
Diabetic retinopathy is the leading cause of blindness in 
patients aged 20–74 years [1]. Retinal microvascular endothe-
lial cell (REC) changes in permeability are key to the devel-
opment of diabetic-related pathologies, including macular 
edema [2]. Progressive retinal endothelial cell inflammation, 
angiogenesis, and apoptosis are hallmarks of the disease 
[3-6]. Various mediators, such as endothelial nitric oxide 
synthase (eNOS), protein kinase C (PKC), the insulin-like 
growth factor 1 (IGF-1)/insulin-like growth factor binding 
protein (IGFBP) system, and vascular endothelial growth 
factor (VEGF), are known to regulate both angiogenic and 
macular edema pathways in response to hyperglycemia in 
various retinal cell types, including REC [7-10]; however, the 
specific pathways involved are unclear. It has been previously 
reported that IGFBP-3 can inhibit VEGF production, leading 
to an inhibition of both angiogenesis and macular edema 
[11-13]. Building on this important finding, the goal in the 
current study was to uncover the cellular signaling pathways 
that underlie IGFBP-3 regulation of VEGF, and specifically 
to determine if IGFBP-3 inhibition of eNOS and PKCzeta are 
involved in IGFBP-3’s protective effects on REC.

IGFBP-3 binds to IGF-1 to elicit multiple functions 
physiologically [14-16]. We and others have previously 
shown that IGFBP-3 has separate IGF-1-independent actions 
to support cell survival [12]. In our work and the work of 
others, IGFBP-3 has been shown to reduce TNF-α levels, 
inhibit REC apoptosis, and mediate protective effects on 
blood retinal barrier integrity in diabetic retinopathy [17-20]. 
The studies described here use IGFBP-3 NB plasmid with 
an endothelial cell-specific promoter to focus on IGFBP-3 
regulation of VEGF actions that are independent of IGF-1.

There is literature suggesting that specific IGFBP 
isoforms correlated with insulin sensitivity, vascular NO 
generation, and the development of diabetes [21]. Here, we 
hypothesize that eNOS may be a target of IGFBP-3, based 
on previous work by Jarajapu et al. [12]. Recent studies 
showed that endothelial nitric oxide synthase (eNOS) acts 
as an important mediator of vascular growth and maturation 
[22,23], and eNOS expression was shown to be upregulated in 
early diabetic diseases, especially in afferent and glomerular 
endothelium [24,25]. On the other hand, eNOS uncoupling 
caused by inflammation has been suggested to be a key 
mediator in the development and progression of diabetes [26].

One potential mechanism for eNOS actions in the 
retina is through interaction with other proteins involved in 
cellular signaling. In other tissues, PKC and NOS interact 
to regulate microvascular hyperpermeability [27-30]. 
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study, we hypothesized that IGFBP-3 may reduce vascular endothelial growth factor (VEGF) levels through reduced 
endothelial nitric oxide synthase (eNOS) activity, which may be protective against macular edema.
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lowed by western blotting for eNOS, protein kinase C zeta (PKCzeta), and VEGF. Additionally, we treated some cells 
with recombinant eNOS or PKCzeta, after IGFBP-3 NB plasmid transfection to validate that these pathways regulate 
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PKCzeta, to determine if eNOS and PKCzeta interact directly.
Results: Our results suggest that 1) IGFBP-3 inhibits the endothelial nitric oxide synthase (eNOS) and protein kinase C 
zeta (PKCzeta) pathway, which in turn inhibits VEGF production, and 2) that eNOS plays a role in activating PKCzeta 
to increase VEGF levels in diabetic retinopathy.
Conclusions: In conclusion, IGFBP-3 may be a novel treatment for macular edema through the inhibition of eNOS and 
PKCzeta activation, leading to reduced VEGF levels.
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Hyperglycemia-induced PKC activation is linked to diabetes, 
and the prevention of excessive PKC attenuated cardiac 
diastolic dysfunction caused by diabetes [26]. In the retina, 
hyperglycemia-induced overactivation of PKCzeta is asso-
ciated with outer blood retinal barrier breakdown, and the 
inhibition of PKCzeta restores the outer barrier structure 
[27,31]. PKCzeta serves as a potential target for early and 
underestimated diabetes-induced retinal pathology [27]. 
Thus, we wished to determine whether IGFBP-3 regulates 
VEGF actions through reduced eNOS and PKCzeta activa-
tion in REC cultured under hyperglycemia conditions. Our 
current findings suggest that IGFBP-3 regulates VEGF 
through eNOS and PKCzeta, which may be key to IGFBP-3 
actions in both angiogenesis and macular edema.

