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PURPOSE. Previous studies have demonstrated that peroxisome proliferator-activated receptor-
alpha (PPARa) agonists have therapeutic effects in diabetic retinopathy, although the
mechanism of action remains incompletely understood. The purpose of this study was to
evaluate PPARa’s protective effects in the ischemic retina, and to delineate its molecular
mechanism of action.

METHODS. For the oxygen-induced retinopathy (OIR) model, wild-type (WT), and PPARa
knockout (PPARa�/�) mice were exposed to 75% O2 from postnatal day 7 (P7) to P12 and
treated with the PPARa agonist fenofibric acid (Feno-FA) from P12 to P16. At P17, the effects
of Feno-FA on retinal glial fibrillary acidic protein (GFAP) expression, apoptotic DNA cleavage,
and TUNEL labeling were analyzed. Cultured retinal cells were exposed to CoCl2 to induce
hypoxia, and TUNEL staining and 5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein dye
were used to measure apoptosis and reactive oxygen species (ROS) generation. Western
blotting was used to measure GFAP levels and cell signaling.

RESULTS. Feno-FA decreased retinal apoptosis and oxidative stress in WT but not PPARa�/�

OIR mice. Peroxisome proliferator-activated receptor-alpha knockout OIR mice showed
increased retinal cell death and glial activation in comparison to WT OIR mice. Feno-FA
treatment and PPARa overexpression protected cultured retinal cells from hypoxic cell
death and decreased ROS levels. Nuclear hypoxia-inducible factor-a (HIF-1a) and nicotine
adenine dinucleotide phosphate oxidase-4 (Nox 4) were increased in OIR retinas and
downregulated by Feno-FA in WT but not in PPARa�/� mice.

CONCLUSIONS. Peroxisome proliferator-activated receptor-alpha has a potent antiapoptotic
effect in the ischemic retina. This protective effect may be mediated in part through
downregulation of HIF-1a/Nox 4 and consequently alleviation of oxidative stress.
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Peroxisome proliferator-activated receptor-alpha (PPARa) is a
ligand-activated transcription factor, and belongs to the

nuclear receptor superfamily.1 It is highly expressed in the liver,
and is also expressed in the microvascular, neuronal, and glial
tissues of many organs, including the retina.1–4 Peroxisome
proliferator-activated receptor-alpha is an attractive therapeutic
target for many diseases and pathological conditions due in part
to its antioxidant, antiinflammatory, and hypolipidemic ef-
fects.1,4–7 It has been shown to play a neuroprotective role in
several diseases, and also to regulate vascular homeosta-
sis.1,4,8–12 Recently, two perspective clinical studies identified
that the PPARa agonist fenofibrate had a robust therapeutic
effect in diabetic retinopathy (DR), although the molecular
mechanism(s) of action remain poorly understood.13,14

Diabetic retinopathy is conventionally considered to be a
microvascular complication, and indeed the microvascular
lesions associated with DR are the primary diagnostic criteria
and therapeutic target.15 However, retinal neurodegeneration
has now been found to precede sight-threatening proliferative

diabetic retinopathy (PDR) and contribute to its development
and ultimately to vision loss.15–17

Ischemia/hypoxia contributes to DR development and
pathophysiology, and ischemic retinopathy models exhibit
phenotypes similar to that of DR, including an emerging role
for neurodegeneration.18–22 Hypoxia’s pathological effect in DR
is complex, but is due in part to oxidative stress, namely
increased reactive oxygen species (ROS) production.15,23,24

Many mechanisms contribute to hypoxic oxidative stress,
including upregulation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase family proteins.25 Nicotinamide
adenine dinucleotide phosphate oxidases possess a catalytic
NADPH oxidase (Nox) subunit, which generates ROS by
catalyzing electron transport from NADPH to molecular
oxygen, thus producing superoxide.25 There are seven Nox
isoforms, including Nox 1 through 5 and dual oxidase (Duox) 1
and 2.25,26 Nox 2 and Nox 4 both contribute to neurodegen-
eration in multiple disease models, and inhibition or ablation of
each isoform has been shown to have beneficial effects in
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diabetic and ischemic retinopathies, including neuroprotec-
tion.27,28 Regulation of Nox family members is complex, and is
a topic of intense investigation, as Nox proteins represent a
promising therapeutic target for ischemic disease.29

