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PURPOSE. The mechanism for the antiangiogenic activity of peroxisome proliferator–activated
receptor alpha (PPARa) remains incompletely understood. Endothelial progenitor cells (EPC)
are known to participate in neovascularization (NV). The purpose of this study was to
investigate whether PPARa regulates EPC during retinal NV.

METHODS. Retinal NV was induced by oxygen-induced retinopathy (OIR). Mice with OIR were
injected intraperitoneally with the PPARa agonist fenofibric acid (FA) or with adenovirus
expressing PPARa (Ad-PPARa). Flow cytometry was used to quantify circulating and retinal
EPC. Serum stromal cell-derived factor 1 (SDF-1) levels were measured by ELISA. Hypoxia was
induced in primary human retinal capillary endothelial cells (HRCEC) and mouse brain
endothelial cells (MBEC) by CoCl2. Levels of SDF-1 and hypoxia-inducible factor 1 alpha (HIF-
1a) were measured by Western blotting.

RESULTS. Fenofibric acid and overexpression of PPARa attenuated the increase of circulating
and retinal EPC, correlating with suppressed retinal NV in OIR mice at P17. The PPARa
knockout enhanced the OIR-induced increase of circulating and retinal EPC. Fenofibric acid
decreased retinal HIF-1a and SDF-1 levels as well as serum SDF-1 levels in the OIR model. In
HRCEC, PPARa inhibited HIF-1a nuclear translocation and SDF-1 overexpression induced by
hypoxia. Further, MBEC from PPARa�/� mice showed more prominent activation of HIF-1a
and overexpression of SDF-1 induced by hypoxia, compared with the wild-type (WT) MBEC.
PPARa failed to block SDF-1 overexpression induced by a constitutively active mutant of HIF-
1a, suggesting that regulation of SDF-1 by PPARa was through blockade of HIF-1a activation.

CONCLUSIONS. Peroxisome proliferator-activated receptor alpha suppresses ischemia-induced
EPC mobilization and homing through inhibition of the HIF-1a/SDF-1 pathway. This
represents a novel molecular mechanism for PPARa’s antiangiogenic effects.

Keywords: neovascularization, endothelial progenitor cells, PPARa, oxygen-induced
retinopathy, retina

Neovascularization (NV) refers to new blood vessel
formation which includes two processes: angiogenesis

and vasculogenesis. Asahara et al.1 demonstrated that new
blood vessels can form in the adult not only by the sprouting of
fully differentiated endothelial cells (EC) (angiogenesis), but
also by the participation of endothelial progenitor cells (EPC),
independent of the pre-existing vasculature (vasculogenesis).1

Bone marrow–derived EPC can differentiate into EC, and thus
contribute to NV under multiple pathological conditions.2

Similar to many stem cells, EPC have not been conclusively
defined by specific cell surface markers.3 However, it has been
well established that EPC express both stem cell antigens
(CD117[c-kit] or CD34) and EC markers (Tie-2 or VEGFR2),
which are commonly used to identify EPC.4

The trafficking of circulating EPC to hypoxic areas is still
poorly understood. It has been suggested that vasculogenesis
includes three steps: EPC mobilization from the bone marrow
to the peripheral blood; homing/recruitment to the ischemic
tissues; and differentiation into mature EC.5 To date, a well-
accepted hypothesis is that the chemokine stromal cell-derived
factor-1 (SDF-1 or CXCL12) and its main receptor CXCR4

expressed on progenitor cells6,7 play a pivotal role in EPC
mobilization and homing.8 Stromal cell-derived factor 1 was
initially identified in bone marrow stromal cells and functions
to retain progenitor cells in the bone marrow under normal
conditions.9 Under ischemic conditions, however, the SDF-1
level is upregulated in the blood, which reverses the bone
marrow/blood SDF-1 gradient and thus increases the
mobilization of EPC from the bone marrow to the blood.
Similarly, SDF-1 expression is induced by hypoxia in ischemic/
target tissues and attracts EPC homing to the desired sites.8

Further, Ceradini et al.10 established that SDF-1 gene expression
is regulated by the transcription factor hypoxia-inducible factor-
1 (HIF-1), and HIF-1 upregulates expression of SDF-1 in
ischemic tissues in response to reduced oxygen tension.
These findings suggest that HIF-1–mediated SDF-1
overexpression in an ischemic tissue and in the blood
orchestrate EPC mobilization into the circulation and homing
into the target tissue.

Retinopathy of prematurity (ROP) is a blinding disease in
which retinal ischemia results in pathological retinal NV and
impairment of retinal structure and function.11 Oxygen-induced
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retinopathy (OIR) is a commonly used animal model to study
the pathogenesis of ischemia-induced retinal NV as found in
ROP.12 Previous studies have demonstrated that EPC
mobilization participates in retinal NV in the OIR model.13,14

However, the regulatory mechanism for EPC trafficking under
hypoxia remains unknown in OIR.

The peroxisome proliferator–activated receptor a (PPARa)
agonist fenofibrate and its bioactive metabolite fenofibric acid
(FA) have been widely used for the treatment of dyslipidemia.15

Recent studies found that PPARa also suppressed tumor
growth and pathological NV.16 Our previous study
demonstrated that intravitreal injection of fenofibrate
significantly reduced retinal NV in a rat OIR model.17

Recently, Benameur et al.18 found that PPARa is essential for
microparticle-induced differentiation of EPC18; however, the
direct regulatory role of PPARa in EPC trafficking in
vasculogenesis has not been documented.

