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PURPOSE. Previously, we reported that pioglitazone prevented insulin resistance and cell death
in type 2 diabetic retina by reducing TNFa and suppressor of cytokine signaling 3 (SOCS3)
levels. Numerous reports suggest prominent vasoprotective effects of insulin growth factor
binding protein–3 (IGFBP-3) in diabetic retinopathy. We hypothesized that pioglitazone
protects against retinal cell apoptosis by regulating IGFBP-3 levels, in addition to reducing
TNFa. The current study explored potential IGFBP-3 regulatory pathways by pioglitazone in
retinal endothelial cells cultured in high glucose.

METHODS. Primary human retinal endothelial cells (REC) were grown in normal (5 mM) and
high glucose (25 mM) and treated with pioglitazone for 24 hours. Cell lysates were processed
for Western blotting and ELISA analysis to evaluate IGFBP-3, TNFa, and cleaved caspase 3
protein levels.

RESULTS. Our results show that treatment with pioglitazone restored the high glucose–induced
decrease in IGFBP-3 levels. This regulation was independent of TNFa actions, as reducing
TNFa levels with siRNA did not prevent pioglitazone from increasing IGFBP-3 levels.
Pioglitazone required protein kinase A (PKA) and DNA-dependent protein kinase (DNA PK)
activity to regulate IGFBP-3, as specific inhibitors for each protein prevented pioglitazone-
mediated normalization of IGFBP-3 in high glucose. Insulin growth factor binding protein–3
activity was increased and apoptosis decreased by pioglitazone, which was eliminated when
serine site 156 of IGFBP-3 was mutated suggesting a key role of this phosphorylation site in
pioglitazone actions.

CONCLUSIONS. Our findings suggest that pioglitazone mediates regulation of IGFBP-3 via
activation of PKA/DNA PK pathway in hyperglycemic retinal endothelial cells.
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Diabetic retinopathy is recognized as the leading cause of
blindness and visual impairment in the working-age

population.1 Retinal microvascular damage caused by hyper-
glycemia common to both type 1 and type 2 diabetes is a strong
factor in diabetic retinopathy complications.2–4 Thiazolidine-
dione drugs such as rosiglitazone and pioglitazone are ligands
for peroxisome proliferator-activated receptor c (PPARc) and
show promise for treatment of diabetes due to their ability to
control systemic glucose levels and insulin resistance.5

Pioglitazone protects against retinal apoptosis in streptozoto-
cin-induced diabetes,5 ischemia/reperfusion,6 and optic nerve
crush.7 We recently reported that pioglitazone improved
impaired insulin signaling, prevented associated retinal cell
death in type 2 diabetic rats, and reduced TNFa and suppressor
of cytokine signaling 3 (SOCS3) levels by increasing PPARc
activity. The retinas of type 2 diabetic obese rats had reduced
levels of insulin growth factor binding protein-3 (IGFBP-3)
protein that was restored with pioglitazone treatment.8 Thus,
pioglitazone works in multiple ways to restore normal-glucose

levels and prevent retinal damage. However, little is known
about pioglitazone actions in retina and there is a need to
further elucidate pathways involved in its beneficial effects on
diabetic retinopathy. Because we have previously reported that
IGFBP-3 levels are reduced in retinal endothelial cells cultured
in hyperglycemic conditions and pioglitazone increases IGFBP-
3 levels in diabetic rats, we hypothesized that the protective
actions of pioglitazone in retina involves IGFBP-3 regulation, in
addition to its proinflammatory and insulin-sensitizing proper-
ties. We questioned whether pioglitazone regulates IGFBP-3 in
retinal endothelial cells cultured in high glucose and which
potential pathways may be involved.