Hypoxia-inducible factor 1a (HIF-1a) is rapidly degraded in
normoxic conditions, but is stabilized in hypoxia.30 Hypoxia-
inducible factor 1a is protective in some contexts, but plays a
pathophysiological role in many disease processes including
diabetic and ischemic retinopathies.31 In ischemia, HIF-1a
upregulates expression of Nox 4, which may contribute to
hypoxic oxidative stress.32

In the present study, we investigated antiapoptotic and
antioxidant effects of PPARa in the ischemic retina, and
explored a novel mechanism by which PPARa suppresses
retinal oxidative stress and neurodegeneration in an oxygen-
induced retinopathy (OIR) model.

MATERIALS AND METHODS

Chemicals

Fenofibric acid (Feno-FA) was purchased from AK Scientific
(Union City, CA, USA). Dimethyl sulfoxide (DMSO) and
GW6471 were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Cobalt chloride (CoCl2) was purchased from Thermo
Fisher (Waltham, MA, USA).

Experimental Animals

Both wild-type (WT) and PPARa-knockout (PPARa�/�) mice in
the C57-BL/6J background were bred in-house. Care, use, and
treatment of all animals in this study were in strict agreement
with the ARVO statement for the Use of Animals in Ophthalmic
and Vision Research and guidelines in the Care and Use of
Laboratory Animals set forth by the University of Oklahoma
(Oklahoma City, OK, USA).

OIR Model

Oxygen-induced retinopathy was induced as described previ-
ously.33,34 Briefly, newborn WT or PPARa�/� mice were
exposed to hyperoxia (75% O2) from postnatal day 7 (P7) to
P12 and returned to room air. Feno-FA suspended in DMSO was
injected intraperitoneally (10 mg/kg/d) from P12 to P16, with
the same volume of vehicle as a control. Normal control
animals maintained in constant room air were injected with
Feno-FA and vehicle from P12 to P16. For retinal homogenate
and eyecup isolation, animals were euthanized, and perfused
with prewarmed (378C) PBS. Retinas were homogenized in
Holt’s Lysis buffer for Western blotting, and eyecups were fixed
and sectioned as described below. All animal studies were
representative of at least five animals per group in a minimum
of two independent experiments.

Cell Culture

R28 retinal precursor cells were a kind gift of Gail Seigel.35

Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 1 mM D-glucose, 10% heat-inactivated fetal
bovine serum (FBS; Cellgro, Manassas, VA, USA), and 1%
antibiotic-antimycotic solution (Cellgro). All cells used for
experiments were between passages 10 and 15 from the
original stock.

Cell Death ELISA

Deoxyribonucleic acid cleavage was measured using an ELISA-
based kit (Cell Death Detection ELISA; Roche, Indianapolis, IN,

USA) as described previously with a few minor modifications.18

Sample preparation and the ELISA assay were performed as by
Zheng et al.,18 and relative fragmentation was expressed as OD
(405/490 nm) normalized by RC/DC (Bio-Rad; Hercules, CA,
USA) OD (570 nm).

In Vivo TUNEL Staining and
Immunohistochemistry

Eyes were enucleated and fixed in Prefer fixative (Anatech,
Battle Creek, MI, USA) for 1 hour. Eyecups were cryoprotected
in 30% sucrose overnight before being embedded in optimal
cutting temperature (OCT) media (Tissue Tek; Sakura Finetek
USA, Torrence, CA, USA), snap frozen, and sectioned at 10 lm.

A TMR Red TUNEL labeling kit (Roche) was used for TUNEL
staining according to manufacturer’s instructions and then
mounted in Vectashield medium with diamidino-2-phenyl-
indole (DAPI; Vector Laboratories; Burlingame, CA, USA) prior
to imaging with a fluorescence microscope (Leica; Wetzlar,
Germany). A minimum of six cross sections taken from six
different animals were used in TUNEL analyses.

