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PURPOSE. Vascular endothelial growth factor (VEGF)-induced retinal vascular permeability
contributes to diabetic macular edema (DME), a serious vision-threatening condition.
Peroxisome proliferator-activated receptor b/d (PPARb/d) antagonist/reverse agonist,
GSK0660, inhibits VEGF-induced human retinal microvascular endothelial cell (HRMEC)
proliferation, tubulogenesis, and oxygen-induced retinal vasculopathy in newborn rats. These
VEGF-induced HRMEC behaviors and VEGF-induced disruption of endothelial cell junctional
complexes may well share molecular signaling events. Thus, we sought to examine the role of
PPARb/d in VEGF-induced retinal hyperpermeability.
METHODS. Transendothelial electrical resistance (TEER) measurements were performed on
HRMEC monolayers to assess permeability. Claudin-1/Claudin-5 localization in HRMEC
monolayers was determined by immunocytochemistry. Extracellular signal-regulated protein
kinases 1 and 2 (Erk 1/2) phosphorylation, VEGF receptor 1 (VEGFR1) and R2 were assayed
by Western blot analysis. Expression of VEGFR1 and R2 was measured by quantitative RT-PCR.
Last, retinal vascular permeability was assayed in vivo by Evans blue extravasation.
RESULTS. Human retinal microvascular endothelial cell monolayers treated with VEGF for 24 hours
showed decreased TEER values that were completely reversed by the highest concentration of
GSK0660 (10 lM) and PPARb/d-directed siRNA (20 lM). In HRMEC treated with VEGF, GSK0660
stabilized tight-junctions as evidenced by Claudin-1 staining, reduced phosphorylation of Erk1/2,
and reduced VEGFR1/2 expression. Peroxisome proliferator-activated receptor b/d siRNA had a
similar effect on VEGFR expression and Claudin-1, supporting the specificity of GSK0660 in our
experiments. Last, GSK0660 significantly inhibited VEGF-induced retinal vascular permeability
and reduced retinal VEGFR1and R2 levels in C57BL/6 mice.
CONCLUSIONS. These data suggest a protective effect for PPARb/d antagonism against VEGFinduced vascular permeability, possibly through reduced VEGFR expression. Therefore,
antagonism/reverse agonism of PPARb/d siRNA may represent a novel therapeutic
methodology against retinal hyperpermeability and is worthy of future investigation.
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D

iabetic retinopathy (DR) is a progressive, neurovascular
inflammatory disease, leading to extensive retinal damage
that often results in blindness.1,2 Diabetic macular edema
(DME) is the leading cause of vision loss in DR,3–5 and it results
from compromise of the blood retinal barrier (BRB) and/or
impaired fluid removal from the retina. Vascular endothelial
growth factor (VEGF) is a potent endothelial cell mitogen that
induces endothelial cell (EC) migration and tube formation.6 A
vast number of studies indicate that it also induces compromise
of the BRB, resulting in retinal hyperpermeability, and
ultimately DME.7,8,9–13 Anti-VEGF therapies have been tested
for efficacy against DME in humans.14–17 Of these, Ranibizumab
(lucentis), a humanized monoclonal antibody against VEGF, was
approved by the Food and Drug Administration for treatment of
DME, and has shown modest vision improvements in some
patients.18 However, multiple repeated intravitreal injections
are required to achieve these outcomes, carrying the risk of
iatrogenic endophthalmitis and other putative risks.19,20