Insulin growth factor binding protein–3 stabilizes the insulin
growth factors (IGFs) through the formation of IGF/IGFBP
complexes. Several reports have suggested protective effects of
IGFBP-3 on retinal vasculature.9–11 Insulin growth factor binding
protein–3 suppresses apoptosis in diabetic retinopathy both in
vivo and in vitro and decreases neovascular tuft formation in
murine model of oxygen-induced retinopathy.9,12,13 DNA-depen-
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dent protein kinase (DNA PK) modulates IGFBP-3 activity by
phosphorylation at sites: Ser156, Ser165, and Thr170, while
casein kinase 2 (CK2) modulates IGFBP-3 activity by phosphor-
ylation at sites: Ser111 and Ser113.14,15 Insulin growth factor
binding protein–3 is known to inhibit TNFa-induced expression
of proinflammatory molecules.16,17 A reciprocal relationship
was reported between TNFa and IGFBP-3 in the retina of IGFBP-
3 knockout mice and in cultured retinal endothelial cells, where
TNFa reduced IGFBP-3, and IGFBP-3 in turn lowered TNFa and
TNFa receptor levels.17–19 In those studies, TNFa activated P38
MAPK and CK2, leading to inhibition of IGFBP-3 actions through
phosphorylation at sites Ser111 and 113 of IGFBP-3.19

Previous studies have reported that protein kinase A (PKA)
increases IGFBP-3 levels through activation of DNA PK–
induced phosphorylation of IGFBP-3 on serine 156 in retinal
endothelial cells.20 In the present study, we analyzed the
actions of pioglitazone on IGFBP-3 in retinal endothelial cells
cultured in high glucose and investigated the IGFBP-3
regulatory mechanisms involving PKA, DNA PK, and TNFa.
Although TNFa is reported to be decreased by pioglitazone,8

our results demonstrated that pioglitazone actions on IGFBP-3
were independent of TNFa actions. Moreover, pioglitazone
required active PKA and DNA PK to increase IGFBP-3 levels
and did so through DNA PK–induced phosphorylation of
IGFBP-3 on serine 156.

MATERIALS AND METHODS

Reagents

The IGFBP-3 antibody, b-actin antibody, and protein A/G PLUS-
agarose beads were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The Phosphoserine antibody was
purchased from EMD Millipore (Temecula, CA, USA). Platelet
endothelial cell adhesion molecule (PECAM)-1 antibody was
from Cell Signaling (Danvers, MA, USA). Human TNFa siRNA
and scrambled siRNA were from Dharmacon RNAi Technologies
(Chicago, IL, USA). GenMute transfection reagent was from
SignaGen Laborataries (Gaithersburg, MD, USA) and Lipofect-
amine RNAiMax reagent was from Invitrogen (Carlsbad, CA,
USA). Horseradish peroxidase conjugated secondary anti-rabbit
antibody was purchased from Promega (Madison, WI, USA).
HRP conjugated anti-mouse antibody and SuperSignal WestPico
Chemiluminescent Substrate for immunoblot development and
signal detection were from ThermoScientific (Rockford, IL,
USA). NU7441 and KT5720 were purchased from Tocris
Biosciences (Minneapolis, MN, USA). Pioglitazone hydrochloride
was purchased from Tocris Biosciences (Minneapolis, MN, USA)
and solubilized with dimethyl sulfoxide (DMSO) to 250 mM. The
IGFBP-3 NB plasmid DNA was a gift from Maria Grant, MD. The
phosphorylation Ser156 site of IGFBP-3 NB plasmid was
mutated to alanine as described previously.20

Cell Culture

Primary human retinal endothelial cells were provided by Cell
System Corporation (Kirkland, WA, USA) and were grown in
M131 medium supplemented with microvascular growth
supplements (MVGS), 10 ug/mL gentamycin and 0.25 ug/mL
amphotericin B. Cells were maintained at 378C in a humidified
95% air and 5% CO2 atmosphere. Primary cells only were used
within six passages. Cells were maintained in either normal (5
mM) or high glucose (25 mM) for a total of 3 days. Cells were
starved for 6 hours before treating with 25 lM pioglitazone and
were harvested for protein analysis after 24 hours of pioglita-
zone treatment. NU7441 (10 uM) and KT5720 (1 uM) were
added to the cells for 30 minutes before pioglitazone treatment

in order to block the activity of DNA PK and PKA, respectively,
prior to the activation of PPARc. The doses of NU7441 and
KT5720 used for inhibiting DNA PK and PKA were selected
based on previous reports from our group and others.20–24