We postulated that PPARa might play a vital role in
regulating the mobilization and homing of EPC to the retina
under ischemia stress. In the present study, we evaluated the
effects of PPARa activation and overexpression on ischemia-
induced EPC mobilization and homing using the OIR model.
We also investigated the interactions between PPARa and the
HIF-1a/SDF-1 axis and the role of these interactions in EPC
trafficking.

MATERIALS AND METHODS

Animals

We purchased C57BL/6J (wild-type [WT]) and PPARa�/� mice
from Jackson Laboratory (Bar Harbor, ME, USA). All mice were
maintained in a 12-hour light-dark cycle. All processes
including care, use, and treatment of the animals were in
strict agreement with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and Guidelines for
Animal Care and Use dictated by the University of Oklahoma
Health Sciences Center.

OIR Model and FA or Ad-PPARa Administration

The OIR model was induced in C57BL/6J mice and PPARa�/�

mice as described previously.12 Briefly, mice were exposed to
75% oxygen from postnatal day (P)7 to P12 and subsequently
returned to room air. Fenofibric acid (AKSci, Union City, CA,
USA) was dissolved in dimethyl sulfoxide (DMSO) and injected
intraperitoneally (10 mg/kg), once a day, from P12 to P17 (n ‡
6 for each group), with the same volume of DMSO as a vehicle
control.

Adenovirus expressing PPARa (Ad-PPARa) was generated
from the full-length human PPARa cDNA (accession number
NM_001001928; GeneCopeia, Rockville, MD, USA). Adenovi-
rus-expressing green fluorescent protein (GFP) was used as
control virus. The viruses were injected intraperitoneally (2.5
3 107/mouse) at P12. Mice were euthanized at P17 and the
whole blood, bone marrow, and retinas were collected for the
following experiments.

To avoid the possible influence of circadian regulation of
EPC trafficking and PPARa function, all the procedures
including intraperitoneal injection and animal euthanasia were
performed at 10 AM.

Retinal Angiography and Quantification of
Preretinal Vascular Cells

Mice at P17 were anesthetized and perfused with 50 mg/mL
high-molecular weight FITC-dextran (2 3 106; Sigma-Aldrich,

St. Louis, MO, USA) as described by Smith et al.19 The retinas
were dissected and flat-mounted, and the vasculature was then
examined with a fluorescence microscope (CKX41; Olympus,
Center Valley, PA, USA) by an operator masked to treatment
allocation. Paraffin-embedded eyes were stained with hema-
toxylin and eosin to quantify the preretinal vascular cells as
described previously.20

Fluorescence-Activated Cells Sorter Analysis
(FACS)

Circulating and retinal EPC were quantified by FACS. Fresh
whole blood was collected from the left ventricular; and the
retinas were dissected and digested with trypsin to generate
single cell suspension. Mononuclear cells isolated from the
whole blood (WB-MNC) or retina (retinal-MNC) were incubat-
ed with FITC-conjugated anti-mouse CD117 (c-kit); PE-conju-
gated anti-mouse CD202b (Tie-2); Brilliant Violet 421-
conjugated anti-mouse CD34, PerCP/Cy5.5-conjugated anti-
mouse CD309 (VEGFR2, Flk-1); and PE/Cy7-conjugated anti-
mouse CD184 (CXCR4) antibodies (Biolegend, San Diego, CA,
USA). After incubation, cells were fixed overnight in 1%
paraformaldehyde. Data were acquired using a flow cytometer
(S1000Ex; Stratedigm, San Jose, CA, USA) and analyzed using
commercial software (CellCapTure v2.0; Stratedigm). A total of
20,000 monocytes were analyzed per sample, and the number
of c-kitþ/Tie2þ or CD34þ/VEGFR2þ cells was counted and
quantified as EPC.

Retina Trypsin Digestion

Trypsin digestion protocol to expose the retinal vasculature was
performed as previously described.21 The retinas were dissected
and fixed in 4% paraformaldehyde, followed by an overnight
wash of distilled water. Then the retinas were incubated in a
solution of 3% trypsin (Difco 1:250) in 0.1 M Tris buffer (pH 7.8)
at 378C for 1 hour. Other retina tissue except vasculature was
carefully removed by gently patting and PBS washing. The
generated retinal vasculature was subjected to immunostaining
using the following primary antibodies: anti-CD31 (R&D,
Minneapolis, MN, USA), anti-HIF-1a and anti-SDF1 antibodies
(Novus Biologicals, Littleton, CO, USA). AlexaFluor 647-Affini-
Pure Donkey Anti-Rabbit IgG and Alexa Fluor 488-AffiniPure
Donkey Anti-goat IgG (Jackson ImmunoResearch Laboratory,
Inc., West Grove, PA, USA) were used as secondary antibodies.

Cell Culture

Primary human retinal capillary endothelial cells (HRCEC) were
purchased from Cell Systems (Kirkland, WA, USA), and cultured
in Endothelial Cell Growth Medium MV with endothelial cell
growth supplement (PromoCell, Heidelberg, Germany). Primary
mouse brain endothelial cells (MBEC) were isolated from 21-day-
old WT or PPARa�/� mice and cultured as described by Wu et
al.22 Cells of passages 2 to 6 were used for experiments. Cells
were serum-starved in basal medium plus 0.5% fetal bovine
serum (FBS) 8 hours before any treatment to synchronize.
Hypoxia was induced by exposure of the cells to cobalt chloride
(CoCl2, 0.1 mM). Adenovirus expressing a constitutively active
mutant of HIF-1a, Ad-CA5, was a gift from Gregg Semenza, PhD,
at Johns Hopkins University.23 Adenovirus-expressing PPARa
was used to overexpress PPARa, and Ad-GFP was used as
control virus. All viruses were used at an MOI of 50.