Additionally, experimental evidence has emerged suggesting
that VEGF blockade may lead to exacerbation of vasoproliferative disease after cessation of initial anti-VEGF therapy.21
Hence, the need for development of other therapies against
DME persists.
The inner BRB, consisting of the endothelium lining the
lumina of the retinal vasculature, has selective barrier
properties that depend on the formation of tight and adherens
junctions between adjacent EC.22 Studies have shown that
Claudins-1 and -2 are essential structural components of EC
tight-junctions.23–29 The pathogenesis of DME correlates with
tight-junction disorganization and/or internalization, and changes in Claudin expression have been observed in several
pathologies associated with increased vascular permeability.30,31
Peroxisome proliferator-activated receptors (PPARs) are
transcription factors and members of the steroid nuclear
hormone receptor family.32,33 Three PPAR isoforms have been
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characterized: PPARa (NR1C1), PPARb/d (NR1C2), and PPARc
(NR1C3).33–35 All PPAR subtypes are constitutively expressed
in the whole retina.36,37 Peroxisome proliferator-activated
receptor b/d is ubiquitously expressed and was first recognized
for its role in lipid metabolism and glucose homeostasis.38
However, an increasing number of studies suggest additional
biologic activities in cell proliferation, differentiation, and
inflammation.39,40 Very little is known about any putative
biologic function of PPARb/d in DR.
In a previous study we observed that the PPARb/d antagonist/
reverse agonist, GSK0660, inhibited VEGF-induced human
retinal microvascular endothelial cell (HRMEC) proliferation,
tubulogenesis, and oxygen-induced retinal vasculopathy in
newborn rats.33,41,42 These results led us to hypothesize that
GSK0660 also may show efficacy against other VEGF-induced
HRMEC behaviors, such as hyperpermeability, because, akin to
VEGF-induced HRMEC proliferation, it is signaled by molecular
events downstream from VEGF receptor (VEGFR) activation.
Hence, the effects of the selective PPARb/d antagonist/inverse
agonist, GSK0660, were assessed on VEGF-induced HRMEC
paracellular permeability by performing TEER measurements
and by assessing retinal permeability in mice receiving intravitreal injections of VEGF. To investigate the mechanism of action of
PPARb/d on these cell behaviors, we also investigated the
following effects of PPARb/d inhibition in HRMECs treated with
VEGF: localization of Claudin-1, VEGF signal activation through
extracellular signal-regulated protein kinases 1 and 2 (Erk 1/2)
phosphorylation, and VEGF expression.

MATERIALS

AND

METHODS

Human Retinal Microvascular Endothelial Cell
Culture
Primary cultures of HRMECs (Cell Systems, Kirkland, WA, USA)
were seeded into tissue culture flasks coated with attachment
factor (Cell Signaling, Danvers, MA, USA). Human retinal
microvascular ECs were grown and cultured in phenol red-free
endothelial basal medium (EBM; Lonza, Walkersville, MD, USA)
supplemented with 10% fetal bovine serum (FBS), 13
antibiotic/antimycotic solution, and endothelial cell growth
supplements (EGM SingleQuots; Lonza), hereafter referred to
as growth medium. When experimental conditions required
serum-free medium, EBM with no FBS or growth supplements
was used. All cultures were incubated at 378C, 5% CO2, and
95% relative humidity (20.9% oxygen). Passages 6 to 8 were
used for these experiments.