METHODS

Reagents: Phospho-PKCzeta (T410) and phospho-eNOS 
(S1177), and eNOS antibodies, were purchased from Cell 
Signaling (Danvers, MA). VEG and actin antibodies and 
protein A/G plus for immunoprecipitation experiments were 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). The PKCzeta antibody and 3-nitrotyrosine ELISA were 
purchased from Abcam (Cambridge, MA). An Ultrasensitive 
Colorimetric Assay for Nitric Oxide Synthase kit was bought 
from Oxford Biomedical Research (Oxford, MI). PRKCzeta 
recombinant human protein was purchased from Life Tech-
nologies (Carlsbad, CA). Endothelial bovine nitric oxide 
synthase and N-acetyl cysteine (NAC) were purchased from 
Sigma-Aldrich (St. Louis, MO). The SuperFect transfection 
reagent was bought from Qiagen (Valencia, CA). Horseradish 
peroxidase (HRP) conjugated secondary anti-mouse and anti-
rabbit antibodies were purchased from Promega (Madison, 
WI). Enhanced chemiluminescence for immunoblot develop-
ment and signal detection was purchased from Amersham 
Biosciences (Piscataway, NJ). IGFBP-3 NB plasmid DNA 
was a gift from Dr. Maria B. Grant (University of Indiana).

IGFBP-3-NB plasmid: Since the IGF-1 binding site in 
IGFBP-3 is located in both the N-terminal hydrophobic 
domain and the C-terminal, this plasmid was made by muta-
tions in Leu77, Leu80, and Leu81 in the N-terminus, and Gly217 
and Gln223 in the C-terminus [32]. These mutants showed 
undetectable binding to IGF-1 [32]. This same mutant has 
been used by other groups for work with REC [12,33].

Cell culture: Primary human REC were acquired from 
Cell System Corporation (CSC, Kirkland, WA). Cells were 
grown in an M131 medium containing microvascular growth 
supplements (Invitrogen; MVGS), 10 μg/ml gentamycin 
and 0.25 μg/ml amphotericin B. In the high-glucose condi-
tion, cells were transferred to a high-glucose (25 mM; Cell 

Systems) medium, supplemented with MVGS and antibiotics 
for 3 d. Only primary cells within passage 6 were used. Cells 
were quiesced by incubating in high or normal glucose media 
without MVGS for 24 h before all experiments. For experi-
ments to investigate eNOS signaling, we first treated REC 
with eNOS at a dose range from 0.25 to 2 μM. Based upon 
our findings, we chose 1 μM for all further experiments 
and treated the cells for 2 h. For experiments to investi-
gate PKCzeta actions on VEGF, we first treated REC with 
PKCzeta in a dose range from 1 to 4 μg/ml. We chose 4 μg/
ml to treat the cells for 2 h for all experiments based on our 
findings.

Transfection of plasmid DNA: REC were transfected with 
IGFBP-3 NB plasmid DNA or control plasmid DNA at 
1 μg/ml using the SuperFect transfect reagent, according 
to the manufacturer’s instructions. The cells were used for 
experiments 24 h after transfection. For cells in high-glucose 
conditions, cells were transfected on Day 2 in a high-glucose 
medium and were kept in the high-glucose medium during 
transfection.

NOS analysis: NOS activity was measured using the ultra-
sensitive Colorimetric Assay for Nitric Oxide Synthase kit. 
Briefly, the assay is based on the enzymatic conversion of 
nitrate to nitrite by the enzyme nitrate reductase (NaR), 
followed by quantization of nitrite using the Griess reagent 
according to the kit. Equal amounts of cell proteins were 
suspended in PBS and added to a reaction buffer containing 
NADPH part A and part B. After 6 h incubation at 37 °C, 
reconstituted nitrate reductase was added to the mixture. The 
activity of NOS was measured at an excitation wavelength of 
540 nm. The specific enzymatic activity of NOS was calcu-
lated as relative units.

3-Nitrotyrosine ELISA: 3-nitrotyrosine was used as marker 
of peroxynitrite in REC and an indicator of reactive oxygen 
species. 3-nitrotyrosine levels were measured by a quantita-
tive ELISA in REC treated with IGFBP-3 NB, eNOS, and 
NAC.

Immunoprecipitation: After rinsing with phosphate-buffered 
saline (PBS), cells were lysed by freeze–thawing in lysis 
buffer containing protease and phosphatase inhibitors for 
20 min on ice. The cell pellets were transferred into 1.5 μl. 
The cells containing an equal amount of protein from control 
and each treatment were incubated with the eNOS antibody 
overnight at 4 °C, at which time protein A/G PLUS agarose 
beads were added and incubation continued for 2 h with 
gentle rocking. The beads were washed three times with the 
lysis buffer and once with PBS, and the immunocomplexes 
were released by heating in a Laemmeli sample buffer and 
analyzed by western blotting for eNOS and PKCzeta.
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Western blot analysis: After appropriate treatments and 
rinsing with cold phosphate-buffered saline, REC were 
scraped into a lysis buffer containing protease and phos-
phatase inhibitors. Equal amounts of protein from the cell 
extracts were separated on the pre-cast tris-glycine gel and 
blotted onto a nitrocellulose membrane. After blocking in 
TBST (10 mM Tris-HCl buffer, pH 8.0, 150 mM NaCl, 0.1% 
Tween-20) containing 5% (w/v) BSA, membranes were treated 
with anti-phospho-PKCzeta, PKCzeta, phospho-eNOS, 
eNOS, and VEGF antibodies, followed by incubation with 
HRP-conjugated secondary antibodies. The antigen-antibody 
complexes were detected using a chemi-luminescence reagent 
kit (Thermo Scientific).