For colabeling studies, eyecups were TUNEL-labeled as
described above and subsequently immunostained with
antibodies for CD31 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) or protein kinase Ca (PKCa Abcam, Cam-
bridge, MA, USA) prior to being mounted in Vectashield and
imaged. All colabeling studies were conducted on a minimum
of three cross sections taken from three different animals.

Western Blot Analysis

Retinal homogenates were resolved by SDS-PAGE and blotted
with specific antibodies. Antibodies for Nox 4 PPARa and b-
actin were purchased from Santa Cruz Biotechnology, Inc. glial
fibrillary acidic protein (GFAP) antibody was purchased from
Abcam.

Nuclear Extraction and Western Blotting

An EpiSeeker nuclear extraction kit (Abcam) was used to
generate retinal nuclear extracts according to manufacturer’s
instructions. Nuclear lysates were resolved by SDS-PAGE and
blotted with anti–HIF-1a antibody (Novus Biologicals; Littleton,
CO, USA) and TATA-Binding Protein (TBP) antibody (Santa Cruz
Biotechnology, Inc.).

Adenovirus Preparation

Peroxisome proliferator-activated receptor-a–expressing ade-
novirus was generated previously.4 Preparation, amplification,
and titration of the recombinant adenovirus were performed as
described previously.36,37 Ad-b-galactosidase prepared previ-
ously was used as a control.31,32

Fluorescent Detection of Intracellular ROS

An ROS-sensitive, probe-based method was used as described
previously.38 Prior to the assay, 75% confluent adherent R28
cells were treated with one or more of the following for 24
hours: 200 lM CoCl2, 25 lM Feno-FA, vehicle (DMSO), 5 lM
GW6471 (a PPARa antagonist) and/or infected with Ad-PPARa
or Ad-b-galactosidase (multiplicity of infection ¼ 20). Western
blotting was used to verify PPARa overexpression.

In Vitro TUNEL Assay

R28 cells were plated at 102 cells/mL on chamber slides and
allowed to adhere overnight before treatment with 200 lM
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CoCl2 and 25 lM Feno-FA, or vehicle (DMSO). After 48 hours,
the Roche TMR Red TUNEL Kit (Roche) was used according to
manufacturer’s instructions to stain cells. Cells were subse-
quently mounted in Vectashield media (Vector Laboratories)
before being imaged using a fluorescence microscope (Leica).
The total number of TUNEL-positive cells per chamber was
counted, and data were expressed as the relative percentage of
TUNEL-positive cells in comparison to control.

Statistical Analysis

Prism 6 (GraphPad, San Diego, CA, USA) was used to calculate
a multivariable ordinary one-way ANOVA for all statistical
analyses. P less than or equal to 0.05 was considered to be
statistically significant.

RESULTS

Protective Effect of PPARa Activation in Oxygen-
Induced Retinopathy

The protective effect of PPARa was evaluated by quantifying
retinal glial activation and retinal cell apoptosis in OIR mice. To
evaluate the effect of Feno-FA on ischemia-induced retinal glial
cell activation, GFAP levels were measured using Western
blotting. Retinal GFAP expression was significantly increased in
OIR mice in comparison to room air control mice (P � 0.05),
and decreased by Feno-FA treatment (P � 0.05), indicating that
ischemia-induced glial activation was alleviated by PPARa

activation (Fig. 1A). A cell death ELISA was used to quantify
total retinal cell apoptosis, and identified that retinal apoptosis
was increased in OIR mice in comparison to room air control
mice (P � 0.0001) and decreased by Feno-FA treatment in OIR
mice (P � 0.001), suggesting that PPARa activation has an
antiapoptotic effect in ischemia (Fig. 1B). Similarly, TUNEL-
positive cells were also increased in the outer nuclear layer
(ONL) and inner nuclear layer (INL) of OIR mice (P � 0.001)
and decreased by Feno-FA (P � 0.05), further suggesting a
protective effect (Fig. 1C). Finally, double staining demonstrat-
ed that TUNEL-positive cells did not colocalize with CD31,
suggesting that apoptotic cells were nonvascular, and were
likely retinal neurons and/or glial cells (Fig. 1D).