Human Retinal Microvascular Endothelial Cell
Transfection
For transfection, HRMECs were cultured in six-well dishes and 1
mL fresh media was added to each well 30 minutes before
treatment. For each well, 4 lL 20 lM small interfering RNA
(siRNA) oligos (Qiagen, Limburg, The Netherlands; Supplementary Material), 9 lL Targefect Solution A (Targeting Systems, El
Cajon, CA, USA), and 18 lL Virofect (Targeting Systems) were
added to 250 lL Optimem (Life Technologies, Carlsbad, CA, USA)
in a separate tube, and inverted between the addition of each
reagent. Mixed reagents were incubated at 378C for 25 minutes
before being added to each well. Cells were incubated with
transfection reagents for 12 hours, before being washed and
treated with fresh media. Experimental treatments began 24
hours after transfection. Knockdown efficiency and other quality
control aspects of our siRNA experiments are shown in
Supplementary Figure S1.
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Transendothelial Cell Electric Resistance
All resistance measurements were performed with an epithelial
volt ohm meter (World Precision Instruments, Sarasota, FL,
USA) using STX2 chopstick electrodes (World Precision
Instruments). We coated 0.4-lM polycarbonate membrane 12mm transwell inserts for 12-well tissue culture plates (Costar,
Corning, NY, USA) with a solution of human fibronectin
(Sigma-Aldrich Corp., St. Louis, MO, USA) dissolved in PBS at a
concentration of 50 lg/mL for 6 hours at 258C. The fibronectin
solution was aspirated and allowed to dry. Human retinal
microvascular endothelial cells were suspended in MCDB-131
complete medium (VEC Technologies, Rensselaer, NY, USA)
and plated in the multiwall inserts. The cells were cultured for
an additional 5 to 7 days until the TEER was greater than or
equal to 20 ohm 3 cm2. The cells were pretreated with 10 lM
GSK0660 (Tocris Biosciences, Minneapolis, MN, USA) or
vehicle (0.1% dimethyl sulfoxide [DMSO]) in MCDB-131
complete medium for 24 hours. The cells were treated with
2% serum MCDB-131 þ 10 lM GSK0660 or 0.1% DMSO for 1
hour and then treated with increasing doses of human
recombinant VEGF (Invitrogen, Grand Island, NY, USA; 25,
50, or 75 ng/mL) for 24 hours. In other experiments, using the
same culture conditions to establish TEER greater than or equal
to 20 ohm 3 cm, HRMECs were transfected with control siRNA
or sequence-specific siRNA directed against PPARb/d in 10%
FBS for 24 hours. The medium was changed to 2% FBS for 1
hour, followed by treatment with vehicle (PBS) or 75 ng/mL
VEGF for 24 hours. Resistance measurements were performed
at 0, 4, 8, 12, and 24 hours after VEGF treatment.

Immunocytochemistry
Human retinal microvascular endothelial cells were seeded at a
density of 2 3 104 cells/cm2 on four-chamber slides (Lab Tek,
Scotts Valley, CA, USA) coated with attachment factor in
Dulbecco’s modified Eagle’s medium low glucose (13) media
(Invitrogen). After the cells formed confluent monolayers, they
were pretreated with GSK0660 for 24 hours, serum starved for 2
hours, and treated with VEGF (75 ng/mL) for 24 hours. In other
experiments, HRMECs were transfected with control siRNA or
sequence-specific siRNA directed against PPARb/d for 24 hours,
serum starved for 2 hours, then treated with 75 ng/mL VEGF.
Following each treatment period, cells were fixed in methanol at
208C for 15 minutes and antigens were detected by immunofluorescence staining. After the fixation period, cells were
blocked with 10% donkey serum/PBS (Millipore, Billerica, MA,
USA) for 30 minutes at room temperature. Slides were then
incubated overnight with primary antibody, rabbit anti-Claudin-1
(Invitrogen), and rabbit anti-Claudin-5 (Santa Cruz, Dallas, TX,
USA) diluted in 1% donkey serum in PBS with Tween 20 (PBST).
After washing with PBS, secondary antibody, Alexa Fluor goat
anti-rabbit IgG HþL (Invitrogen) was added for 1 hour at room
temperature. Cells were then washed in PBST and 4 0 ,6-diamidino2-phenylindole stain was applied (Sigma-Aldrich Corp.). Last,
chamber slides were washed and cells were embedded using
Fluorogel with Tris buffer (Electron Microscopy Science, Hatfield, PA, USA) and examined by fluorescence microscopy
(Olympus AX70; Tokyo, Japan).