Statistics: All the experiments were repeated at least three 
times, and the data are presented as mean ± SEM. Data were 
analyzed by the Kruskal–Wallis test, followed by Dunn’s 
testing, with p values <0.05 considered statistically signifi-
cant. In the case of western blotting, one representative blot 
is shown. Normal glucose was normalized to 1, with all treat-
ments compared to normal glucose, followed by normaliza-
tion to actin levels.

RESULTS

When grown in the presence of 25 mM glucose (diabetic-
like conditions) and transfected with IGFBP-3NB plasmid, 
REC expressed decreased levels of phosphorylated eNOS 
and phosphorylated PKCzeta, as well as decreased levels of 
VEGF, compared to untreated cells cultured in high glucose. 
For our experiments, we transfected REC with IGFBP-3 NB 
plasmid DNA at 1.0 μg/ml for 24 h in either normal or high 
glucose (Figure 1). We compared changes in eNOS and PKC 
activation in cells receiving control plasmid versus cells 

transfected with IGFBP-3 plasmid. Since the phosphorylated 
form of eNOS and PKCzeta is regarded as the activated 
form, we used western blots to monitor changes in the ratio 
of phospho-eNOS/eNOS, as shown in Figure 1A. We found 
that high glucose increased the ratio by approximately 50% 
above baseline, while IGFBP-3 transfection returned the ratio 
to near control levels (Figure 1A).

To determine if IGFBP-3 inhibition of eNOS expression 
leads to expected downstream effects, we also monitored 
changes in phosphorylated PKCzeta. Since eNOS is known 
to stimulate PKC, we predicted similar changes in REC cells 
after IGFBP-3 inhibition of eNOS. As shown in Figure 1B, 
PKCzeta activation was significantly higher in samples from 
cells cultured in high glucose compared to normal glucose-
treated cell samples. IGFBP-3 transfection restored PKCzeta 
activation to near-normal glucose levels.

VEGF is well known, regulating both angiogenesis and 
macular edema in diabetic retinopathy. VEGF levels were 
significantly increased in response to high glucose, which 
were decreased after IGFBP-3 transfection (Figure 1C). These 
results support our hypothesis that high glucose activates the 
eNOS/PKC pathway, leading to increased VEGF levels, and 
that IGFBP-3 can inhibit its activity in the pathway to near 
normal levels.

IGFBP-3 blocked eNOS-induced VEGF changes in REC 
grown under high glucose conditions: To detect the optimal 
dose of recombinant eNOS to regulate VEGF in REC, we 
first performed a dose-range analysis from 0.25 to 2 μM and 
found NOS activity was significantly increased at 1 or 2 μM 
compared to control levels (Figure 2). Therefore, we chose 
1 μM for future experiments. To verify whether IGFBP-3 
is required for NOS actions in REC, we treated cells with 

Figure 1. IGFBP-3 overexpression inhibited eNOS, PKCzeta, and VEGF in REC cultured in high ambient glucose. In all experiments, 
REC cells were treated with IGFBP-3 NB plasmid in a medium containing normal glucose (NG-5mM) or in a high-glucose (HG-25 mM) 
medium. A: Western blot result of the phospho-eNOS/eNOS ratio; B: Western blot result of phospho-PKCzeta/PKCzeta; C: Western blot 
of VEGF levels. *p<0.05 versus NG control plasmid DNA transfection. #p<0.05 versus HG control plasmid DNA transfection. n=3. Data 
are mean ± SEM.
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recombinant eNOS after IGFBP-3NB plasmid DNA trans-
fection. Recombinant eNOS significantly increased phos-
phorylation of PKCzeta. We found that treatment of REC 
with IGFBP-3 alone lowered phosphorylation of PKCzeta by 
approximately 25% (Figure 3A), similar to what was observed 
in Figure 1B. When IGFBP-3 and eNOS were added together, 
the net effect was a significant reduction of PKCzeta phos-
phorylation compared to eNOS alone, which suggests that 
IGFBP-3 must reduce eNOS to regulate PKCzeta or levels 
would be more similar to eNOS alone. Similarly, increased 
eNOS levels led to expected downstream effects, including 
increased VEGF levels (Figure 3B). However, when IGFBP-3 
and eNOS were added together, the net effect was not signifi-
cantly different than IGFBP-3 actions alone, again hinting 
that IGFBP-3 requires a reduced eNOS level to reduce VEGF 
levels.

IGFBP-3 inhibited the interaction of PKCzeta, which is 
reduced in the presence of the antioxidant NAC: To determine 
whether eNOS and PKCzeta interact directly, we performed 

immunoprecipitation with the eNOS antibody, followed by 
western blotting for phosphorylated eNOS (as a control) and 
PKCzeta. We also treated some cells with NAC to determine 
if IGFBP-3 actions are mediated in part through reduced reac-
tive oxygen species. Figure 4A demonstrates that eNOS levels 
are increased following the immunoprecipitation, which can 
be inhibited by IGFBP-3. NAC was able to reduce the IGFBP-
3-induced inhibition of eNOS activation. PKCzeta directly 
interacts with eNOS, as immunoprecipitation with eNOS 
antibodies resulted in significantly increased phosphorylation 
of PKCzeta, which was reduced with eNOS when combined 
with IGFBP-3 (Figure 4B). Similar to eNOS, the addition 
of NAC to samples with eNOS and IGFBP-3 significantly 
increased PKCzeta phosphorylation when compared to cells 
with eNOS and IGFBP-3 only (Figure 4B). Finally, to demon-
strate whether IGFBP-3 and eNOS have actions on reactive 
oxygen species, we performed a 3-nitrotyrosine ELISA. 
Figure 4C demonstrates that eNOS significantly increased 
3-nitrotyrosine, used as a marker of reactive oxygen species. 
IGFBP-3 was able to reduce 3-nitrotyrosine, but was not 
as effective in the presence of NAC (Figure 4C). NAC was 
highly effective in reducing 3-nitrotyrosine.