Transfection of siRNA and Plasmid DNA

Retinal endothelial cells were transfected with 20 nM TNFa
siRNA or scrambled siRNA using Lipofectamine RNAiMAX
reagent according to the manufacturer’s instructions. Briefly,
60% to 70% confluent cells were used for transfection in a 60-
mm culture dish. Sixty picomoles of RNAi was diluted in 500
lL OPTI-MEM medium and separately 15 lL of Lipofectamine
RNAiMAX reagent was diluted in 500 lL OPTI-MEM. The two
solutions were mixed, incubated for 10 minutes at room
temperature, and added to the cells in 60-mm culture dishes.
The REC were transfected with TNFa siRNA for 24 hours,
followed by transfection of the IGFBP-3 NB plasmid, IGFBP-3
mutant, or control CMV plasmid. Cells were harvested 48
hours later. Plasmids were transfected with GenMute siRNA
and DNA transfection reagent according to manufacturer’s
protocol. Complete medium was added 30 to 60 minutes
before transfection to approximately 90% confluent cells. Ten
micrograms of the plasmids were mixed with 300 lL
transfection buffer and 30 lL GenMute transfection reagent,
and incubated for 10 minutes at room temperature. The
transfection complexes were added to the REC in 60-mm
culture dishes dropwise and replaced with cell growth
medium 24 hours after transfection.

Western Blot Analysis

Retinal endothelial cells were rinsed with cold PBS after
treatments and scraped in lysis buffer containing protease and
phosphatase inhibitors. The lysate was kept on ice for 30
minutes and cleared by centrifugation for 20 minutes at 48C.
Equal amounts of protein from the lysate were separated on
the precast tris-glycine gels (Invitrogen) and blotted onto a
nitrocellulose membrane. The blots were blocked with TBST
(10 mM Tris-HCl buffer, pH 8.0, 150 mM NaCl, 0.1% Tween 20)
containing 5% (wt/vol) bovine serum albumin, and then
incubated with respective primary antibodies. The antibodies
anti-IGFBP3 and anti-phosphoserine were used at 1:500 and b-
actin antibody was used at 1:2000 dilutions. Membranes were
then washed with TBST and incubated with horseradish
peroxidase labeled secondary antibodies. The antigen-antibody
complexes were detected using West Pico Chemiluminescence
reagent. Mean densitometry of the bands were assessed using
Kodak Image Station 4000MM software (Kodak, Carestream
Health, Bioimaging, Bend, OR, USA).

ELISA Analysis

An ELISA for cleaved caspase 3 was performed using a cleaved
caspase 3 ELISA assay kit (Cell Signaling) according to the
manufacturer’s instructions to evaluate the levels of active
apoptotic markers in the cell lysate. Equal protein was loaded
into all wells to allow for comparisons based on optical density.
Tumor necrosis factor–a protein concentrations were mea-
sured using a TNFa ELISA kit (ThermoFisher, Pittsburgh, PA,
USA), based on provided standards. Equal protein concentra-
tions were used in each well to insure that cell numbers did
not affect TNFa concentrations.

Immunoprecipitation

The immunoprecipitation of IGFBP-3 was done as described
previously.20 Cells were rinsed with PBS and lysed in lysis buffer
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containing the protease and phosphatase inhibitors for 20
minutes in ice. The lysate was cleared by centrifugation for 20
minutes at 48C. Equal amount of protein from the lysates were
incubated with IGFBP-3 antibody overnight at 48C with gentle
rocking. Protein A/G Plus-Agarose beads were added and
incubation was continued for another 2 hours. The beads were
then washed with lysis buffer three times and with PBS one time
and were heated in Laemmli sample buffer to release the
immunocomplexes. The immunoprecipitates were analyzed for
IGFBP-3 and phospho–IGFBP-3 by Western blotting.