Western Blot Analysis
Protein lysates were collected from HRMECs using the
Qproteome Mammalian Protein Prep Kit (Qiagen). Protein
concentrations of the supernatants were determined with the
BCA kit (Thermo Scientific, Rockford, IL, USA). Twenty
microliters (25 lg) were mixed with 5 lL NuPAGE LDS
SampleBuffer (43) (Invitrogen) and heated at 958C for 10
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minutes. The samples were resolved by SDS-PAGE and were
transferred to 0.45 lm nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA). Nitrocellulose membranes were blocked
with TBST-1% bovine serum albumin (Sigma-Aldrich Corp.) and
were probed with primary antibodies, phospho-p44/42 MAPK (pErk1/2) and p44/42 MAPK (Erk1/2) (Cell Signaling). Goat antirabbit IgG-horseradish peroxidase (HRP; Millipore) secondary
antibody was applied to the membranes and developed using
enhanced chemiluminescence (ECL; Amersham, Piscataway, NJ,
USA). Each Western blot was repeated at least three times. For
VEGFR1/2 Western blots, retinas were dissected and placed in
200lL radio-immunoprecipitation assay buffer (Sigma-Aldrich,
Corp.). Samples were sonicated, homogenized, and prepared for
Western blot analysis (see conditions mentioned previously).
Blots were probed with anti-VEGFR1 (Abcam, Cambridge, UK)
and anti-VEGFR2 (Cell Signaling) primary antibodies. Goat antirabbit IgG-HRP (Millipore) secondary antibody was applied to
membranes and developed using enhanced chemiluminescence.

concentrations. The TEER was significantly decreased at 8 hours
at all VEGF concentrations, compared with control monolayers
(0.0001). The trend toward decreased resistance continued and
at 24 hours dose-responsively ranged from 19% to 48% (P <
0.0001) compared with controls (Fig. 1A). Resistance values of
confluent HRMECs treated with 75 ng/mL of VEGF and 10 lM
GSK0660 were not significantly different from those of control
cells, indicating a complete stabilization of the HRMEC
monolayers and inhibition of VEGF-induced permeability by
GSK0660 (10 lM); GSK0660 was not effective at the 1-lM dose
(Fig. 1B). To test for possible PPARb/d-independent effects of
GSK0660, we transfected HRMECs with sequence-specific
PPARb/d-directed siRNA and measured TEER over 24 hours of
VEGF treatment. Peroxisome proliferator-activated receptorb/d
knockdown corrected VEGF-induced decreases in TEER, achieving statistical significance at 8, 12, and 24 hours (Fig. 1C).
Statistical analysis showed that, like 10 lM GSK0660, PPARb/ddirected siRNA caused full recovery of control resistance levels.

Messenger RNA HRMEC Expression

GSK0660 Inhibits VEGF-Induced Claudin-1 Plasma
Membrane Delocalization

Human retinal microvascular endothelial cells were cultured and
treated as necessary. Total RNA was isolated from cells using an
RNeasy mini kit (Qiagen). cDNAs were reverse transcribed using
the High-Capacity cDNA Archive Kit according to the manufacturer’s instructions (Life Technologies). Quantitative real-time
PCR (qRT-PCR) was performed by co-amplification of PPARb/d,
PPARa, VEGFR1, or VEGFR2 versus b-actin, using gene-specific
TaqMan Gene Expression Assays according to the manufacturer’s
instructions (Thermo Scientific). Expression data was analyzed by
the comparative Ct method.

Evans Blue
All experiments were approved by the Vanderbilt University
Institutional Animal Care and Use Committee and were
performed in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research. Four- to 6week old male C57BL/6 mice were procured from Charles
River (Wilmington, MA, USA). Mice received an intravitreal
injection of PBS (2 lL), VEGF (2 lL at 50 ng/mL) plus vehicle
(0.1% DMSO in PBS) or VEGF plus GSK0660 (10 lM); 24 hours
later, mice were anesthetized and injected by tail vein with 1
mL/kg 3% Evans blue dissolved in 0.9% saline. Forty minutes
after tail vein injection, mice were anesthetized with ketamine
and xylazine and perfused using 0.9% saline. After perfusion,
retinas were dissected, weighed, and placed in 200 lL
formamide for 18 hours at 708C to extract Evans blue. The
following day, the retinas were centrifuged at 21,130g for 45
minutes and removed from the formamide. The A620 of the
samples and standard curve was measured using a plate reader.
Results are expressed as ng Evans blue/mg tissue.