Western Blot Analysis

Western blot analysis was performed to measure protein levels
as described previously.24 Antibodies for HIF-1a and SDF-1
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(Novus Biologicals) were used at 1:1000 dilution. The antibody
for b-actin (Sigma-Aldrich) was used at 1:5000 dilution. The
antibody for fibrillarin (C13C3; Cell Signaling Technology,
Danvers, MA, USA) was used at 1:1000 dilution.

Quantitative Real-Time RT-PCR

Total RNA was extracted using an RNA extraction kit (RNAeasy;
Qiagen, Valencia, CA, USA). The following primers were used
for quantitative real-time RT-PCR: human SDF-1 (forward): 50-
GTGTCACTGGCGACACGTAG-3 0; (reverse): 5 0-TCCCATCCC
ACAGAGAGAAG-30, human b-actin (forward): 50-GCCGATCC
ACACGGAGTACT-30; (reverse): 50-CTGGCACCCAGCACAATG-
30. Polymerase chain reaction products were quantified as
described previously.10

Immunohistochemistry

Frozen retinal sections (10 lm) or cells were immunostained
with indicated antibodies, and the nuclei were counterstained
with DAPI (Vector Laboratories; Burlingame, CA, USA). The
sections or slides were then viewed under a fluorescence
microscope (Olympus). We used Anti-HIF-1a and anti-SDF-1
antibodies (Novus Biologicals) as primary antibodies. Alexa-
Fluor 647-AffiniPure Donkey Anti-Rabbit IgG (Jackson Immu-
noResearch Laboratory, Inc.) was used as the secondary
antibody.

Statistical Analysis

Quantitative data were expressed as mean 6 SEM. Data were
analyzed with an unpaired two-tailed Student’s t-test or
ANOVA. Values (P) less than 0.05 were considered to be
statistically significant.

RESULTS

FA Alleviates Retinal NV in OIR Mice

To determine if the PPARa agonist FA suppressed ischemia-
induced retinal NV, OIR mice were treated with FA from P12 to
P17. Fluorescein angiography at P17 demonstrated severe NV
in the flat-mounted retinas in the vehicle-treated OIR group
compared with normoxia mice, and the FA-treated OIR group
displayed alleviated retinal NV (Figs. 1A–F). The FA-treated OIR
group developed significantly fewer preretinal vascular cells, in
comparison with vehicle-treated OIR mice (Figs. 1G–I),
supporting an inhibitory effect of FA on ischemia-induced
retinal NV.

FA Attenuates Aberrant Increases of Circulating
EPC in OIR Mice

Two pairs of well-accepted cell surface markers CD34/VEGFR2
and c-kit/Tie-2 were used to identify EPC population in the
blood.4 As shown in Figures 2A through 2D, numbers of
circulating EPC were considerably increased in the vehicle-
treated OIR group, compared with normoxic mice, while FA
treatment diminished the EPC increase. However, no signifi-
cant change was found in the number of bone marrow EPC in
normoxia, OIR, and FA-treated OIR groups (Supplementary
Figs. S1A, S1B), suggesting that neither the OIR procedure nor
the FA administration influences bone marrow EPC levels.
Additionally, the same treatment of FA did not change
circulating EPC numbers in normal mice at P17 (Supplemen-
tary Figs. S1C, S1D), indicating that FA has no effects on EPC
mobilization under normal conditions.

Inhibitory Effect of FA on EPC Mobilization in the
OIR Model is PPARa-Dependent

To investigate whether the inhibitory effect of FA on EPC
mobilization was through a PPARa-dependent mechanism, we
employed PPARa�/� mice. Under normoxia, there was no
significant difference in circulating EPC numbers between WT
and PPARa�/� mice at P17 (Fig. 2E). However, PPARa�/� mice
with OIR showed significantly more EPC in the blood,
compared with WT mice with OIR at P17 (Fig. 2E).
Furthermore, the FA treatment failed to decrease circulating
EPC in PPARa�/� mice with OIR (Fig. 2F), suggesting that FA’s
inhibitory effect on EPC mobilization in OIR was PPARa-
dependent.

To further confirm the effect of PPARa on EPC, Ad-PPARa
(2.5 3 107/mouse) were injected intraperitoneally into both
OIR and normoxic mice at P12, with the same titer of Ad-GFP
as control. The trypsin-digested retinas showed GFP expression
in retinal vascular cells at P17, partly colocalized with the EC
marker CD31 (Supplementary Fig. S4), indicating systemic
administration of adenovirus-mediated gene expression in
retina EC. Mice with OIR injected with Ad-PPARa showed
significantly decreased circulating EPC in comparison with Ad-
GFP–injected OIR mice (Fig. 2G), demonstrating that PPARa
overexpression alone is sufficient to block OIR-induced EPC
mobilization.