IGFBP-3 blocked PKCzeta-induced VEGF changes in REC 
grown under high glucose conditions: To detect the optimal 
dose of PKCzeta to regulate VEGF in REC, we first deter-
mined the best dose of recombinant PKCzeta using a dose 
analysis from 1 to 4 μg/ml first, and found that PKCzeta was 
increased significantly at 2 or 4 μg/ml compared to controls 
(Figure 5). We chose 4 μg/ml for the following experiment. 
Recombinant PKCzeta alone significantly increased VEGF 
levels in high glucose (Figure 6B). IGFBP-3 NB reduced 
VEGF levels (Figure 6B), which is similar to findings in 
Figure 1C. When IGFBP-3 NB and PKCzeta were added 

Figure 2. Dose curve of treatment with recombinant eNOS on 
NOS activity. Quiescent REC were treated with different doses of 
recombinant eNOS under high glucose conditions and analyzed by 
ELISA for NOS activity. *p<0.05 versus HG control. n=3. Data are 
mean ± SEM.

Figure 3. IGFBP-3 regulates 
PKCzeta activation and VEGF 
levels through eNOS. REC were 
treated with IGFBP-3 plasmid and 
recombinant eNOS in REC in both 
NG and HG media. A: Western blot 
data of phosphorylated and total 
PKCzeta levels; B: Western blot 
results of VEGF levels; *p<0.05 
versus NG control plasmid DNA 
transfection. #p<0.05 versus HG 

control plasmid DNA transfection. *p<0.05 versus HG IGFBP-3 plasmid DNA transfection. $p<0.05 versus HG control DNA transfection 
+ eNOS. n=3. Data are mean ± SEM.
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Figure 4. eNOS directly interacts with PKCzeta, with both regulated by IGFBP-3. REC were transfected with IGFBP-3 NB, followed by 
recombinant eNOS only or eNOS and NAC in NG or HG. A: Immunoprecipitation results with eNOS beads, followed by western blotting 
for phosphorylated and total eNOS to demonstrate that eNOS treatment was effective. IGFBP-3 is not as effective in reducing eNOS when 
NAC is present. B: Immunoprecipitation results with the eNOS antibody, followed by western blotting for phosphorylated to total PKCzeta, 
demonstrating that eNOS interacts directly with PKCzeta. IGFBP-3 actions on PKCzeta are mediated in part through reduced peroxynitrite, 
as NAC increased PKCzeta compared to eNOS and IGFBP-3 only. C: ELISA for 3-nitrotyrosine on samples’ immunoprecipitated results with 
the eNOS antibody to demonstrate that IGFBP-3 reduces eNOS, likely through reduced peroxynitrate actions. *p<0.05 versus NG, # p<0.05 
versus HG+ IGFBP-3 plasmid DNA transfection. $p<0.05 versus HG control DNA transfection + eNOS. % p<0.05 versus eNOS+IGFBP-3. 
n=3.

Figure 5. Dose curve of recombinant PRKCzeta on PKCzeta activity. 
Quiescent REC were treated with indicated doses of PRKCzeta in 
high-glucose conditions and analyzed by western blotting for phos-
phorylated PKCzeta/PKCzeta ratios. *p<0.05 versus HG control. 
n=3. Data are mean ± SEM.
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together, PKCzeta was not able to significantly increase 
VEGF, suggesting that IGFBP-3 actions lie upstream of 
PKCzeta.

DISCUSSION

Our results propose a novel pathway to show the IGF-1-inde-
pendent actions of IGFBP-3 in the regulation of eNOS and 
PKCzeta cascades under conditions of high ambient glucose. 
Our data suggest that IGFBP-3 has a direct inhibition on 
VEGF levels in cells cultured under diabetic-like condi-
tions. Using IGFBP-3NB transfection to increase intracel-
lular IGFBP-3NB levels, we found a significant decrease in 
eNOS and PKCzeta activation. In addition, we also identify 
the relationship between PKC and NOS. Endothelial NOS 
enzymes led to the activation of PKCzeta phosphorylation, 
which may be dependent on the uptake/transport properties of 
REC. Therefore, we suggest that there are multiple signaling 
pathways contributing to the pathophysiological regulation of 
diabetic endothelial complications. One pathway involves a 
rapid elevation in NO synthesis, likely leading to activation of 
PKCzeta. Our data suggest that eNOS and PKCzeta interact 
in REC cultured in high glucose.