Statistical Analysis
Data were analyzed with commercial software (GraphPad
Prism 6; GraphPad, La Jolla, CA, USA) using ANOVA with
Fisher’s least significant difference post hoc analysis. Values of
P less than 0.05 were considered statistically significant.

RESULTS

Human retinal microvascular endothelial cells were treated with
75 ng/mL VEGF and/or 10 lM GSK0660 for 24 hours. Claudin-1
plasma membrane localization was disrupted in VEGF-treated
cells when compared with control conditions. Treatment with
GSK0660 in combination with VEGF treatment mitigated VEGFinduced Claudin-1 plasma membrane disruption (Figs. 2A–C).
Peroxisome proliferator-activated receptorb/d-directed siRNA
also blocked VEGF-induced claudin-1 disorganization at the cell
borders. These data indicate that the observed GSK0660
stabilization of Claudin-1 is PPARb/d-specific. Notably, Claudin-5
localization was not affected by VEGF (Figs. 3A–C).

GSK0660 Inhibits VEGF-Induced Erk 1/2
Phosphorylation
Human retinal microvascular endothelial cells treated with
VEGF (75 ng/mL) for 30 minutes showed a 4-fold increase in
phosphorylation of Erk 1/2. Cells treated with 10 lM GSK0660
alone resulted in phosphorylated levels of Erk 1/2 similar to
vehicle (0.1% DMSO). GSK0660 at 10 lM inhibited VEGFinduced Erk 1/2 phosphorylation as shown in Figure 4A.
Peroxisome proliferator-activated receptorb/d-directed siRNA
knockdown in HRMECs also inhibited VEGF-induced Erk 1/2
phosphorylation, indicating that the similar finding observed in
GSK0660-treated HRMECs was indeed specific to PPARb/d (Fig.
4C). Quantification of three independent Western blots is
demonstrated in Figures 4B and 4D.

GSK0660 and PPARb/d-Directed siRNA Knockdown
Decreases VEGFR Expression in HRMECs
Vascular endothelial growth factor R1 and R2 mRNA levels
were assayed in HRMECs treated with 10 lM GSK0660 or
transfected with 20 lM PPARb/d-directed siRNA. In GSK0660treated cells, VEGFR1 and R2 expression were decreased
approximately 55% and 45%, respectively, at 6 hours (Fig. 5A).
Vascular endothelial growth factor R1 and R2 were decreased
by approximately 90% after treatment with PPARb/d-directed
siRNA (Fig. 5B).

GSK0660 Inhibits VEGF-Induced Permeability in
HRMEC Monolayers

GSK0660 Inhibits VEGF-Induced Retinal Vascular
Permeability in C57BL/6 Mice

Confluent HRMEC monolayers were treated with vehicle (sterile
water þ 0.1% BSA) or VEGF at 25, 50, and 75 ng/mL

Extravasation of retinal Evans blue (lg/mg of wet retinal tissue)
was significantly increased in C57BL/6 mice receiving intraoc-
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FIGURE 1. Both GSK0660 and PPARb/d-directed siRNA inhibit VEGF-induced permeability of HRMEC monolayers. (A) Human retinal microvascular
endothelial cells were treated with vehicle (0.1% BSA), 25, 50, or 75 ng/mL VEGF for 24 hours, resulting in dose-dependent decreases in electrical
resistance of HRMEC monolayers at 8, 12, and 24 hours; ‡P < 0.0001. (B) The GSK0660 completely blocked VEGF-induced decreases in electrical
resistance of HRMECs (vehicle versus VEGF [75 ng/mL]; ‡P < 0.0001). There was no significant difference between monolayers treated with VEGF
(75 ng/mL) þ 10 lM GSK0660 and control monolayers not treated with VEGF. (C) Peroxisome proliferator-activated receptor b/d–directed siRNA
blocked VEGF-induced decreases in the electrical resistance in HRMEC monolayers. Vascular endothelial growth factor decreased the electrical
resistance in HRMEC monolayers transfected (vehicle with negative control siRNA versus VEGF with negative control siRNA [75 ng/mL]; ‡P <
0.0001). There were no significant decreases in electrical resistance between monolayers transfected with PPARb/d-directed siRNA þVEGF (75 ng/
mL) and controls not treated with VEGF.