To confirm that TUNEL-positive cells were retinal neurons,
retinal sections were colabeled with TUNEL and PKCa
antibody. Some of the TUNEL-positive cells colocalized with
PKCa, suggesting that some apoptotic cells were amacrine or
bipolar cells (Supplementary Fig. S1A). Further, many TUNEL-
positive cells in OIR mice were localized to the ONL (Fig. 1C),
suggesting that apoptotic photoreceptors were also present.

Dependence of Feno-FA’s Effect Upon PPARa

To determine whether Feno-FA’s protective effects in retinal
ischemia were dependent upon PPARa, OIR was induced in
PPARa�/� mice, which were then treated with Feno-FA at the
same dose as in WT OIR mice, and retinal glial activation and
apoptosis were quantified. Retinal GFAP levels were signifi-
cantly increased in PPARa�/� OIR mice (P � 0.05), but were
not decreased by Feno-FA, unlike WT OIR mice (Fig. 2A). A cell

FIGURE 1. Cytoprotective effect of Feno-FA (FA) in the retinas of WT OIR mice. (A) At P17, retinal GFAP was measured by Western blotting in room
air (RA) and OIR mice treated with Vehicle control (Veh) or FA, semiquantified by densitometry, normalized by b-actin levels, and expressed as the
ratio to that in the RA control (n¼ 6). (B) Retinal DNA fragmentation in P17 mouse retinas treated as above was quantified using a cell death ELISA
and normalized to total protein concentration (n ‡ 5). (C) Apoptotic cells in retinal sections from mice treated as above were labeled with TUNEL
staining (red), and the nuclei counterstained with DAPI (blue). TUNEL-positive cells were counted in retinal sections (n ‡ 6); scale bars: 10 lm. (D)
Retinal sections were double stained with anti-CD31 antibody (green) and TUNEL (red), and the nuclei were counterstained with DAPI (blue) (n ‡
3). Scale bars: 10 lm. All values are mean 6 SEM; *P � 0.05, ***P � 0.001, ****P � 0.0001. OPL, outer plexiform layer; IPL, inner plexiform layer;
GCL, ganglion cell layer.
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death ELISA demonstrated that retinal apoptosis was increased
in PPARa�/� OIR mice (P � 0.0001) but was not affected by
Feno-FA treatment (Fig. 2B). Similarly, TUNEL-positive cells
were increased in the retinas of PPARa�/� OIR mice (P �
0.0001), but were unchanged by Feno-FA treatment (Fig. 2C).
Together, these data suggested that Feno-FA’s protective effect
was PPARa-dependent. Finally, TUNEL-positive cells did not
colocalize with CD31 in PPARa�/� OIR mice (Fig. 2D),
suggesting that apoptotic cells were nonvascular, as in WT
animals.

Double immunostaining demonstrated that some TUNEL-
positive cells colocalized with PKCa, suggesting that they were
amacrine or bipolar cells (Supplementary Fig. S1B). Further,
some TUNEL-positive cells in OIR mice were localized to the
ONL (Fig. 2C), suggesting that apoptotic photoreceptors were
also present.

Exacerbated Cell Death and Glial Activation in
PPARa�/� OIR Animals

Oxygen-induced retinopathy–induced retinal glial activation
and cell death were compared in WT versus PPARa�/� mice.
Similar to Figure 1, retinal GFAP expression was increased in
WT OIR mice in comparison to room air controls (P � 0.05;
Fig. 3A). Under identical OIR conditions, PPARa�/� mice
showed a greater increase in retinal GFAP expression in
comparison with WT mice (P � 0.05; Fig. 3A). Further, a cell
death ELISA demonstrated that PPARa�/� OIR mice had more
prominent increases in retinal apoptosis in comparison to WT
OIR animals (P � 0.0001; Fig. 3B). Likewise, OIR induced a

higher number of TUNEL-positive cells in PPARa�/� mice in
comparison with WT mice (P � 0.0001; Fig. 3C). However,
P17 room air PPARa�/�mice showed no statistically significant
increase in retinal glial activation or apoptosis (Figs. 3A–C) in
comparison with WT room air mice, indicating that PPARa is
critical to retinal cell survival under stress conditions.

