06109 and 1.061010 PFU of Ad-

15-LOX-1 via intravitreal injection. Five days after administration,

all the animals were euthanized. It is shown that the inflammatory

response (indicated by TNF-a and ICAM-1 expression) induced by

intravitreal injection of Ad-15-LOX-1 at dose of 1.06108 and

1.06109 PFU were obviously less than the dose of 1.061010 PFU.

(TIF)

Acknowledgments

We thank Dr. Zhen Chen (Eye Center, Renmin Hospital of Wuhan

University, Wuhan, Hubei, China) for the material support and

constructive suggestion.

Author Contributions

Conceived and designed the experiments: ZL TH YS YQX. Performed the

experiments: ZL KD YY YMR. Analyzed the data: ZL KD TH YQX.

Contributed reagents/materials/analysis tools: ZL KD YY. Wrote the

paper: ZL. Revised the manuscript: YS TH YQX.

References

1. Bussolino F, Mantovani A, Persico G (1997) Molecular mechanisms of blood

vessel formation. Trends Biochem Sci 22: 251–256.

2. Miller JW, Adamis AP, Aiello LP (1997) Vascular endothelial growth factor in

ocular neovascularization and proliferative diabetic retinopathy. Diabetes Metab

Rev 13: 37–50.

Figure 6. Effects of 15-LOX-1 gene transfer on retinal levels of PPAR-c and VEGFR-2. OIR-LOX-GFP group, OIR group, Control group, OIR-GFP
group and LOX-GFP group mice were euthanized, perfused, and eyeballs were enucleated at postnatal day 17. A, B: Retinal protein levels of PPAR-c and
VEGFR-2 were measured by Western blot analysis. Western blot analysis demonstrated that protein levels of PPAR-c were down-regulated in OIR group
and OIR-GFP group, and up-regulated in OIR-LOX-GFP group and Control group. On the contrary, protein levels of VEGFR-2 were up-regulated in OIR
group and OIR-GFP group, but down-regulated in OIR-LOX-GFP group and Control group. OIR-LOX-GFP group versus OIR group *p,0.05; #p,0.05,
OIR-LOX-GFP group versus OIR-GFP group **p,0.05; ##p,0.05, n = 5. C: Real-time PCR analysis of PPAR-c and VEGFR-2 expression further showed that
mRNA levels of PPAR-c were significantly increased in OIR-LOX-GFP group and Control group, and decreased in OIR group and OIR-GFP group, whereas
mRNA levels of VEGFR-2 were significantly increased in OIR group and OIR-GFP group, and decreased in OIR-LOX-GFP group and Control group. OIR-
LOX-GFP group versus OIR group *p,0.05; #p,0.05, OIR-LOX-GFP group versus OIR-GFP group **p,0.05; ##p,0.05, n = 3.
doi:10.1371/journal.pone.0085824.g006

PLOS ONE | www.plosone.org 8 January 2014 | Volume 9 | Issue 1 | e85824

15-LOX-1 Increase PPAR-c and Decrease VEGFR-2



3. Brash AR (1999) Lipoxygenases: occurrence, functions, catalysis, and acquisition
of substrate. J Biol Chem 274: 23679–23682.

4. Kuhn H, Chaitidis P, Roffeis J, Walther M (2007) Arachidonic Acid metabolites

in the cardiovascular system: the role of lipoxygenase isoforms in atherogenesis
with particular emphasis on vascular remodeling. J Cardiovasc Pharmacol 50:

609–620.

5. Kuhn H, Thiele BJ (1999) The diversity of the lipoxygenase family. Many

sequence data but little information on biological significance. FEBS Lett 449:

7–11.

6. Brash AR, Boeglin WE, Chang MS (1997) Discovery of a second 15S-

lipoxygenase in humans. Proc Natl Acad Sci U S A 94: 6148–6152.

7. Fleming J, Thiele BJ, Chester J, O’Prey J, Janetzki S, et al. (1989) The complete

sequence of the rabbit erythroid cell-specific 15-lipoxygenase mRNA: compar-

ison of the predicted amino acid sequence of the erythrocyte lipoxygenase with
other lipoxygenases. Gene 79: 181–188.

8. Funk CD (1996) The molecular biology of mammalian lipoxygenases and the
quest for eicosanoid functions using lipoxygenase-deficient mice. Biochim

Biophys Acta 1304: 65–84.