ular injections of 50 ng/mL VEGF when compared with mice
receiving vehicle (P < 0.001). Intraocular injection of 10 lM
GSK0660 in addition to VEGF reversed this VEGF-induced
retinal vascular hyperpermeability to control levels (P < 0.001)
(Fig. 6). Evans blue data are representative of three independent experiments, each using at least three mice per treatment
arm.

GSK0660 Reduces Retinal VEGFR1 and R2 Levels
The C57BL/6 mice received intraocular injections of vehicle,
50 ng/mL VEGF, 10 lM GSK0660, or the combination of both
VEGF and GSK0660. After 24 hours, retinas were dissected,
homogenized, lysed, and subjected to Western blot analysis.
Compared with the vehicle, decreasing and increasing trends
were observed with the GSK0660 and VEGF treatments,
respectively, but neither was statistically significant. Retinal
VEGFR1 was reduced by approximately 75% in the VEGF þ
GSK0660 group compared with VEGF group (P < 0.05). VEGF
had no effect on retinal VEGFR2; although GSK06660 caused a
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trend toward lower VEGFR1 levels, the difference was not
statistically significant when compared with the vehicle.
Retinal VEGFR2 was reduced by approximately 75% in the
VEGF þ GSK0660 group compared with VEGF group (P <
0.05) (Fig. 7).

DISCUSSION
We have previously reported that PPARb/d is expressed in
HRMEC and its target genes, adipose differentiation-related
factor and angiopoietin-like protein 4, are responsive to the
selective antagonist/inverse agonist GSK0660.33 The human
GSK0660 IC50 value for PPARb/d is 0.155 lM, and greater than
10 lM for PPARs a and c.43 Therefore, at the concentrations
tested in this study, selective pharmacologic manipulation of
PPARb/d was observed.
In the current study, we treated HRMEC monolayers with
VEGF and observed a significant decrease in TEER at 4 hours,
continuing out to 24 hours, that was completely blocked by
pretreating the HRMEC monolayers with GSK0660. Further-
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FIGURE 2. Plasma membrane localization of Claudin-1 is lost after VEGF treatment (24 hours), and GSK0660 (24 hours) restores this localization.
Human retinal microvascular endothelial cells were cultured in (A) 10% FBS medium, (B) 75 ng/mL VEGF, or (C) 75 ng/mL VEGF plus 10 lM
GSK0660.

more, PPARb/d-directed siRNA stabilized VEGF-induced decreases in TEER, suggesting that the effect of GSK0660 is
PPARb/d-specific (Fig. 1). Other groups have shown that
growth factor treatment of immortalized bovine retinal
microvascular EC monolayers, resulted in the loss of Claudin1 from their plasma membranes, correlating with decreased
barrier function.44 In the current study (Fig. 2), GSK0660
decreased the loss of Claudin-1 from plasma membranes of
HRMECs challenged with VEGF; the same effect was recapitulated with PPARb/d siRNA (Fig. 3), indicating that the effect of
GSK0660 was PPARb/d-specific. These data provide additional
evidence for PPARb/d-dependent regulation of HRMEC barrier
properties. Claudin-5 is another known protein constituent of
tight-junction complexes, and in accordance with other studies
VEGF did not affect Claudin-5 membrane localization (Fig. 3).44
These findings led us to hypothesize that the observed effects
of PPARb/d manipulation might be due to a mitigating influence
on VEGF signaling. The VEGF receptors, VEGFR1 and R2, are
transmembrane tyrosine kinases that dimerize and autophosphorylate on binding VEGF, activating their intrinsic kinase
activities. Subsequent phosphorylation of downstream signaling
intermediates by VEGFR occurs translating into VEGF-dependent