Protective Effect of Feno-FA In Vitro

Cultured R28 cells were treated with CoCl2 to induce hypoxia,
and apoptosis and was quantified by TUNEL staining. The total
number of TUNEL-positive cells per slide chamber was
counted, and data were expressed as the percentage of
TUNEL-positive cells in comparison with control. TUNEL-
positive cells were increased by CoCl2 (P � 0.0001) and
decreased by Feno-FA (P � 0.0001), suggesting that PPARa
activation ahs a direct protective effect (Fig. 4A).

Antioxidant Effects of Feno-FA and PPARa

R28 cells were exposed to CoCl2, and 5-(and-6)-chloromethyl-
2 0,7 0-dichlorodihydrofluorescein (Molecular Probes, Grand
Island, NY, USA) was used to quantify intracellular ROS.
Intracellular ROS generation was increased by CoCl2 (P �
0.01) and decreased by Feno-FA (P � 0.05), suggesting an
antioxidant effect (Fig. 5A). This antioxidant effect was
abolished by cotreatment with the PPARa antagonist
GW6471, suggesting that Feno-FA’s antioxidant effect was
PPARa-dependent (Fig. 5A). Further, overexpression of PPARa
with an adenoviral vector (Supplementary Fig. S2) was able to
decrease CoCl2-induced ROS production (P � 0.01; Fig. 5B).

FIGURE 2. Lack of cytoprotective effect of FA in PPARa�/� OIR mice. (A) Retinal GFAP expression in P17 RA and OIR mice treated with Veh or FA
was measured by Western blot analysis, semiquantified by densitometry, normalized by b-actin levels, and expressed as the ratio to that in the RA
control (n ¼ 6). (B) Deoxyribonucleic acid fragmentation in mouse retains treated as above was measured by cell death ELISA in retinal
homogenates at P17 (n ‡ 5). (C) Apoptotic cells in retinal sections from mice treated as above were labeled by TUNEL (red), and the nuclei
counterstained with DAPI (blue). TUNEL-positive retinal cells were counted in retinal sections (n ‡ 6); scale bars: 10 lm. (D) Retinal sections were
double stained with the anti-CD31 antibody (green) and TUNEL (red), and the nuclei were counterstained with DAPI (blue; n ‡ 3). Scale bars: 10
lm. All values are mean 6 SEM. *P � 0.05, ****P � 0.0001.
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PPARa-Mediated Repression of Nox 4 in OIR

To delineate the mechanism by which PPARa activation
suppresses ROS generation, retinal Nox 4 levels were
measured using Western blotting in the retinae of OIR
animals. In WT mice, retinal Nox 4 expression was increased
in OIR (P � 0.01) and decreased by Feno-FA treatment (P �
0.01; Fig. 6A). Contrastingly, in PPARa�/� mice, OIR-induced
Nox 4 upregulation (P � 0.01) was unaffected by Feno-FA
(Fig. 6B). Further, retinal Nox 4 upregulation induced by OIR

was greater in PPARa�/� mice than in WT mice (P � 0.05)
under the same conditions, suggesting that PPARa functions
as an endogenous inhibitor of Nox 4 expression in the
ischemic retina (Fig. 6C).

PPARa-Mediated Repression of HIF-1a Activation in
OIR

To elucidate the mechanism by which PPARa regulates Nox 4,
we measured nuclear HIF-1a levels in the retinas of OIR mice.