Our findings also support the work of others demon-
strating that IGFBP-3 can decrease VEGF levels [13]. Our 
results presented here demonstrate that IGFBP-3 inhibition 
of VEGF under high glucose conditions is mediated through 
a reduction of the eNOS/PKCzeta signaling pathway.

The favorable metabolic phenotypes of IGFBP-3 
observed here are accordant with other murine models in 
which IGFBP-3 overexpression had a protective role in 
diabetes [9,11,15]. A critical novel finding of the current 
study is that IGFBP-3 has a direct effect on the vascular 

endothelium, resulting in decreased eNOS activation. 
Research has revealed that free radicals or reactive oxygen 
species (ROS) create oxidative stress, which leads to a variety 
of pathological lesions in diabetes [34]. High glucose may 
lead to the production of ROS to cause endothelial injury and 
apoptosis [35]. Moreover, previous studies have found that 
radicals destroy the endothelium by changing NO production 
[36]. Indeed, in the present study, the data showed that NOS 
activation in retinal endothelial cells was markedly reduced 
by IGFBP-3 in high ambient glucose. The underlying mecha-
nism by which IGFBP-3 protects the retinal endothelium from 
hyperglycemia-induced oxidative damage is an important 
question raised by the results presented in this study. Data 
with NAC suggest that some of IGFBP-3 actions are medi-
ated through the reduction of peroxynitrite. Further experi-
ments on IGFBP-3 and reactive oxygen species need to be 
completed.

PKCzeta was originally discovered as a unique PKC 
isotype and is classified into the atypical PKC subfamily 
based on its structure [37]. Here we have shown that activa-
tion of PKCzeta in high ambient glucose can be regulated by 
the overexpression of IGFBP-3, which was associated with 
decreased levels of VEGF. The molecular mechanism behind 
the inhibitory effect of IGFBP-3 on PKCzeta is intriguing. It 
has been reported that IGFBP-3/IGFBP-3 receptors interact 
with specific proteins involved with inflammation [18,19], 
suggesting that IGFBP-3 may regulate PKCzeta through the 
IGFBP-3 receptor. Additionally, in this work, immunoprecipi-
tation with eNOS suggests a direct interaction of eNOS with 
PKCzeta. However, our findings are likely highly dependent 
on the unique uptake/transport of REC for these proteins.

Retinal endothelial cell dysfunctions are known to play 
a pivotal role in many complications of diabetic retinopathy. 

Figure 6. IGFBP-3 regulated VEGF 
level through PKCzeta activation. 
REC were treated with IGFBP-3 
plasmid and PRKCzeta in REC in 
NG and HG media. A: Western blot 
data of the ratio of phosphorylated 
to total PKCzeta; B: Western blot 
results of VEGF levels; *p<0.05 
versus NG control plasmid DNA 
transfection. #p<0.05 versus HG 
control plasmid DNA transfection. 

*p<0.05 versus HG IGFBP-3 plasmid DNA transfection. $p<0.05 versus HG IGFBP-3 control DNA transfection + PRKCzeta. n=3. Data are 
mean ± SEM.
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Previous studies have demonstrated that IGFBP-3 demon-
strates retinal endothelial cell protection in vivo and in 
vitro [17,38,39]. Given the importance of REC in diabetic 
retinopathy, the discovery of cellular mechanisms that offer 
protection to REC against the effects of high glucose may 
offer new strategies for understanding the overall disease 
process. Future studies detecting the regulation of IGFBP-3 
systems will be important for creating effective treatments 
for diabetic retinopathy.

ACKNOWLEDGMENTS

This work was supported by R01EY022045, NEI 
P30EY004068, and an Unrestricted Grant to the Depart-
ment of Ophthalmology from Research to Prevent Blindness 
(Kresge Eye Institute).

REFERENCES
1. Gariano RF, Gardner TW. Retinal angiogenesis in development 

and disease.  Nature  2005; 438:960-6. [PMID: 16355161].

2. Aiello LP. The potential role of PKC beta in diabetic retinop-
athy and macular edema.  Surv Ophthalmol  2002; 47:Suppl 
2S263-9. [PMID: 12507628].

3. Agrawal NK, Kant S. Targeting inflammation in diabetes: 
Newer therapeutic options.  World J Diabetes.  2014; 5:697-
710. [PMID: 25317247].

4. Rangasamy S, McGuire PG, Franco Nitta C, Monickaraj F, 
Oruganti SR, Das A. Chemokine mediated monocyte traf-
ficking into the retina: role of inflammation in alteration of 
the blood-retinal barrier in diabetic retinopathy.  PLoS ONE  
2014; 9:e108508-[PMID: 25329075].

5. Elahy M, Baindur-Hudson S, Cruzat VF, Newsholme P, Dass 
CR. Mechanisms of PEDF-mediated protection against 
reactive oxygen species damage in diabetic retinopathy 
and neuropathy.  J Endocrinol  2014; 222:R129-39. [PMID: 
24928938].

6. Park HY, Kim JH, Park CK. Neuronal cell death in the inner 
retina and the inf luence of vascular endothelial growth 
factor inhibition in a diabetic rat model.  Am J Pathol  2014; 
184:1752-62. [PMID: 24709590].