biologic functions, such as delocalization of tight-junctional
complexes followed by increased vascular permeability.6 We
elected to use VEGF-induced Erk 1/2 phosphorylation, a signaling
event immediately downstream from VEGFR phosphorylation, as
a surrogate marker for activation of VEGF signaling in HRMECs.
We observed a decrease in VEGF-induced Erk 1/2 phosphorylation after 24 hours of GSK0660 pretreatment or 24 hours of
PPARb/d-directed siRNA (Fig. 4), immediately prompting us to
investigate whether PPARb/d regulates VEGFR in HRMECs. We
found that VEGFR1 and R2 expression were both decreased by
GSK0660, as well as PPARb/d-directed siRNA (Fig. 5).
In summary, these data suggest that GSK0660 stabilizes the
TEER of HRMEC monolayers against VEGF challenge by
reducing VEGFR1 and R2 levels. Consequently, reduced VEGFR
mitigates postreceptor VEGF-induced signaling, increases tightjunction stability, and reduces paracellular permeability.
However, we cannot rule out the possibility of a GSK0660dependent effect on VEGF-induced degradation/internalization
of adherens junction proteins. Adherens junctions also
contribute to the barrier properties of ECs. Chen et al.41
reported that VEGF-induced FAK phosphorylation facilitated
VE-cadherin-b-catenin dissociation leading to the breakdown of

FIGURE 3. Plasma membrane localization of Claudin-1, but not Claudin-5, is lost after VEGF treatment (24 hours), and PPARb/d-directed siRNA
restores membrane localization. Human retinal microvascular endothelial cells were cultured in (A) 10% FBS medium plus 20 lM negative control
oligomer, (B) 20 lM negative control oligomer plus 75 ng/mL VEGF, or (C) 20 lM PPARb/d-directed siRNA plus 75 ng/mL VEGF. Top: Claudin-1,
bottom: Claudin-5.
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FIGURE 4. Both GSK0660 and PPARb/d-directed siRNA inhibit activation of VEGF signaling. Vascular endothelial growth factor (75 ng/mL)
significantly upregulated phosphorylation of Erk 1/2 (p-Erk 1/2) when compared with control conditions. Treatment with (A) 10 lM GSK0660 or
(C) 20 lM PPARb/d-directed siRNA significantly reduced VEGF-induced p-Erk 1/2. *P < 0.05; †P < 0.01. Quantification of three independent
experiments is shown in (B, D).

adherens junctions. It would be interesting to investigate the
effects of GSK0660 in this context in future studies.
Encouraged by the results we obtained with HRMEC
monolayers, we proceeded to assay permeability in the in vivo
setting. We found GSK0660 reduced VEGF-induced retinal

hyperpermeabilty in mice as measured by Evans blue dye
extravasation (Fig. 6). As a proof of concept, GSK0660 was
administered by intravitreal injection to enhance its bioavailablity; we did not opt for systemic administration because
GSK0660 has a short half-life.43 Future studies should

FIGURE 5. GSK0660 or PPARb/d-directed siRNA inhibit constitutive expression of VEGFR1 and VEGFR2 in HRMECs. Human retinal microvascular
endothelial cells were cultured in 10% FBS plus (A) 10 lM GSK0660 for 6 hours or (B) 20 lM negative control siRNA oligomers or 20 lM PPARb/ddirected siRNA for 24 hours. Expression of VEGFR1 and VEGFR2 was measured using qRT-PCR. *P < 0.05; †P < 0.01.
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FIGURE 6. GSK0660 inhibits VEGF-induced retinal vascular permeability. Intraocular injection of 50 ng/mL VEGF significantly increased
Evans blue extravasation when compared with vehicle injection.
Treatment with 10 lM GSK0660 reduced VEGF-induced retinal
extravasation. Permeability was analyzed via Evans blue extravasation
after 24 hours of 50 ng/mL VEGF and/or 10 lM GSK0660 injections.
Data are normalized to the vehicle group. **P < 0.001.