FIGURE 3. Increased OIR-induced retinal cell death and glial activation by PPARa ablation. (A) Retinal GFAP expression in P17 RA and OIR WT and
PPARa�/�mice was measured by Western blot analysis, normalized by b-actin levels, and expressed as the ratio to that in WT RA control (n¼6). (B)
Retinal DNA fragmentation in mice treated as above was measured by cell death ELISA and normalized by total retinal protein levels (n ‡ 5). (C)
Apoptotic cells in retinal sections from mice treated as above were labeled with TUNEL staining (red), and nuclei were counterstained with DAPI
(blue). TUNEL-positive cells were counted in retinal sections (n ‡ 6); scale bars: 10 lm. All values are mean 6 SEM. *P � 0.05, ****P � 0.0001.

FIGURE 4. Protection of R28 cells by FA against hypoxia in vitro. (A) R28 cells were treated with CoCl2, Veh, or FA for 48 hours. Apoptotic cells
were stained with TUNEL (red), and the nuclei counterstained with DAPI (blue). TUNEL-positive cells in each slide chamber were counted and
expressed as percentage of total cells (mean 6 SEM; n ¼ 3). ***P � 0.001.
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Oxygen-induced retinopathy increased nuclear levels of HIF-1a
in the retinae of WT OIR mice (P � 0.01), which was

decreased by Feno-FA (P � 0.01; Fig. 7A). Nuclear HIF-1a levels

were increased in PPARa�/� OIR mice (P � 0.01), but were

unaffected by Feno-FA, suggesting that Feno-FA’s effect was

PPARa-dependent (Fig. 7B). Further, nuclear HIF-1a levels were

higher in PPARa�/� OIR retinas than in WT OIR retinas (P �
0.01), suggesting that PPARa plays an endogenous role in

suppressing HIF-1a activation in hypoxia (Fig. 7C).

DISCUSSION

Here, we have identified for the first time that PPARa has a

potent protective effect in retinal ischemia. Our results

demonstrated that PPARa activation decreases retinal glial

activation and apoptosis under ischemic stress, while PPARa
ablation exacerbates retinal glial activation and retinal cell

apoptosis in the same model. Further, we also identified that

PPARa is able to repress the production of ROS and attenuate

upregulation of the pro-oxidant gene Nox 4 by suppressing

FIGURE 5. Antioxidant effects of FA and PPARa. (A) R28 cells were treated with CoCl2, FA, and GW6471 (PPARa antagonist) as indicated for 24
hours. (B) R28 cells were treated with CoCl2 and infected with Ad-PPARa or control virus Ad-b-galactosidase (b-gal) as indicated for 24 hours.
Reactive oxygen species were then measured and expressed as percentage of normoxic control (mean 6 SEM; n¼ 3). *P � 0.05, **P � 0.01, ***P �
0.001.

FIGURE 6. Inhibition of Nox 4 expression by PPARa in OIR. (A) At P17,
retinal Nox 4 was measured by Western blotting in WT RA and OIR
mice treated with Veh or FA, semiquantified by densitometry,
normalized by b-actin levels, and expressed as the ratio to that in the
RA control (n¼ 6). (B) At P17, retinal Nox 4 was measured by Western
blotting in PPARa�/� RA and OIR mice treated with Veh or FA and
quantified as above (n¼ 6). (C) In P17 WT and PPARa�/� RA and OIR
mice, retinal Nox 4 expression was measured as described above (n¼
6). All values are mean 6 SEM. *P < 0.05, **P < 0.01.

FIGURE 7. Inihibition of HIf-1a by PPARa in OIR. (A) In P17 WT RA
and OIR mice, retinal levels of nuclear HIF-1a were measured in Veh
and FA-treated mice by Western blot analysis, normalized by TBP levels
and expressed as the ratio to vehicle-treated RA control (N ‡ 5). (B) In
P17 PPARa�/� RA and OIR mice, retinal nuclear HIF-1a levels were
measured as above (N ‡ 5). (C) In WT and PPARa�/� RA and OIR mice,
retinal nuclear HIF-1a levels were measured as described above and
normalized to RA WT mice (N ‡ 5). All values are mean 6 SEM. *P �
0.05; **P � 0.001.
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HIF-1a pathway under ischemia/hypoxia, establishing a mo-
lecular mechanism of action.