Apoptosis Analysis

Retinal endothelial cells cultured in normal and high glucose
were harvested and washed twice with cold PBS/2% FBS. Cell
pellets were resuspended in Annexin V Binding Buffer (Bio-
Legend, San Diego, CA, USA) at a concentration of 5.03106 cells/
mL following manufacturer’s instructions. Cells were labeled
with 5 lL of Annexin V-FITC and 10 lL of Propidium iodide (PI)
solution/100 lL of cell suspension. Tubes were vortexed gently
and incubated for 15 minutes at room temperature/dark followed
by addition of 200 lL of Annexin V Binding Buffer to each sample.
Analysis done in BD LSRII Flow Cyometry Analyzer (BD
Biosciences, San Jose, CA, USA). Percentage of dead cells defined
as Annexin VþPIþ. Live cells defined as Annexin VnegPIneg.
Experimental analysis performed using FlowJo xV10.0.6 software
(Tree Star, Inc., Ashland, OR, USA).

Flow Cytometry Analysis of PECAM Expression

Cells were washed in PBS/2% FBS after harvesting. Cells were
labeled with 5 lL anti-human PECAM (aka CD31, clone WM59;
BioLegend) directly conjugated to APC-Cy7 to 1.0 3 106 RECs
in 95 lL of PBS/2% FBS for 30 minutes/cold/dark. Samples

were washed twice and resuspended in 250 lL of PBS/2% FBS
before analysis. To determine positivity we used unlabeled
sample and mouse IgG1j isotype control.

Statistics

The experiments were repeated at least three times and the
data are presented as mean 6 SEM. The data were analyzed by
Kruskal-Wallis, followed by Dunn’s test. P values less than 0.05
were considered statistically significant. The treatment groups
were normalized to the control and represented as fold change.
One representative blot is shown for the Western blots.

RESULTS

High Glucose Induced Cell Death in Retinal
Endothelial Cells

To investigate whether in vitro high-glucose treatment on
primary human REC-induced apoptosis, flow cytometry was
used. First, to confirm REC cultures maintain their endothelial
cell phenotype through multiple passaging, retinal endothelial
cells in normal (5 mM) or high glucose (25 mM) were labeled
for PECAM/CD31, a classical endothelial cell marker. Figure 1A
confirmed these cells are REC with 85% of cells showing
positivity against PECAM-1. Moreover, modulation of glucose
levels in the media did change the expression of PECAM-1 as
REC grown in both normal and high glucose have similar levels
of PECAM-1. Next, we assessed cell death and viability by
Annexin V and PI labeling. Briefly, cells cultured in normal and
high glucose were labeled for Annexin V and PI simultaneously
and analyzed by flow cytometry. Percentage of dead cells is
determined by percentage of Annexin VþPIþ cells. As shown in
Figure 1B, cells in normal glucose had 4.1% dead cells, whereas

FIGURE 1. High glucose-induced REC cell death. (A) Flow cytometry analysis of PECAM-1 in REC. Solid histogram shows levels of mouse IgG1j
isotype control and open histogram shows experimental sample results. (B) Annexin V versus PI labeling to determine apoptosis. Normal and high
glucose–cultured cells were labeled with Annexin V-FITC and PI prior analysis. Percentage dead cells: percent Annexin VþPIþ, percent live cells
Annexin VnegPIneg.
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high-glucose culture conditions led to 11% dead cells, a 2.7-fold
increase in cell death. Total percentage of live cells was 77% in
normal-glucose conditions and 72.5% in high glucose. Collec-
tively, REC maintain their PECAM-1 expression in culture and
high-glucose culture conditions increased cell death of REC.