FA Inhibits Hypoxia-Induced Retinal EPC Increase
in a PPARa-Dependent Manner

To measure the effect of FA on EPC homing to the retina, the
retinas were dissected and digested to generate single cell
suspension. The retinal cells were stained with anti-CD34 and
anti-VEGFR2 antibodies, and analyzed by FACS to determine
EPC numbers in the retina. Numbers of EPC were increased in
both of the retinas in WT and PPARa�/� mice with OIR
compared with the normoxia control (Fig. 2H). While there
was no significant difference in retinal EPC numbers between
PPARa�/� and WT mice under normoxia conditions, consistent
with circulating EPC numbers, PPARa�/� OIR mice showed
more prominent increases in retinal EPC, compared to WT OIR
mice (Fig. 2H). Fenofibric acid dramatically down-regulated
retinal EPC in WT OIR mice, but not in PPARa�/� OIR mice,
compared to OIR-vehicle treated groups; suggesting that
PPARa knockout abolished the effect of FA on EPC homing
(Fig. 2H).

Moreover, Ad-PPARa was employed to verify the effect of
PPARa on EPC homing. FACS results showed that Ad-PPARa
successfully inhibited the OIR-induced increase of CD34þ/
VEGFR2þ cells in the retina, confirming the essential role of
PPARa in regulating EPC homing to the retina under hypoxia
condition.

FA Decreases CXCR4-Positive EPC in the
Circulation and in the Retina

The SDF-1 receptor CXCR4 is widely expressed on stem cells
and progenitor cells, and allows SDF-1 to recruit bone marrow
cells to ischemic tissues.6 Our data showed that CXCR4þ cells
can be detected in WB-MNC (Fig. 3A) and constitute nearly
90% of circulating CD34þ/VEGFR2þ cells (Fig. 3B), indicating
that CXCR4 is highly expressed on EPC in the circulation of the
OIR model. As shown in Figure 3C and D, OIR mice developed
significantly more CD34þ/VEGFR2þ/CXCR4þ cells in the
circulation and in the retina, suggesting SDF-1/CXCR4 axis is
involved in hypoxia-induced EPC mobilization and homing.
Fenofibric acid decreased numbers of CD34þ/VEGFR2þ/
CXCR4þ cells in the circulation and retina of OIR mice,
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FIGURE 1. Effects of systemic administration of FA on retinal NV in OIR mice. Fenofibric acid was injected intraperitoneally into OIR mice (10 mg/
kg/d) and normal mice (N) from P12 to P17, with the same volume of vehicle into the control group. (A–F) Representative images of fluorescein
angiographs of retinal flat mounts at P17. Scale bars: 100 lm (A–C), 40 lm (D–F). (G–I) Representative retinal sections from mice at normoxia (G),
vehicle-treated OIR mice (H), and FA-treated OIR mice (I). Red arrows indicate preretinal vascular cells. GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer. Scale bar: 40 lm. (J) Quantification of preretinal vascular cells in eight noncontinuous sections per eye. **P < 0.01
versus control, n ¼ 6.
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FIGURE 2. Reduction of aberrant EPC mobilization and homing by PPARa in OIR mice. Fresh blood cells were collected from OIR and normal
control mice (N) at P17. Cell markers CD34/VEGFR2 and c-kit/Tie-2 were labeled and analyzed by FACS to identify the EPC population. (A)
Representative dot plots from FACS analysis. Double positive cells (CD34þ/VEGFR2þ) in the right-upper quadrant were considered to be EPC. The
numbers in the boxes show percentage of EPC in WB-MNC. (B) Percentages of circulating CD34þ/VEGFR2þ cells in WB-MNC from normal mice (N),
OIR mice injected with vehicle (OIR), and OIR injected with FA (OIRþ FA). (C) Representative dot plots from FACS analysis showing c-kitþ/Tie-2þ

cells in WB-MNCs. (D) Quantification of circulating c-kitþ/Tie-2þ cells in WB-MNC. (E) Cells CD34þ/VEGFR2þ in the blood compared between WT
and PPARa�/� (KO) mice under normoxia (N) and with OIR. (F) Mice (PPARa�/� [KO]) mice with OIR were treated with FA from P12 to P17. Cells
CD34þ/VEGFR2þwere quantified at P17 and expressed as percentage of WB-MNC. (G) Wild-type mice with OIR were injected with Ad-PPARa (2.53

107/mouse) at P12, with Ad-GFP (2.53107/mouse) as control. Circulating CD34þ/VEGFR2þ cells were quantified at P17. (H) Wild-type and KO mice
(normal and OIR) were treated with FA, and percentages of CD34þ/VEGFR2þ cells in the retina were determined by FACS (I) Wild-type mice with
OIR were injected with Ad-PPARa or Ad-GFP (2.5 3 107/mouse) at P12, and retinal CD34þ/VEGFR2þ cells were quantified at P17. Values represent
mean 6 SEM (n¼ 6). **P < 0.01 versus control. *P < 0.05 versus control. NS, not significant.
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FIGURE 3. Fenofibric acid downregulates HIF-1a and SDF-1 levels in OIR mice. (A, B) Histograms of CXCR4þ cells in WB-MNC (A) and in CD34þ/
VEGFR2þ cells (EPC) (B) in untreated OIR mice at P17, and numbers in the boxes denote percent cells. (C, D) Percentage of CXCR4þ EPC (CXCR4þ/
CD34þ/VEGFR2þ) in the circulation (C) and retina (D) in normal mice (N), OIR mice injected with vehicle (OIR), and OIR injected with FA (OIRþ
FA). (E) Serum SDF-1 levels in the same allocated groups measuring by ELISA. (F) Immunostaining (red) of HIF-1a and SDF-1 in the retinas from
normal mice (N), OIR mice treated with vehicle (OIR) and OIR mice treated with FA (OIRþ FA). The nuclei were counterstained with DAPI (blue).
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compared with OIR mice treated with the vehicle (Figs. 3C,
3D), indicating that FA may function through suppressing EPC
mobilization and homing by inhibiting the SDF-1/CXCR4 axis.