The retina consists of neuronal cells, glial cells, and vascular
cells. To exclude the possibility that PPARa was inhibiting cell
death in endothelial cells (EC) rather than neuronal/glial cells,
we double-labeled retinal cross sections with TUNEL and
CD31, an EC marker. Our results demonstrate that in P17 OIR
animals, TUNEL-positive cells do not colocalize with CD31.
Further, many TUNEL-positive cells were identified in the ONL,
which consists of only photoreceptor cells. Colabeling of
TUNEL-positive cells with PKCa in the INL provided further
evidence that some of the apoptotic cells are amacrine or
bipolar cells. Taken together, these results suggest that
apoptotic cells at this time point are nonvascular, but are
instead neuronal or glial cells. This indicates that PPARa
improves neuroglial survival and integrity under ischemia.

Our prior studies have demonstrated that PPARa colocalizes
with GFAP in the retina, indicating that it is expressed in Müller
glia.4 Glial dysfunction is associated with retinal neurodegen-
eration,39 and it is possible that PPARa exerts its neuroprotec-
tive effect in part by modulating glial over-activation and
dysfunction. However, we also demonstrated direct cytopro-
tective and antioxidant effects in cultured retinal neuronal cells
under hypoxia. These results suggest that PPARa’s beneficial
effects may also be through a direct effect on retinal neurons in
addition to improved glial function.

Clinical studies identified that the PPARa agonist fenofibrate
decreased progression of DR in human patients,13,14 but
provided little insight into which pathophysiological parame-
ters PPARa was able to improve, or how it was able to do so on
a molecular level. Diabetic retinopathy is traditionally consid-
ered a microvascular complication of diabetes.15,40 However, it
has recently been discovered that neuronal cell death and glial
activation precede clinically apparent vascular patholo-
gies,15,16,41 and it is believed that these events affect the
subsequent vascular dysfunction and pathological angiogenesis
associated with PDR.15,16,34 Neurodegeneration is also thought
to play a role in the vascular lesions associated with ischemic
retinopathies, and is an emerging area of investigation and
therapeutic target in many of these retinal disease mod-
els.18,20,27

Our group previously demonstrated that PPARa activation
had a therapeutic effect in DR animal models, and that PPARa
played an important role in vascular homeostasis, decreasing
leukostasis, vascular leakage, and neovascularization in diabetic
and OIR animal models.4,42 However, PPARa’s effect on retinal
neurodegeneration was previously unknown. We also identi-
fied in past studies that PPARa is downregulated in the retinas
of human DR patients and in three DR animal models,4 and
postulated that this decrease in retinal PPARa levels may
contribute to the neurodegenerative events associated with
early DR.

In the OIR model, newborn rodents are exposed to
hyperoxia (75% O2) to induce vasoobliteration. Subsequent
return to room air results in retinal ischemia and consequently
neurodegeneration, oxidative stress, vascular leakage, and
pathological neovascularization.20,34 Although OIR is not a
diabetic animal model, the OIR model is physiologically and
molecularly similar to DR, as it induces retinal inflammation,
NV, and retinal neurodegeneration, similar to PDR.27,43 Further,
ischemia/hypoxia contributes to the development and pro-
gression in DR, and plays a role in retinal apoptosis.15

Therefore, in order to delineate PPARa’s protective effects in
retinal ischemia, we used the OIR model, and have now
demonstrated for the first time that PPARa has a potent
neuroprotective effect in the ischemic retina.

Because the retina is the most metabolically demanding
tissue in the body, it is highly susceptible to ischemic stress.23

Ischemia thus plays a pathological role in many eye diseases
including ROP, glaucoma, central vein occlusion, retinal
detachment, and AMD.23,44–46 Further, hypoxic oxidative stress
contributes to neurodegeneration in many of these models.23

Our present findings suggest that PPARa also has significant
therapeutic potential in these ischemic retinal diseases, much
as in DR.