Pioglitazone Increases IGFBP-3 in High Glucose
Independently of TNFa

One day after plating, the cells were transfected with
scrambled siRNA or TNFa siRNA for 24 hours followed by
treatment with pioglitazone (25 lM) for the next 24 hours after
which cells were harvested for protein analysis. Retinal
endothelial cells were maintained in normal (5 mM) and high
glucose (25 mM) for 3 days including siRNA transfection and
pioglitazone treatment time. Western blot analysis of IGFBP-3
protein levels indicated that high glucose decreased IGFBP-3
levels as compared with normal glucose (Fig. 2A) as had been
reported earlier.25 Pioglitazone treatment significantly reversed
the decrease in IGFBP-3 levels. Pioglitazone decreased TNFa
levels in retinal endothelial cells and Müller cells, as well as in
the diabetic retina.8 Additionally, we have previously reported
that TNFa decreased IGFBP-3 levels,19 therefore, we wanted to
ascertain whether pioglitazone actions on IGFBP-3 were
mediated through TNFa. Knockdown of TNFa with siRNA
did not eliminate the actions of pioglitazone on IGFBP-3 (Fig.
2A), suggesting that pioglitazone increases IGFBP-3 levels in
high glucose via a TNFa-independent mechanism. Tumor
necrosis factor–a was knocked down effectively with TNFa
siRNA transfection compared to the scrambled siRNA (Fig. 2B).

Pioglitazone Induced IGFBP-3 Expression Requires
PKA Activity

Since PKA has been reported to regulate IGFBP-3 levels,20 we
wanted to determine whether pioglitazone uses PKA activity to
increase IGFBP-3 levels. Retinal endothelial cells were trans-
fected as before with TNFa siRNA, 1 day after plating cells
followed by treatment with the PKA inhibitor, KT5720, for 30
minutes prior to stimulation with pioglitazone for 24 hours.
Figure 3 shows that treatment with KT5720 blocked pioglita-
zone actions to increase IGFBP-3 levels, suggesting that
pioglitazone requires PKA activity to induce IGFBP-3. This

FIGURE 2. Pioglitazone induced IGFBP-3 levels in high-glucose medium in a TNFa independent way. (A) Western blot analysis of IGFBP-3 to b-actin
ratio in REC transfected with scrambled and TNFa siRNA for 24 hours followed by treatment with 25 lM pioglitazone for 24 hours in 5 and 25 mM
glucose. (B) Bar graph of TNFa levels after TNFa transfection. (A) *P < 0.05 versus untreated NG control. #P < 0.05 versus untreated HG control. N

¼4. (B) *P < 0.05 versus untreated NG control. #P < 0.05 versus untreated HG control. $P < 0.05 versus respective scrambled siRNA control. Data
are mean 6 SEM. N¼ 4.

FIGURE 3. Pioglitazone induced IGFBP-3 expression is through PKA
activation in high-ambient glucose. Figure shows bar graph of IGFBP-3 to
b-actin levels measured by Western blot in REC cultured in high glucose
(25 mM) with TNFa siRNA transfection for 24 hours and then treatment
with KT 5720 for 30 minutes followed by 24 hours pioglitazone
treatment. Retinal endothelial cells in normal glucose (5 mM) was used
as control. *P< 0.05 versus untreated normal glucose control. #P< 0.05
versus untreated high glucose control. Data are mean 6 SEM, N¼ 4.
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response was observed in the absence of TNFa indicating that
TNFa was not involved in pioglitazone-mediated regulation of
IGFBP-3.

DNA PK Is Required in Pioglitazone-Induced
IGFBP-3 Expression

DNA PK has been reported to play a role in b-adrenergic
receptor-PKA induced expression of IGFBP-3 in retinal
endothelial cells cultured in high glucose.20 To determine
whether this pathway was also involved in pioglitazone actions
on IGFBP-3, REC were transfected with TNFa siRNA 1 day after
plating and treated with the DNA PK inhibitor, NU7441, for 30
minutes20 followed by 24 hours pioglitazone treatment under
high-glucose conditions. Cells were maintained in normal (5
mM) and high glucose (25 mM) medium throughout the
experiment. Results show that pioglitazone induces IGFBP-3
levels through DNA PK activation since treatment with NU
7441 prevented pioglitazone to increase IGFBP-3 (Fig. 4).