9. Kuhn H, O’Donnell VB (2006) Inflammation and immune regulation by 12/15-
lipoxygenases. Prog Lipid Res 45: 334–356.

10. Shappell SB, Boeglin WE, Olson SJ, Kasper S, Brash AR (1999) 15-

lipoxygenase-2 (15-LOX-2) is expressed in benign prostatic epithelium and
reduced in prostate adenocarcinoma. Am J Pathol 155: 235–245.

11. Furstenberger G, Krieg P, Muller-Decker K, Habenicht AJ (2006) What are
cyclooxygenases and lipoxygenases doing in the driver’s seat of carcinogenesis.

Int J Cancer 119: 2247–2254.

12. Kuhn H, Walther M, Kuban RJ (2002) Mammalian arachidonate 15-
lipoxygenases structure, function, and biological implications. Prostaglandins

Other Lipid Mediat 68–69: 263–290.

13. Mochizuki N, Kwon YG (2008) 15-lipoxygenase-1 in the vasculature: expanding

roles in angiogenesis. Circ Res 102: 143–145.

14. Kota BP, Huang TH, Roufogalis BD (2005) An overview on biological
mechanisms of PPARs. Pharmacol Res 51: 85–94.

15. Fajas L, Auboeuf D, Raspe E, Schoonjans K, Lefebvre AM, et al. (1997) The

organization, promoter analysis, and expression of the human PPARgamma
gene. J Biol Chem 272: 18779–18789.

16. Braissant O, Foufelle F, Scotto C, Dauca M, Wahli W (1996) Differential
expression of peroxisome proliferator-activated receptors (PPARs): tissue

distribution of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinology

137: 354–366.

17. Xu HE, Lambert MH, Montana VG, Parks DJ, Blanchard SG, et al. (1999)

Molecular recognition of fatty acids by peroxisome proliferator-activated
receptors. Mol Cell 3: 397–403.

18. Nagy L, Tontonoz P, Alvarez JG, Chen H, Evans RM (1998) Oxidized LDL

regulates macrophage gene expression through ligand activation of PPAR-
gamma. Cell 93: 229–240.

19. Biscetti F, Straface G, Pitocco D, Zaccardi F, Ghirlanda G, et al. (2009)
Peroxisome proliferator-activated receptors and angiogenesis. Nutr Metab

Cardiovasc Dis 19: 751–759.

20. Adamis AP, Shima DT (2005) The role of vascular endothelial growth factor in
ocular health and disease. Retina 25: 111–118.

21. Witmer AN, Vrensen GF, Van Noorden CJ, Schlingemann RO (2003) Vascular
endothelial growth factors and angiogenesis in eye disease. Prog Retin Eye Res

22: 1–29.

22. Ozaki H, Seo MS, Ozaki K, Yamada H, Yamada E, et al. (2000) Blockade of
vascular endothelial cell growth factor receptor signaling is sufficient to

completely prevent retinal neovascularization. Am J Pathol 156: 697–707.

23. Penn JS, Madan A, Caldwell RB, Bartoli M, Caldwell RW, et al. (2008)
Vascular endothelial growth factor in eye disease. Prog Retin Eye Res 27: 331–

371.

24. Ferrara N, Gerber HP, LeCouter J (2003) The biology of VEGF and its

receptors. Nat Med 9: 669–676.

25. Xin X, Yang S, Kowalski J, Gerritsen ME (1999) Peroxisome proliferator-
activated receptor gamma ligands are potent inhibitors of angiogenesis in vitro

and in vivo. J Biol Chem 274: 9116–9121.

26. Smith LE, Wesolowski E, McLellan A, Kostyk SK, D’Amato R, et al. (1994)

Oxygen-induced retinopathy in the mouse. Invest Ophthalmol Vis Sci 35: 101–

111.

27. Zhang Q, Zhang J, Guan Y, Zhang S, Zhu C, et al. (2009) Suppression of retinal

neovascularization by the iNOS inhibitor aminoguanidine in mice of oxygen-
induced retinopathy. Graefes Arch Clin Exp Ophthalmol 247: 919–927.

28. Mori K, Duh E, Gehlbach P, Ando A, Takahashi K, et al. (2001) Pigment

epithelium-derived factor inhibits retinal and choroidal neovascularization. J Cell
Physiol 188: 253–263.

29. Zhong X, Huang H, Shen J, Zacchigna S, Zentilin L, et al. (2011) Vascular
endothelial growth factor-B gene transfer exacerbates retinal and choroidal

neovascularization and vasopermeability without promoting inflammation. Mol

Vis 17: 492–507.