Neurodegeneration occurs in early DR, prior to the onset of
overt microvascular dysfunction.47 Once considered a prog-
nostic indicator for DR, neurodegeneration is now known to
contribute to the vascular abnormalities characteristic of
advanced PDR. Neural activity in the retina regulates retinal
blood flow through neurovascular coupling, wherein neural
simulation releases vasodilating factors.48,49 Neurodegenera-
tion impairs the neurovascular coupling response, precipitat-
ing endothelial dysfunction and vasoconstriction.48,49 Further,
DR-associated glial activation and excitotoxicity upregulate
vascular growth factors, leading to increased vascular perme-
ability and subsequent breakdown of the blood–retinal
barrier.50 It is now thought that inhibiting this early
neurodegenerative event may prevent development of down-
stream microvascular abnormalities, although no clinically
available treatments target this aspect of the disease.

Our prior work demonstrated that PPARa alleviates retinal
leukostasis, vascular leakage, and neovascularization in a DR
model, and thus indicated that it has beneficial effects on
diabetic vascular homeostasis.42 The present study has now
demonstrated that PPARa has a neuroprotective effect in
retinal ischemia, and is likely to exert a similar effect in DR.
However, whether PPARa indeed plays a protective role
against DR-associated retinal neurodegeneration is a topic of
future investigation. Nonetheless, this dual effect of PPARa in
both neuroprotection and vascular homeostasis makes it a
highly desirable therapeutic target for diabetic and other
retinopathies, and may account for fenofibrate’s unprecedent-
ed efficacy in clinical trial.

Oxidative stress plays a major causative role in the
development and progression of most diabetic complications,
including DR.51 Oxidative stress in the diabetic retina can be
induced by many mechanisms, including ischemia/hypoxia
resulting from impaired vascular function.51,52 Peroxisome
proliferator-activated receptor-alpha’s antioxidant and neuro-
protective properties in other ischemic diseases are well
documented,1 and we hypothesized that PPARa may poten-
tially decrease ischemic oxidative stress to attenuate retinal
apoptosis. Our results confirm that PPARa activation and
overexpression indeed reduces ROS generation in retinal
neuronal cells.

The NADPH oxidases are a relatively newly recognized
protein family, and since their discovery 30 years ago, they
have been found to play diverse roles in many physiological
and pathophysiological processes.53 Nox proteins play patho-
logical roles in many diseases, contributing to oxidative stress
and subsequent neuronal apoptosis, inflammation, and vascu-
lar dysfunction.54–56 Nox 4 has been shown to play a
pathological role in DR, while Nox 2 ablation was reported
to have a neuroprotective effect in ischemic retinopathy.27,28

These reports suggest that Nox 2 and Nox 4 are both
implicated in ischemic neuronal injury, and that inhibition or
ablation of these proteins may have a protective, antioxidant
effect in ischemia/hypoxia.56,57 Here, we demonstrate for the
first time that PPARa negatively regulates Nox 4 expression in
ischemia. This has broad-reaching implications for not only
PPARa’s therapeutic effects in diabetic and ischemic retinop-
athies, but also contributes to the understanding of PPARa’s
antioxidant properties and molecular mechanisms of action in
other contexts.
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We and others have previously demonstrated that PPARa
suppresses HIF-1a, potentially by enhancing its interaction
with von Hippel-Lindau tumor suppressor (pVHL), which
mediates HIF-1a degradation.42,58 In turn, HIF-1a enhances
transcription of Nox 4.32 Our results in the OIR retina are
consistent with previous findings, suggesting that PPARa likely
decreases hypoxia-induced Nox 4 upregulation by accelerating
HIF-1a degradation.

In summary, our studies identified novel antiapoptotic and
antioxidant activities of PPARa in retinal ischemia, and
established that it negatively regulates HIF-1a/Nox 4 signaling,
which is likely responsible in part for its antioxidant effect.
Therefore, PPARa activation has therapeutic potential for
retinal oxidative and inflammatory disorders such as DR and
other ischemic retinal diseases.
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