Phosphorylation Site Serine 156 of IGFBP-3 Is
Required for Its Pioglitazone-Induced Regulation
of IGFBP-3

We have previously shown that serine 156 on IGFBP-3 is key
for DNA PK regulation of IGFBP-3.20 Because DNA PK is
required for pioglitazone-induced regulation of IGFBP-3, we
wanted to determine whether serine 156 on IGFBP-3 is
essential for its regulation by pioglitazone. Retinal endothelial
cells in high-glucose medium were transfected with TNFa
siRNA as before to rule out the involvement of TNFa in
pioglitazone-induced IGFBP-3 regulation. Retinal endothelial
cells were then transfected with control plasmid, IGFBP-3 NB
plasmid, or the IGFBP-3 NB plasmid in which serine at the site

156 is mutated to alanine to prevent phosphorylation. This was
followed by treatment with pioglitazone for 24 hours after 1
day of plasmid transfection. Insulin growth factor binding
protein–3 was immunoprecipitated and blotted with IGFBP-3
and phosphoserine antibody. Successful transfection is dem-
onstrated in Figure 5 showing high levels of IGFBP-3 after
transfection with IGFBP-3 and its mutant plasmid. Pioglitazone
increased the ratio of serine phosphorylation of IGFBP-3 to
total IGFBP-3 when transfected with IGFBP-3 wild-type and the
control plasmid, whereas transfection with the mutant IGFBP-3
plasmid prevented the pioglitazone-induced increase in IGFBP-
3 phosphorylation (Fig. 5), demonstrating that this phosphor-
ylation site is critical for IGFBP-3 activation by pioglitazone.

Phosphorylation Site Serine 156 of IGFBP-3 Is
Involved in Pioglitazone-Induced IGFBP-3
Expression to Inhibit Apoptosis in Hyperglycemic
Conditions in RECs

It has recently been demonstrated in our laboratory that
pioglitazone reduced apoptosis of REC cultured under
hyperglycemic conditions. Insulin growth factor binding
protein–3 has also been reported to increase survival of retinal
cells in diabetic animals.9 We questioned whether the IGFBP-3
phosphorylation site serine 156 plays a role in antiapoptotic
effects of pioglitazone. Cells in high-glucose medium were
transfected as described previously with TNFa siRNA followed
by transfection with CMV, IGFBP-3, or IGFBP-3 mutant plasmid
and subsequently treated with pioglitazone. Transfection with
the mutant IGFBP-3 partially prevented the observed decrease
in cleaved caspase 3 with pioglitazone treatment when

FIGURE 4. Pioglitazone requires DNA-PK activity to induce IGFBP-3 in
high glucose medium. Western blot analysis of IGFBP3 levels in RECs
transfected with TNFa siRNA and treated with NU 7441 for 30 minutes
followed by pioglitazone treatment for 24 hours in high-glucose
medium (25 mM). Retinal endothelial cells in normal glucose (5 mM)
were used as control. *P < 0.05 versus untreated normal glucose
control. #P < 0.05 versus untreated high glucose control. Data are
mean 6 SEM, N¼ 4.

FIGURE 5. Pioglitazone does not activate IGFBP-3 with transfection of
IGFBP-3 S156A plasmid in high glucose medium. Bar graph of ratio of
Western blots analysis of p-IGFBP-3 to IGFBP-3 in RECs cultured in high
glucose transfected with TNFa siRNA followed by transfection of CMV,
IGFBP-3, and IGFBP-3 S156A plasmid next day. Pioglitazone was added
for 24 hours after another day. Retinal endothelial cells in normal
glucose (5 mM) were used as control. Protein was immunoprecipitated
with anti–IGFBP-3 antibody and immunoblotted using anti–IGFBP-3
and antiphosphoserine antibodies. *P < 0.05 versus untreated normal
glucose control. #P < 0.05 versus untreated high glucose control. Data
are mean 6 SEM, N¼ 4.
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transfected with control and wild-type IGFBP-3 plasmid (Fig.
6). This demonstrates that phosphorylation at this site is
involved in pioglitazone-induced IGFBP-3 levels to inhibit
apoptosis in high-glucose conditions and pioglitazone actions
do not involve TNFa pathway.