30. Liu LL, Wang L, Zhong YM, Yang XL (2010) Expression of sigma receptor 1

mRNA and protein in rat retina. Neuroscience 167: 1151–1159.

31. Park K, Chen Y, Hu Y, Mayo AS, Kompella UB, et al. (2009) Nanoparticle-
mediated expression of an angiogenic inhibitor ameliorates ischemia-induced

retinal neovascularization and diabetes-induced retinal vascular leakage.
Diabetes 58: 1902–1913.

32. Chen J, Connor KM, Aderman CM, Smith LE (2008) Erythropoietin deficiency
decreases vascular stability in mice. J Clin Invest 118: 526–533.

33. Connor KM, Krah NM, Dennison RJ, Aderman CM, Chen J, et al. (2009)

Quantification of oxygen-induced retinopathy in the mouse: a model of vessel
loss, vessel regrowth and pathological angiogenesis. Nat Protoc 4: 1565–1573.

34. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402–408.

35. Smith LE (2002) Pathogenesis of retinopathy of prematurity. Acta Paediatr

Suppl 91: 26–28.

36. Bradley J, Ju M, Robinson GS (2007) Combination therapy for the treatment of

ocular neovascularization. Angiogenesis 10: 141–148.

37. Gariano RF, Gardner TW (2005) Retinal angiogenesis in development and
disease. Nature 438: 960–966.

38. Hernandez C, Simo R (2007) Strategies for blocking angiogenesis in diabetic

retinopathy: from basic science to clinical practice. Expert Opin Investig Drugs
16: 1209–1226.

39. Nicholson BP SAP (2010) A review of clinical trials of anti-VEGF agents for

diabetic retinopathy. Graefes Arch Clin Exp Ophthalmol 248: 915–930.

40. Oshima Y, Sakaguchi H, Gomi F, Tano Y (2006) Regression of iris

neovascularization after intravitreal injection of bevacizumab in patients with

proliferative diabetic retinopathy. Am J Ophthalmol 142: 155–158.

41. Spaide RF, Fisher YL (2006) Intravitreal bevacizumab (Avastin) treatment of

proliferative diabetic retinopathy complicated by vitreous hemorrhage. Retina

26: 275–278.

42. Al-Shabrawey M, Mussell R, Kahook K, Tawfik A, Eladl M, et al. (2011)

Increased expression and activity of 12-lipoxygenase in oxygen-induced ischemic

retinopathy and proliferative diabetic retinopathy: implications in retinal
neovascularization. Diabetes 60: 614–624.

43. Kelavkar UP, Nixon JB, Cohen C, Dillehay D, Eling TE, et al. (2001)
Overexpression of 15-lipoxygenase-1 in PC-3 human prostate cancer cells

increases tumorigenesis. Carcinogenesis 22: 1765–1773.

44. Harats D, Ben-Shushan D, Cohen H, Gonen A, Barshack I, et al. (2005)
Inhibition of carcinogenesis in transgenic mouse models over-expressing 15-

lipoxygenase in the vascular wall under the control of murine preproendothelin-

1 promoter. Cancer Lett 229: 127–134.

45. Viita H, Kinnunen K, Eriksson E, Lahteenvuo J, Babu M, et al. (2009)

Intravitreal adenoviral 15-lipoxygenase-1 gene transfer prevents vascular

endothelial growth factor A-induced neovascularization in rabbit eyes. Hum
Gene Ther 20: 1679–1686.

46. Viita H, Markkanen J, Eriksson E, Nurminen M, Kinnunen K, et al. (2008) 15-
lipoxygenase-1 prevents vascular endothelial growth factor A- and placental

growth factor-induced angiogenic effects in rabbit skeletal muscles via reduction

in growth factor mRNA levels, NO bioactivity, and downregulation of VEGF
receptor 2 expression. Circ Res 102: 177–184.

47. Rosen ED, Spiegelman BM (2001) PPARgamma : a nuclear regulator of

metabolism, differentiation, and cell growth. J Biol Chem 276: 37731–37734.

48. Huang JT, Welch JS, Ricote M, Binder CJ, Willson TM, et al. (1999)

Interleukin-4-dependent production of PPAR-gamma ligands in macrophages

by 12/15-lipoxygenase. Nature 400: 378–382.