FA Downregulates the Serum SDF-1 Level and
Suppresses HIF-1a and SDF-1 Overexpression in
the Retina

The HIF-1a/SDF-1/CXCR4 axis has been shown to induce
mobilization of EPC,10 and our data showed changes in
circulating CXCR4þ EPC in the OIR model, suggesting a
potential role of the SDF-1 in the EPC mobilization in the OIR
model (Fig. 3C). Therefore, we measured the serum SDF-1
levels in OIR model. Our data showed that OIR induced serum
SDF-1 level elevation, and FA reduced serum SDF-1 levels in
OIR mice, compared with the vehicle control group (Fig. 3E),
demonstrating a regulatory role of FA in bone marrow/blood
SDF-1 gradient.

The HIF-1a/SDF-1/CXCR4 axis has also been shown to
participate in regulating EPC homing,8 and in consistent, our
data also demonstrated the increased retinal CXCR4þ EPC in
the OIR model (Fig. 3D). Furthermore, immunohistochemistry
staining showed that retinal HIF-1a and SDF-1 levels were
significantly elevated in OIR mice, compared with those in
normoxia control, while FA attenuated these increases in the
OIR retina (Fig. 3F). Further, HIF-1a and SDF-1 were
colocalized with CD31 in the retinal vasculature, suggesting
that HIF-1a/SDF-1 response in OIR occurred in retinal EC (Figs.
3G, 3H). Western blot analysis also confirmed that HIF-1a and
SDF-1 protein levels were significantly increased in OIR retinas,
which was reversed by FA treatment (Figs. 3I–K). Taken
together, HIF-1a and SDF-1 levels are increased in OIR retinas
and downregulated by the PPARa agonist FA.

PPARa Inhibits Hypoxia-Induced SDF-1 Expression
In Vitro

To study the mechanism by which FA regulates SDF-1
expression, HRCEC were exposed to CoCl2, a known HIF-1a
activator, to simulate the hypoxic stress. As shown in Figures
4A through 4D, exposure of HRCEC to 0.1 mM CoCl2 induced
significant SDF-1 upregulation, compared with the sodium
chloride (NaCl)–treated group (control group). Fenofibric acid
prevented hypoxia-induced SDF-1 overexpression in a concen-
tration-dependent manner (Figs. 4A, 4B). Likewise, PPARa
overexpression by Ad-PPARa infection resulted in significant
suppression of hypoxia-induced SDF-1 expression (Figs. 4C,
4D). As shown by real-time RT-PCR, the SDF-1 mRNA increased
by 4- to 5-fold after exposure to CoCl2, while FA and Ad-PPARa
both blocked the hypoxic induction of SDF-1, suggesting that
PPARa regulates SDF-1 expression at the transcriptional level
(Figs. 4E, 4F).

PPARa Blocks Hypoxia-Induced HIF-1a Nuclear
Translocation

Western blot analysis showed that FA and Ad-PPARa signifi-
cantly attenuated CoCl2-induced HIF-1a accumulation in whole
cell lysates and nuclear extracts (Figs. 5A–D). To further verify
the blockade of HIF-1a nuclear translocation by PPARa, we

stained HRCEC with an anti–HIF-1a antibody. The results
showed that 25 lM FA and Ad-PPARa both successfully
attenuated CoCl2-induced HIF-1a nuclear translocation (Figs.
5E, 5F).

PPARa is an Endogenous Inhibitor of HIF-1a
Activation and SDF-1 Expression

To determine the impacts of PPARa deficiency on SDF-1
expression and HIF-1a activation, MBEC were isolated and
cultured from WT and PPARa�/�mice following a documented
protocol.22 Western blot analysis showed that CoCl2 induced
more prominent elevation of HIF-1a and SDF-1 levels in
PPARa�/� MBEC than in WT MBEC, while there was no
significant difference in the levels of HIF-1a and SDF-1 between
WT and PPARa�/� MBEC in normal conditions (Figs. 6A–C).
Consistent with the results in HRCEC, FA decreased HIF-1a and
SDF-1 in WT MBEC but not in PPARa�/� MBEC under hypoxic
conditions, suggesting that PPARa knockout abolished the
regulatory effect of FA on SDF-1 and HIF-1a (Figs. 6A–C).

PPARa Inhibits Hypoxia-Induced SDF-1 Expression
by Suppressing HIF-1a

To determine whether the negative regulation of PPARa on
hypoxia-induced SDF-1 expression is through suppression of
HIF-1 activity, we employed Ad-CA5, which expresses a
constitutively active mutant of HIF-1a independent of hypox-
ia.23 As shown in Figures 6D through 6G, Ad-CA5–induced SDF-
1 upregulation was not affected by either FA or Ad-PPARa.
Together, these data suggested that downregulation of SDF-1
expression induced by PPARa is through blockade of HIF-1a
activation by hypoxia.