7. Bazzaz JT, Amoli MM, Pravica V, Chandrasecaran R, Boulton 
AJ, Larijani B, Hutchinson IV. eNOS gene polymorphism 
association with retinopathy in type 1 diabetes.  Ophthalmic 
Genet  2010; 31:103-7. [PMID: 20565248].

8. Titchenell PM, Lin CM, Keil JM, Sundstrom JM, Smith 
CD, Antonetti DA. Novel atypical PKC inhibitors prevent 
vascular endothelial growth factor-induced blood-retinal 
barrier dysfunction.  Biochem J  2012; 446:455-67. [PMID: 
22721706].

9. Clemmons DR, Moses AC, McKay MJ, Sommer A, Rosen 
DM, Ruckle J. The combination of insulin-like growth factor 
I and insulin-like growth factor-binding protein-3 reduces 

insulin requirements in insulin-dependent type 1 diabetes: 
evidence for in vivo biological activity.  J Clin Endocrinol 
Metab  2000; 85:1518-24. [PMID: 10770191].

10. Zhang Q, Guy K, Pagadala J, Jiang Y, Walker RJ, Liu L, Soder-
land C, Kern TS, Ferry R Jr, He H, Yates CR, Miller DD, 
Steinle JJ. Compound 49b Prevents Diabetes-Induced Apop-
tosis through Increased IGFBP-3 Levels.  Invest Ophthalmol 
Vis Sci  2012; 53:3004-13. [PMID: 22467575].

11. Kushlinskii NE, Gershtein ES, Nikolaev AA, Delektorskaya 
VV, Korotkova EA, Dvorova EK, Kostyleva OI. Insulin-like 
growth factors (IGF), IGF-binding proteins (IGFBP), and 
vascular endothelial growth factor (VEGF) in blood serum 
of patients with colorectal cancer.  Bull Exp Biol Med  2014; 
156:684-8. [PMID: 24770758].

12. Jarajapu YP, Cai J, Yan Y, Li Calzi S, Kielczewski JL, Hu P, 
Shaw LC, Firth SM, Chan-Ling T, Boulton ME, Baxter RC, 
Grant MB. Protection of blood retinal barrier and systemic 
vasculature by insulin-like growth factor binding protein-3.  
PLoS ONE  2012; 7:e39398-[PMID: 22792172].

13. Kim SR, Lee KS, Lee KB, Lee YC. Recombinant IGFBP-3 
inhibits allergic lung inflammation, VEGF production, and 
vascular leak in a mouse model of asthma.  Allergy  2012; 
67:869-77. [PMID: 22563687].

14. Baxter RC. IGF binding proteins in cancer: mechanistic and 
clinical insights.  Nat Rev Cancer  2014; 14:329-41. [PMID: 
24722429].

15. Nguyen DV, Li Calzi S, Shaw LC, Kielczewski JL, Korah 
HE, Grant MB. An ocular view of the IGF-IGFBP system.  
Growth Horm IGF Res  2013; 23:45-52. [PMID: 23578754].

16. Kim HS. Role of insulin-like growth factor binding protein-3 
in glucose and lipid metabolism.  Ann Pediatr Endocrinol 
Metab.  2013; 18:9-12. [PMID: 24904844].

17. Zhang Q, Jiang Y, Miller MJ, Peng B, Liu L, Soderland C, 
Tang J, Kern TS, Pintar J, Steinle JJ. IGFBP-3 and TNF-
alpha Regulate Retinal Endothelial Cell Apoptosis.  Invest 
Ophthalmol Vis Sci  2013; 54:5376-84. [PMID: 23868984].

18. Zhang Q, Soderland D, Steinle JJ. TNFalpha inhibits IGFBP-3 
through activation of p38alpha and casein kinase 2 in human 
retinal endothelial cells.  PLoS ONE  2014; 9:e103578-[PMID: 
25073020].

19. Zhang Q, Steinle JJ. IGFBP-3 inhibits TNF-alpha production 
and TNFR-2 signaling to protect against Retinal Endothelial 
Cell Apoptosis.  Microvasc Res  2014; 95:76-81. [PMID: 
25086184].

20. Kielczewski JL, Li Calzi S, Shaw LC, Cai J, Qi X, Ruan Q, Wu 
L, Liu L, Hu P, Chan-Ling T, Mames RN, Firth S, Baxter RC, 
Turowski P, Busik JV, Boulton ME, Grant MB. Free insulin-
like growth factor binding protein-3 (IGFBP-3) reduces 
retinal vascular permeability in association with a reduction 
of acid sphingomyelinase (ASMase).  Invest Ophthalmol Vis 
Sci  2011; 52:8278-86. [PMID: 21931131].