DISCUSSION

In the present study, we show for the first time that
pioglitazone, a PPARc ligand, regulates IGFBP-3 in retinal
endothelial cells cultured in high glucose. Insulin growth factor
binding protein–3 is reported to suppress retinopathy by
protection of the retinal vasculature and restores normal
insulin signaling and apoptosis in retina,9,12,18,26,27 thus,
making it an ideal candidate for studies related to diabetic
retinopathy. Pioglitazone has a protective effect on retinal cell
damage associated with retinal ischemia/reperfusion, optic
nerve crush, oxygen-induced retinopathy, and diabetic reti-
nopathy.5–7 The activation of PPARc in the retina by
pioglitazone is reported to reduce Müller glial activation, thus
protecting retinal ganglion cell death from optic nerve crush.7

Retinal cell damage and activation of glia cells caused by retinal
ischemia/reperfusion was also prevented by pioglitazone
possibly via NF-jB pathway.6 Downregulation of PPARc is
associated with pathogenesis of oxygen-induced retinopathy
and diabetic retinopathy.5,28 Additionally, pioglitazone treat-
ment is reported to improve insulin sensitivity in type 2
diabetic patients.29 We recently reported that pioglitazone
restored normal insulin signaling and prevented apoptosis in
the type 2 diabetic rat retina, as well as in retinal endothelial
and Müller cells exposed to hyperglycemia. Insulin growth
factor binding protein–3 protein levels were suppressed in
retina of type 2 diabetic BBZDR/Wor rat model8 and in
hyperglycemic retinal endothelial cells,13 which was restored
with 2 months of pioglitazone treatment to diabetic rats8 and
24 hours of pioglitazone treatment to REC, respectively (Fig.
2). The intent of our study was to understand IGFBP-3
regulation with pioglitazone and dissect the associated

mechanisms involved in pioglitazone’s action on retinal
endothelial cells. Pioglitazone is given to patients at a dose of
30 mg administered once daily.30 The clinical dose used in type
2 diabetic patients is based upon its property to prevent insulin
resistance and maintain a constant glycemic state.29,30 Thiazo-
lidinediones drugs are ligand of PPARc and increase its gene
activity. Peroxisome proliferator-activated receptor c is activat-
ed by these ligands at the concentration range similar to the
antidiabetic activity. Thiazolidinediones are reported to have
antidiabetic actions in preclinical models of insulin resistance
and diabetes at a potency, which matches their affinity for
PPARc.31,32 The concentration of pioglitazone used in cell
culture studies is usually reflective of the affinity of the ligand
for PPARc in that cell line. Studies have reported use of
pioglitazone dose from 2 to 4 0lM effective at activating
PPARc, depending on the cell line used.33,34 We previously
reported that 25 lM of pioglitazone was the optimal dose to
increase PPARc activity in retinal endothelial cells. This dose of
pioglitazone was also effective in restoring insulin signaling
and preventing increased apoptosis with high-glucose treat-
ment in RECs.8 Thus, we used this dose to determine IGFBP-3
regulation by pioglitazone in this study.

Tumor necrosis factor–a plays a role in the pathology of
diabetic retinopathy and deletion of the TNFa gene abrogates
leukostasis, retinal cell death, and vascular permeability in
diabetic mice.35,36 Pioglitazone is reported to prevent TNFa-
induced insulin resistance in adipocytes37 and is considered an
anti-inflammatory compound.38 It was recently reported that
TNFa inhibits IGFBP-3 in human retinal endothelial cells
through activation of p38a and casein kinase 2.19 These
studies suggest that TNFa could be a key molecule in
pioglitazone-mediated IGFBP-3 regulation. However, when
TNFa siRNA is applied to REC cultured in high glucose
conditions, pioglitazone normalized levels of IGFBP-3 to the
same extent as with scrambled siRNA treatment. Thus, we
show that pioglitazone does not use TNFa-p38a-casein kinase 2
pathway to regulate IGFBP-3 in REC.