49. Zuo X, Wu Y, Morris JS, Stimmel JB, Leesnitzer LM, et al. (2006) Oxidative

metabolism of linoleic acid modulates PPAR-beta/delta suppression of PPAR-
gamma activity. Oncogene 25: 1225–1241.

50. Sasaki T, Fujii K, Yoshida K, Shimura H, Sasahira T, et al. (2006) Peritoneal

metastasis inhibition by linoleic acid with activation of PPARgamma in human
gastrointestinal cancer cells. Virchows Arch 448: 422–427.

51. Murata T, He S, Hangai M, Ishibashi T, Xi XP, et al. (2000) Peroxisome

proliferator-activated receptor-gamma ligands inhibit choroidal neovasculariza-
tion. Invest Ophthalmol Vis Sci 41: 2309–2317.

52. Panigrahy D, Singer S, Shen LQ, Butterfield CE, Freedman DA, et al. (2002)

PPARgamma ligands inhibit primary tumor growth and metastasis by inhibiting
angiogenesis. J Clin Invest 110: 923–932.

53. Sarayba MA, Li L, Tungsiripat T, Liu NH, Sweet PM, et al. (2005) Inhibition of

corneal neovascularization by a peroxisome proliferator-activated receptor-
gamma ligand. Exp Eye Res 80: 435–442.

54. Peeters LL, Vigne JL, Tee MK, Zhao D, Waite LL, et al. (2005) PPAR gamma

represses VEGF expression in human endometrial cells: implications for uterine
angiogenesis. Angiogenesis 8: 373–379.

55. Chu K, Lee ST, Koo JS, Jung KH, Kim EH, et al. (2006) Peroxisome

proliferator-activated receptor-gamma-agonist, rosiglitazone, promotes angio-
genesis after focal cerebral ischemia. Brain Res 1093: 208–218.

56. Tawfik A, Sanders T, Kahook K, Akeel S, Elmarakby A, et al. (2009)

Suppression of retinal peroxisome proliferator-activated receptor gamma in
experimental diabetes and oxygen-induced retinopathy: role of NADPH

oxidase. Invest Ophthalmol Vis Sci 50: 878–884.

57. SanGiovanni JP, Chew EY (2005) The role of omega-3 long-chain polyunsat-

urated fatty acids in health and disease of the retina. Prog Retin Eye Res 24: 87–

138.

58. Sapieha P, Stahl A, Chen J, Seaward MR, Willett KL, et al. (2011) 5-

Lipoxygenase metabolite 4-HDHA is a mediator of the antiangiogenic effect of

omega-3 polyunsaturated fatty acids. Sci Transl Med 3: 69ra12.

59. Stahl A, Sapieha P, Connor KM, Sangiovanni JP, Chen J, et al. (2010) Short

communication: PPAR gamma mediates a direct antiangiogenic effect of omega

3-PUFAs in proliferative retinopathy. Circ Res 107: 495–500.

PLOS ONE | www.plosone.org 9 January 2014 | Volume 9 | Issue 1 | e85824

15-LOX-1 Increase PPAR-c and Decrease VEGFR-2



60. Hsi LC, Wilson L, Nixon J, Eling TE (2001) 15-lipoxygenase-1 metabolites

down-regulate peroxisome proliferator-activated receptor gamma via the MAPK
signaling pathway. J Biol Chem 276: 34545–34552.

61. Shureiqi I, Jiang W, Zuo X, Wu Y, Stimmel JB, et al. (2003) The 15-

lipoxygenase-1 product 13-S-hydroxyoctadecadienoic acid down-regulates
PPAR-delta to induce apoptosis in colorectal cancer cells. Proc Natl Acad

Sci U S A 100: 9968–9973.
62. Risau W (1997) Mechanisms of angiogenesis. Nature 386: 671–674.

63. Sassa Y, Hata Y, Aiello LP, Taniguchi Y, Kohno K, et al. (2004) Bifunctional

properties of peroxisome proliferator-activated receptor gamma1 in KDR gene
regulation mediated via interaction with both Sp1 and Sp3. Diabetes 53: 1222–

1229.

64. Meissner M, Stein M, Urbich C, Reisinger K, Suske G, et al. (2004) PPARalpha
activators inhibit vascular endothelial growth factor receptor-2 expression by

repressing Sp1-dependent DNA binding and transactivation. Circ Res 94: 324–
332.

PLOS ONE | www.plosone.org 10 January 2014 | Volume 9 | Issue 1 | e85824

15-LOX-1 Increase PPAR-c and Decrease VEGFR-2