21. Rajwani A, Ezzat V, Smith J, Yuldasheva NY, Duncan 
ER, Gage M, Cubbon RM, Kahn MB, Imrie H, Abbas 
A, Viswambharan H, Aziz A, Sukumar P, Vidal-Puig A, 

http://www.molvis.org/molvis/v21/604
http://www.ncbi.nlm.nih.gov/pubmed/16355161
http://www.ncbi.nlm.nih.gov/pubmed/12507628
http://www.ncbi.nlm.nih.gov/pubmed/25317247
http://www.ncbi.nlm.nih.gov/pubmed/25329075
http://www.ncbi.nlm.nih.gov/pubmed/24928938
http://www.ncbi.nlm.nih.gov/pubmed/24928938
http://www.ncbi.nlm.nih.gov/pubmed/24709590
http://www.ncbi.nlm.nih.gov/pubmed/20565248
http://www.ncbi.nlm.nih.gov/pubmed/22721706
http://www.ncbi.nlm.nih.gov/pubmed/22721706
http://www.ncbi.nlm.nih.gov/pubmed/10770191
http://www.ncbi.nlm.nih.gov/pubmed/22467575
http://www.ncbi.nlm.nih.gov/pubmed/24770758
http://www.ncbi.nlm.nih.gov/pubmed/22792172
http://www.ncbi.nlm.nih.gov/pubmed/22563687
http://www.ncbi.nlm.nih.gov/pubmed/24722429
http://www.ncbi.nlm.nih.gov/pubmed/24722429
http://www.ncbi.nlm.nih.gov/pubmed/23578754
http://www.ncbi.nlm.nih.gov/pubmed/24904844
http://www.ncbi.nlm.nih.gov/pubmed/23868984
http://www.ncbi.nlm.nih.gov/pubmed/25073020
http://www.ncbi.nlm.nih.gov/pubmed/25073020
http://www.ncbi.nlm.nih.gov/pubmed/25086184
http://www.ncbi.nlm.nih.gov/pubmed/25086184
http://www.ncbi.nlm.nih.gov/pubmed/21931131


Molecular Vision 2015; 21:604-611 <http://www.molvis.org/molvis/v21/604> © 2015 Molecular Vision 

611

Sethi JK, Xuan S, Shah AM, Grant PJ, Porter KE, Kearney 
MT, Wheatcroft SB. Increasing circulating IGFBP1 levels 
improves insulin sensitivity, promotes nitric oxide produc-
tion, lowers blood pressure, and protects against atheroscle-
rosis.  Diabetes  2012; 61:915-24. [PMID: 22357965].

22. Edgar K, Gardiner TA, van Haperen R, de Crom R, McDonald 
DM. eNOS overexpression exacerbates vascular closure in 
the obliterative phase of OIR and increases angiogenic drive 
in the subsequent proliferative stage.  Invest Ophthalmol Vis 
Sci  2012; 53:6833-50. [PMID: 22930723].

23. She H, Nakazawa T, Matsubara A, Hisatomi T, Young TA, 
Michaud N, Connolly E, Hafezi-Moghadam A, Gragoudas 
ES, Miller JW. Reduced photoreceptor damage after photo-
dynamic therapy through blockade of nitric oxide synthase in 
a model of choroidal neovascularization.  Invest Ophthalmol 
Vis Sci  2007; 48:2268-77. [PMID: 17460290].

24. Takahashi T, Harris RC. Role of endothelial nitric oxide 
synthase in diabetic nephropathy: lessons from diabetic 
eNOS knockout mice.  J Diabetes Res.  2014; xxx:590541-.

25. Gangadharan Komala M, Gross S, Mudaliar H, Huang C, Pegg 
K, Mather A, Shen S, Pollock CA, Panchapakesan U. Inhibi-
tion of kidney proximal tubular glucose reabsorption does 
not prevent against diabetic nephropathy in type 1 diabetic 
eNOS knockout mice.  PLoS ONE  2014; 9:e108994-[PMID: 
25369239].

26. Lei S, Li H, Xu J, Liu Y, Gao X, Wang J, Ng KF, Lau WB, Ma 
XL, Rodrigues B, Irwin MG, Xia Z. Hyperglycemia-induced 
protein kinase C beta2 activation induces diastolic cardiac 
dysfunction in diabetic rats by impairing caveolin-3 expres-
sion and Akt/eNOS signaling.  Diabetes  2013; 62:2318-28. 
[PMID: 23474486].

27. Omri S, Behar-Cohen F, Rothschild PR, Gelize E, Jonet L, 
Jeanny JC, Omri B, Crisanti P. PKCzeta mediates breakdown 
of outer blood-retinal barriers in diabetic retinopathy.  PLoS 
ONE  2013; 8:e81600-[PMID: 24312324].

28. Kaplan JS, Mohr C, Rossi DJ. Opposite actions of alcohol 
on tonic GABA(A) receptor currents mediated by nNOS 
and PKC activity.  Nat Neurosci  2013; 16:1783-93. [PMID: 
24162656].

29. Huang Q, Yuan Y. Interaction of PKC and NOS in signal trans-
duction of microvascular hyperpermeability.  Am J Physiol  
1997; 273:H2442-51. [PMID: 9374783].

30. Aveleira CA, Lin CM, Abcouwer SF, Ambrosio AF, Antonetti 
DA. TNF-alpha signals through PKCzeta/NF-kappaB to alter 

the tight junction complex and increase retinal endothelial 
cell permeability.  Diabetes  2010; 59:2872-82. [PMID: 
20693346].