DISCUSSION

Endothelial progenitor cell mobilization and homing are both
important processes in vasculogenesis and are implicated in
pathological NV conditions, but their regulations are not
completely understood.4 The present study demonstrates for
the first time that PPARa plays an important role in the
regulation of EPC trafficking including mobilization and
homing. Our results show that activation and overexpression
of PPARa both suppress the aberrant EPC mobilization and
homing induced by hypoxia. Further, PPARa deficiency
resulted in more prominent increases of circulating EPC and
retinal EPC under hypoxia condition. Our studies also identify
that PPARa suppresses hypoxia-induced EPC trafficking (i.e.,
inhibiting the HIF-1a/SDF-1/CXCR4 axis), which has been
shown to play a key role in EPC mobilization and homing.8,10,25

Our findings reveal a novel function of PPARa in modulating
EPC in vasculogenesis and suggest that PPARa might be a
potential therapeutic target for hypoxia-induced NV.

Until recently, the pathological generation of new blood
vessels in the adult was thought to occur exclusively through
angiogenesis, defined as the sprouting of vessels from existing
capillaries.26 However, Asahara et al.1 discovered the existence
of EPC, which permanently expanded our knowledge
regarding pathological NV. The EPC participate in
vasculogenesis in three steps: EPC mobilization from the

Scale bar: 20 lm. (G, H) Immunohistochemistry of trypsin-digested retinas showing double staining of HIF-1a (red) with CD31 (green [G]); and
SDF-1 (red) with CD31 (green [H]) in untreated OIR mice. The nuclei were counterstained with DAPI (blue). Scale bar: 10 lm. (I) Western blot
analysis of nuclear HIF-1a and total SDF-1 levels in the retina. (J, K) Semiquantification of nuclear HIF-1a (J) and total SDF-1 (K) levels by
densitometry. HIF-1a was normalized by fibrillarin, and SDF-1 was normalized by b-actin levels. Values represent mean 6 SEM (n¼ 6). **P < 0.01
versus control. *P < 0.05 versus control.
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bone marrow to the peripheral blood; homing/recruitment to
the ischemic tissues; and EPC differentiation into mature EC,
contributing the formation of new vessels in ischemic tissues.5

Endothelial progenitor cell–mediated revascularization could
be beneficial for tissue repair under some conditions such as
myocardial infarction.27 However, under some pathological
conditions in which blood vessel formation is detrimental—
such as ROP, proliferative diabetic retinopathy and
cancer13,28—it is necessary to reduce or block abnormal EPC
trafficking. Retinopathy of prematurity is caused by hypoxia-
induced retinal NV and often leads to irreversible visual acuity
loss. Previous studies have demonstrated that aberrant EPC
mobilization plays a prominent role in ROP pathophysiology.29

Recent studies reported that increased EPC mobilization
contributes to retinal NV in the OIR model, a commonly
used model for ROP.13,14 Our work also confirmed explicit
increases of circulating EPC at P17 in OIR mice (Figs. 2A–G).
Moreover, the present study demonstrated significant increases
of retinal EPC at P17 in OIR mice as well (Figs. 2H–I).
Therefore, OIR was used as a NV model to investigate the role
of PPARa in the regulation of EPC trafficking under hypoxia.

Nuclear receptor PPARa is broadly expressed in various
tissues, and exerts a wide spectrum of effects.30 Peroxisome
proliferator–activated receptor alpha was first recognized for
its hypolipidemic effects, and PPARa agonists are clinically
used to treat hyperlipidemia/dyslipidemia.15 However, two

FIGURE 4. Receptor PPARa inhibits hypoxia-induced SDF-1 expression in vitro. (A, B) Human retinal capillary endothelial cells were treated with
various concentrations of FA as indicated for 24 hours and exposed to 0.1 mM CoCl2 for 6 hours. The same amount of proteins from cell lysates was
used for Western blot analysis. Levels of SDF-1 were semiquantified by densitometry, normalized by b-actin levels and expressed as relative to
control. (C, D) Human retinal capillary endothelial cells were infected with Ad-PPARa at MOI of 50 for 48 hours and exposed to CoCl2 for another 6
hours. Levels of SDF-1 were measured by Western blot analysis, semiquantified by densitometry, normalized by b-actin levels and expressed as
relative to control. (E, F) Human retinal capillary endothelial cells were treated with FA (24 hours) and Ad-PPARa (48 hours) and exposed to 0.1 mM
CoCl2 for 6 hours. Expression levels of SDF-1 mRNA in cells treated with FA (E) and Ad-PPARa (F) under hypoxia were quantified by real-time PCR
and normalized by b-actin. Values represent mean 6 SEM (n¼ 3). **P < 0.01 versus control. *P < 0.05 versus control.
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FIGURE 5. Receptor PPARa blocks hypoxia-induced HIF-1a activation. (A, C) Effect of FA on total and nuclear HIF-1a levels in HRCEC under
hypoxia. Human retinal capillary endothelial cells were treated with CoCl2 and various concentrations of FA as indicated. Total (T) and nuclear (N)
HIF-1a levels were measured by Western blot analysis, semiquantified by densitometry and normalized by b-actin and fibrillarin levels, respectively.
The total and nuclear HIF-1a levels were expressed as relative to control. (B, D) Effect of Ad-PPARa on total and nuclear HIF-1a levels. Human retinal
capillary endothelial cells were infected with Ad-PPARa (MOI¼ 50) for 48 hours and then exposed to CoCl2 for 6 hours, with Ad-GFP as control.
Levels of HIF-1a levels were measured in total cell lysates and in nuclear extracts, semiquantified by densitometry, normalized by b-actin and
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independent, perspective clinical studies demonstrated that
fenofibrate, a PPARa agonist, has a potent therapeutic effect on
diabetic retinopathy and other microvascular complications in
type 2 diabetic patients.31,32 Our previous study demonstrated
that fenofibrate ameliorates ischemia-induced retinal NV in a
rat OIR model, but did not address its roles in EPC regulation.17