IOVS j December 2014 j Vol. 55 j No. 12 j 8238
incorporate systemic administration perhaps using GSK0660
derivatives with increased biologic stability, as intravitreal
injection carries the associated risks of endophthalmitis,
cataractogenesis, and glaucoma.42,45–52
Our in vitro experiments indicated that GSK0660-dependent PPARb/d antagonism/reverse agonism stabilizes the
barrier properties of HRMEC monolayers against VEGF
challenge by reducing the VEGFR protein levels. These results
led us to investigate whether GSK0660 could also reduce
retinal VEGFR levels within the time-course of our VEGFinduced retinal permeability experiments. Mice administered
VEGF þ GSK0660 by intravitreal injection showed statistically
significant decreases in retinal VEGFR1 and R2 protein levels
24 hours later when compared with controls. Administration
of GSK0660 alone showed downward trends in VEGFR1 and
R2 levels that did not reach statistical significance (Fig. 7).
Based on these results, we propose that the observed
GSK0660-dependent reduction in retinal VEGFR1 and R2
accounts for the observed efficacy against VEGF-induced
retinal permeability. Our proposition is supported by studies
depicting the roles of VEGFR1 and R2 in VEGF-induced
permeability.53,54 In one of these, neutralizing antibodies
targeting VEGFR1 or R2 demonstrated efficacy against retinal
permeability; in another, these antibodies were protective
against VEGF-induced TEER decreases in EC monolayers.54,55
Stephen et al.56 reported that PPARb/d agonists increase
VEGFR1 expression in breast cancer and human umbilical vein
cells. Other groups have also shown that treatment with
PPARb/d agonists can suppress VEGFR2 but only at extremely
high concentrations.57 However, no PPARb/d antagonist/
inverse agonist was tested in that study and to our knowledge,
this is the first report describing the negative regulation of

FIGURE 7. GSK0660 reduces retinal VEGFR1 and R2 levels. Mice were injected with 50 ng/mL VEGF and/or 10 lM GSK0660. Retinal levels of
VEGFR1 (A) and VEGFR2 (C) were analyzed 24 hours later by Western blot analysis. Bar graphs represent quantification of at least two independent
experiments (B, D). *P < 0.05.
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VEGFR by such an entity. The mechanisms of PPAR-dependent
gene regulation are complex, varied, and often depend on the
cell-type or tissue of interest.40 The peroxisome proliferator
response element (PPRE) is a consensus sequence that may
facilitate PPAR binding to DNA cis control elements that
participate in the transcriptional regulation of PPAR target
genes. There are no known functional PPREs within the
control and coding sequences of the human VEGFR1 and R2
genes.58 However, this does not preclude a PPRE-dependent
mechanism from an enhancer remotely located to either of
these genes.59 Furthermore, PPARb/d may mediate its biologic
functions through PPRE-independent mechanisms.34 The
determination of the molecular cascade of events explaining
the PPARb/d-dependent regulation of VEGFR is a subject that
remains for future studies.
In conclusion, our data suggest the feasibility of PPARb/d
antagonism/inverse agonism as a therapeutic methodology
against retinal hyperpermeability and DME. Our data also
indicate that GSK0660 blocks VEGF-induced permeability
through the PPARb/d-dependent stabilization of EC tightjunctions, as evidenced by Claudin-1 staining in HRMECs.
GSK0660 may produce these observed effects by the PPARb/ddependent downregulation VEGFR1 and R2. Peroxisome
proliferator-activated receptor b/d antagonism may offer an
improved alternative to the existing anti-VEGF therapies
against DME in clinical use currently.
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