31. Omri S, Behar-Cohen F, de Kozak Y, Sennlaub F, Verissimo 
LM, Jonet L, Savoldelli M, Omri B, Crisanti P. Microglia/
macrophages migrate through retinal epithelium barrier by a 
transcellular route in diabetic retinopathy: role of PKCzeta in 
the Goto Kakizaki rat model.  Am J Pathol  2011; 179:942-53. 
[PMID: 21712024].

32. Yan X, Forbes BE, McNeil KA, Baxter RC, Firth SM. Role 
of N- and C-terminal residues of insulin-like growth factor 
(IGF)-binding protein-3 in regulating IGF complex formation 
and receptor activation.  J Biol Chem  2004; 279:53232-40. 
[PMID: 15485880].

33. Kielczewski JL, Hu P, Shaw LC, Li Calzi S, Mames RN, 
Gardiner TA, McFarland E, Chan-Ling T, Grant MB. Novel 
protective properties of IGFBP-3 result in enhanced pericyte 
ensheathment, reduced microglial activation, increased 
microglial apoptosis, and neuronal protection after ischemic 
retinal injury.  Am J Pathol  2011; 178:1517-28. [PMID: 
21435441].

34. Liu M, Xiang G, Lu J, Xiang L, Dong J, Mei W. TRAIL 
protects against endothelium injury in diabetes via Akt-
eNOS signaling.  Atherosclerosis  2014; 237:718-24. [PMID: 
25463111].

35. Rubanyi GM, Vanhoutte PM. Oxygen-derived free radicals, 
endothelium, and responsiveness of vascular smooth muscle.  
Am J Physiol  1986; 250:H815-21. [PMID: 3085520].

36. Gryglewski RJ, Palmer RM, Moncada S. Superoxide anion is 
involved in the breakdown of endothelium-derived vascular 
relaxing factor.  Nature  1986; 320:454-6. [PMID: 3007998].

37. Ono Y, Fujii T, Ogita K, Kikkawa U, Igarashi K, Nishizuka Y. 
Protein kinase C zeta subspecies from rat brain: its structure, 
expression, and properties.  Proc Natl Acad Sci USA  1989; 
86:3099-103. [PMID: 2470089].

38. Jiang Y, Zhang Q, Steinle JJ. Intravitreal Injection of IGFBP-3 
Restores Normal Insulin Signaling in Diabetic Rat Retina.  
PLoS ONE  2014; 9:e93788-[PMID: 24695399].

39. Zhang Q, Jiang Y, Toutounchian JJ, Soderland C, Yates CR, 
Steinle JJ. Insulin-like growth factor binding protein-3 
inhibits monocyte adhesion to retinal endothelial cells in 
high glucose conditions.  Mol Vis  2013; 19:796-803. [PMID: 
23592916].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 22 May 2015. This reflects all typographical corrections and errata to the article 
through that date. Details of any changes may be found in the online version of the article.

http://www.molvis.org/molvis/v21/604
http://www.ncbi.nlm.nih.gov/pubmed/22357965
http://www.ncbi.nlm.nih.gov/pubmed/22930723
http://www.ncbi.nlm.nih.gov/pubmed/17460290
http://www.ncbi.nlm.nih.gov/pubmed/25369239
http://www.ncbi.nlm.nih.gov/pubmed/25369239
http://www.ncbi.nlm.nih.gov/pubmed/23474486
http://www.ncbi.nlm.nih.gov/pubmed/24312324
http://www.ncbi.nlm.nih.gov/pubmed/24162656
http://www.ncbi.nlm.nih.gov/pubmed/24162656
http://www.ncbi.nlm.nih.gov/pubmed/9374783
http://www.ncbi.nlm.nih.gov/pubmed/20693346
http://www.ncbi.nlm.nih.gov/pubmed/20693346
http://www.ncbi.nlm.nih.gov/pubmed/21712024
http://www.ncbi.nlm.nih.gov/pubmed/15485880
http://www.ncbi.nlm.nih.gov/pubmed/21435441
http://www.ncbi.nlm.nih.gov/pubmed/21435441
http://www.ncbi.nlm.nih.gov/pubmed/25463111
http://www.ncbi.nlm.nih.gov/pubmed/25463111
http://www.ncbi.nlm.nih.gov/pubmed/3085520
http://www.ncbi.nlm.nih.gov/pubmed/3007998
http://www.ncbi.nlm.nih.gov/pubmed/2470089
http://www.ncbi.nlm.nih.gov/pubmed/24695399
http://www.ncbi.nlm.nih.gov/pubmed/23592916
http://www.ncbi.nlm.nih.gov/pubmed/23592916

	Reference r39
	Reference r38
	Reference r37
	Reference r36
	Reference r35
	Reference r34
	Reference r33
	Reference r32
	Reference r31
	Reference r30
	Reference r29
	Reference r28
	Reference r27
	Reference r26
	Reference r25
	Reference r24
	Reference r23
	Reference r22
	Reference r21
	Reference r20
	Reference r19
	Reference r18
	Reference r17
	Reference r16
	Reference r15
	Reference r14
	Reference r13
	Reference r12
	Reference r11
	Reference r10
	Reference r9
	Reference r8
	Reference r7
	Reference r6
	Reference r5
	Reference r4
	Reference r3
	Reference r2
	Reference r1