In this study, we utilized both PPARa agonist and
overexpression of PPARa to investigate its role in regulating
EPC in the OIR model. We demonstrated that systemic
administration of FA reduced circulating and retinal EPC in
the OIR model, correlating with attenuated retinal NV in OIR
mice (Figs. 1, 2). However, EPC numbers in the bone marrow
were unchanged in OIR or OIR mice treated with FA
(Supplementary Figs. S1A, S1B), suggesting that acute
hypoxia and PPARa activation affect EPC mobilization and
homing but not bone marrow EPC generation. These findings
suggest that the anti-NV effect of PPARa is likely through
blocking EPC trafficking from the bone marrow to ischemic
tissue.

As shown by previous studies, PPARa is directly involved in
the control of clock genes expression, and the peak of PPARa is
at zeitgeber time 4 (ZT4).33 Additionally, EPC release is
circadian-regulated, and the peak is at ZT3-4.34 Under some
pathological circumstances, such as diabetes, the circadian
regulation is lost.34 However, there are no documented studies
regarding circadian regulation of the EPC release in the OIR
animals. We considered the impacts of the circadian cycle
when we designed the experiments, and we performed
intraperitoneal injections and euthanized animals at 10 AM
(ZT4) for all of the experiments, to avoid the possible
interference by the circadian cycle.

To determine if the effect of FA on EPC trafficking is
through a PPARa-dependent mechanism, we employed
PPARa�/� mice. Interestingly, our results showed that OIR
induced significantly higher increases of circulating and retinal
EPC in PPARa�/� mice than in WT mice (Figs. 2E, 2H). In the
absence of PPARa, FA lost its inhibitory effect on the EPC
increases in the circulation and in the retina (Figs. 2F, 2H),
suggesting that the effect of FA on EPC mobilization and
homing is PPARa-dependent. Furthermore, systemic injection
of Ad-PPARa alone also suppressed aberrant circulating and
retinal EPC in OIR, providing further evidence that PPARa is
responsible for the EPC regulation (Fig. 3C). On the other
hand, activation of PPARa by FA did not change the number of
circulating EPC under normal conditions (Supplementary Figs.
S1C, S1D), and there is no difference in the numbers of
circulating and retinal EPC between WT and PPARa�/� mice
under normal conditions (Figs. 2E, 2H). We also observed that
PPARa�/� mice under constant normoxia displayed normal
development of retinal vasculature at P17 compared with WT
mice (Supplementary Fig. S3). These observations suggested
that PPARa exerts its protective functions only under stress
conditions. Taken together, our data revealed a novel function
of PPARa in the modulation of EPC trafficking in ischemia.

Trafficking of EPCs is a highly regulated process, and SDF-1
has been shown to play an important role in EPC mobilization
and homing to ischemic tissues.35,36 Stromal cell-derived factor
1 is widely expressed in multiple retinal cell types, including
EC and retinal cells, and is overproduced under ischemia.

Under hypoxic conditions, SDF-1 is released from ischemic
tissues into the circulation, leading to increased EPC
mobilization and homing to generate new blood vessels.35,36

A previous report10 and our FACS data (Fig. 3B) both showed
that almost 90% of circulating EPC expresses CXCR4, the main
SDF-1 receptor, and CXCR4þ EPC are increased in the
circulation and retina in OIR mice, and downregulated by FA
treatment, indicating that the SDF-1/CXCR4 axis plays a crucial
role in regulating EPC in the OIR model. To elucidate the
mechanism by which PPARa suppresses EPC mobilization and
homing under hypoxia, the present study investigated the
regulation of SDF-1. Results showed that SDF-1 was
substantially increased in the OIR serum and retinas, while
FA successfully inhibits the increases of serum and retinal SDF-
1 levels (Figs. 3E, 3F, 3I). Since the SDF-1 response to hypoxia is
likely EC specific (Fig. 3H), we studied the regulation of PPARa
on SDF-1 in retinal EC. In primary HRCEC, activation of PPARa
by FA and overexpression of PPARa successfully suppressed
CoCl2-induced SDF-1 overexpression at the protein and mRNA
levels (Fig. 4). Further, our studies using primary EC from
PPARa�/� mice showed that PPARa knockout enhanced
hypoxia-induced SDF-1 overexpression, compared with EC
from WT mice, and FA lost its inhibitory effect on SDF-1
expression in PPARa�/� EC, suggesting that PPARa functions as
an endogenous negative regulator of SDF-1 (Figs. 6A, 6C).
These results provide the first evidence suggesting that
PPARa’s regulation of EPC is likely via downregulation of
SDF-1 level.