Because pioglitazone did not require TNFa to regulate
IGFBP-3, we intended to identify another mechanism by which
pioglitazone regulates IGFBP-3 levels in high glucose. Com-
pound 49b, a nonselective b-adrenergic receptors agonist, was
reported to increase IGFBP-3 levels through stimulation of
DNA PK without activation of casein kinase 2. Additionally,
protein kinase A was required for Compound 49b–induced
IGFBP-3 regulation.20 The phosphorylation at IGFBP-3 on
serine 156 by DNA PK was important for DNA PK-mediated
IGFBP-3 regulation.20 Here, we provide evidence that DNA PK
plays a role in pioglitazone-induced expression of IGFBP-3.
This conclusion is based on our results that show: (1) PKA is
required for pioglitazone’s actions on IGFBP-3, (2) pioglitazone
stimulates IGFBP-3 levels through DNA PK, and (3) serine 156
is the key site of IGFBP-3 phosphorylation activated down-
stream of pioglitazone to induce IGFBP-3 activation and
prevent apoptosis. All these observations were made in the
absence of TNFa (using TNF siRNA), thus eliminating the
involvement of TNFa in any of the steps in DNA PK–mediated
pathway. Our results and those of others suggest that there
exists a crosstalk of PKA pathway and PPARc signaling.39,40 We
show that pioglitazone acts on IGFBP-3 via PKA in retinal
endothelial cells (Fig. 3). Inversely, the PKA pathway has been
reported to interact with PPARc ligand actions in HEK293
cells.39,41 Protein kinase A can induce PPARc activity in vitro by
phosphorylating it at several domains and stabilizing binding of
the ligand PPARc to DNA.39 In HEK B2 cells, PKA causes
inhibition of nuclear exit and activation of DNA PK.42 The
PPARc agonist, rosiglitazone, acts synergistically with cAMP-
PKA through cross-talk between the signaling systems in
brown adipocytes.40 Taken together, this data suggests that

FIGURE 6. IGFBP-3 S156A plasmid DNA transfection partially reverses
inhibition of apoptosis with pioglitazone. Bar graph of cleaved caspase
3 expression of REC in normal (5 mM) and high glucose (25 mM).
Retinal endothelial cells in high-glucose medium were transfected with
TNFa siRNA for 24 hours followed by transfection with CMV, IGFBP-3,
and IGFBP-3 S156A plasmid and subsequent treatment with pioglita-
zone next day for 24 hours. *P < 0.05 versus untreated normal glucose
control. #P < 0.05 versus untreated high glucose control. Data are
mean 6 SEM, N¼ 4.
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PPARc signaling interacts with the PKA pathway, leading to an
increase in IGFBP-3 levels in REC-cultured hyperglycemic
conditions.

Pioglitazone is known to have protective effects in diabetic
retinopathy possibly via its anti-inflammatory and antioxidative
properties. Our present work suggests that regulatory actions
of pioglitazone in retina involve mechanisms other than those
involving TNFa. Pioglitazone prevented apoptosis of retinal
endothelial cells in high glucose by increasing DNA PK–
mediated phosphorylation of IGFBP-3 at serine 156 (Fig. 6).
Thus, pioglitazone can act through multiple pathways to
confer protection in diabetic retinopathy. Insulin growth factor
binding protein–3 might be considered as a novel mediator of
pioglitazone’s action on pathogenesis underlying diabetic
retinopathy, particularly those involving vascular changes.
Reduced expression of the endogenous PPARc in mice
aggravates retinal leukostasis and blood– retinal barrier leakage
in diabetic mice and PPARc agonist; rosiglitazone inhibits
retinal leukostasis and leakage in diabetic rats.43 Future work
investigating the role of IGFBP-3 in pioglitazone-mediated
signaling cascades in vascular dysfunction associated with
diabetic retinopathy is needed.

CONCLUSIONS

This study found that IGFBP-3 levels in retinal endothelial cells
cultured in high-ambient glucose were normalized with
pioglitazone treatment. Pioglitazone required PKA and DNA
PK activity to increase IGFBP-3 levels and did not involve TNFa.
Phosphorylation site 156 of IGFBP-3 is key for regulation of
IGFBP-3 and associated decrease of cleaved caspase 3 by
pioglitazone in hyperglycemic retinal endothelial cells. Taken
together, this study provides a mechanism by which pioglita-
zone regulates IGFBP-3 expression.
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