There is no documented evidence suggesting that SDF-1 is a
direct target gene of PPARa, and the interactions between SDF-
1 and PPARa have not been established. To define the signaling
pathway mediating the downregulation of SDF-1 expression by
PPARa, we measured the hypoxia indicator, HIF-1a, which has
been shown to regulate the transcription of SDF-1, and thus, to
stimulate the trafficking of EPC under hypoxia.10 Zhou et al.24

demonstrated that PPARa suppresses HIF-1a signaling by
promoting HIF-1a degradation in cancer cells. Consistently,
our study found that in HRCEC, FA and Ad-PPARa both
inhibited hypoxia-induced HIF-1a accumulation and prevented
HIF-1a nuclear translocation (Fig. 5). Moreover, primary MBEC
from PPARa�/� mice showed an enhanced HIF-1a
accumulation under hypoxia, compared with MBEC from WT
mice (Figs. 6A, 6B). Similar to the observation in SDF-1, PPARa
knockout abolished the inhibitory effect of FA on HIF-1a
accumulation (Figs. 6A, 6B), further suggesting the FA’s effect
on HIF-1a is through PPARa. These observations confirmed the
regulatory role of PPARa in HIF-1a accumulation, consistent
with previous studies.24

To determine whether PPARa suppresses SDF-1 through
HIF-1a, we employed Ad-CA5, which expresses a constitutively
active mutant of HIF-1a, and lacks the oxygen-dependent
degradation domain and is thus stabilized in normoxic
conditions.23 Our results showed that Ad-CA5 significantly
induced SDF-1 expression under normoxia, and that neither FA
nor Ad-PPARa had any significant effect on SDF-1
overexpression induced by this constitutively active mutant
of HIF-1a (Figs. 6D–G), indicating that PPARa-induced
downregulation of SDF-1 expression is through attenuating
HIF-1a activation under hypoxia.

fibrillarin levels, respectively, and expressed as relative to control. **P < 0.01. *P < 0.05 versus CoCl2þ vehicle (C) or CoCl2þ Ad-GFP (D) in total
protein. ##P < 0.01. #P < 0.05 versus CoCl2þ vehicle (C) or CoCl2þ Ad-GFP (D) in nuclear protein. (E) Immunohistochemistry showing nuclear
translocation of HIF-1a. Human retinal capillary endothelial cells were treated with 0.1 mM CoCl2 for 6 hours, in the presence of pretreated 25 lM
FA, or infected with Ad-PPARa for 48 hours. The cells were immunostained with an antibody for HIF-1a (red), with the nucleus counterstained with
DAPI (blue). Scale bar: 40 lm. (F) Cells with HIF-1a signal in the nuclei were quantified in five random fields per dish, averaged and expressed as
percentage of total cells in the field. **P < 0.01 versus control. &&P < 0.01 versus CoCl2 þ vehicle. ##P < 0.01 versus CoCl2 þ Ad-GFP. Values
represent mean 6 SEM (n¼ 3).
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FIGURE 6. Mechanism for the effects of PPARa on hypoxia-induced SDF-1 expression. (A) Mouse brain endothelial cells were isolated and cultured
from WT and PPARa�/� (KO) mice. The cells were treated with CoCl2 for 6 hours following pretreatment with 25 lM FA for 18 hours. Levels of HIF-
1a and SDF-1 were measured with Western blot analysis. (B, C) Semi-quantification of HIF-1a (B) and SDF-1 (C) levels by densitometry and
normalized by b-actin levels. **P < 0.01. *P < 0.05 versus WT control. ##P < 0.01. #P < 0.05 versus WT CoCl2þ vehicle. &&P < 0.01. &P < 0.05
versus KO control. (D) The effect of FA on SDF-1 expression induced by Ad-CA5. Human retinal capillary endothelial cells were infected with Ad-
CA5 at MOI of 50 and treated with 25 lM FA for 24 hours. Levels of HIF-1a and SDF-1 were measured by Western blot analysis. (E) The effect of Ad-
PPARa on SDF-1 expression induced by Ad-CA5. Human retinal capillary endothelial cells were infected with Ad-PPARa and Ad-CA5 at MOI of 50 for
48 hours. Adenovirus-expressing GFP was used as control. Levels of HIF-1a and SDF-1 were measured by Western blot analysis. (F, G)
Semiquantification of SDF-1 by densitometry and normalized by b-actin levels. Values represent mean 6 SEM (n¼ 3). **P < 0.01. *P < 0.05 versus
control (F) or Ad-GFP (G) group.
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In summary, our work has identified PPARa as a novel
regulator of EPC mobilization and homing, and established the
underlying molecular mechanism of the PPARa action.
However, some questions remain to be addressed. It is
unclear why PPARa knockout does not alter circulating and
retinal EPC numbers under normal conditions, and if other
signaling pathways could be involved in the regulation, since
EPC trafficking is a multisignaling mediated, complicated
process. For example, a previous study found that PPARa
upregulates Sphk1 and S1P in response to free fatty acids,37

and S1P stimulates the functional capacity of progenitor cells
by activating the CXCR4-dependent signaling pathway.38 It
remains to be studied how PPARa interact with S1P in EPC
regulation. Besides, HIF-1 induces numerous growth factors in
addition to SDF-1, such as erythropoietin (EPO), and EPO is
known to promote EPC mobilization from the bone
marrow.39,40 Our data also showed that serum EPO is
upregulated in OIR mice and inhibited by FA treatment
(Supplementary Fig. S5), indicating that there are more than
one mechanism involved in PPARa regulating EPC trafficking.
Future work will focus on the clinical studies of FA or other
PPARa agonists in ROP patients and mechanistic studies to
delineate other signaling pathways mediating PPARa’s effect on
EPC mobilization and homing.

CONCLUSIONS

The present study demonstrates that PPARa inhibits hypoxia-
induced retinal NV at least in part through blocking the
aberrant EPC mobilization and homing. This action is through
inhibition of the HIF-1a/SDF-1 pathway. These observations
revealed a novel function of PPARa in EPC regulation and novel
interactions between PPARa and SDF-1. These results suggest
that PPARa is a putative drug target for the modulation of EPC
trafficking and pathological NV.
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