
Vascular Biology, Atherosclerosis and Endothelium Biology

Inhibition of Protein Kinase C � Attenuates
Blood-Retinal Barrier Breakdown in Diabetic
Retinopathy

Jeong-Hun Kim,* Jin Hyoung Kim,*
Hyoung-Oh Jun,† Young Suk Yu,*
and Kyu-Won Kim†

From the Department of Ophthalmology,* Seoul National

University College of Medicine & Seoul Artificial Eye Center,

Clinical Research Institute, Seoul National University Hospital,

Seoul; and the NeuroVascular Coordination Research Center,†

College of Pharmacy and Research Institute of Pharmaceutical

Sciences, Seoul National University, Seoul, Korea

Vision loss in diabetic retinopathy is due to macular
edema characterized by increased vascular perme-
ability, which involves phosphorylation associated
with activation of protein kinase C (PKC) isoforms.
Herein, we demonstrated PKC � inhibition could pre-
vent blood-retinal barrier breakdown in diabetic ret-
inopathy. Increased vascular permeability of diabetic
retina was accompanied by a decrease of zonula oc-
cludens (ZO)-1 and ZO-2 expression. In diabetic ret-
ina and advanced glycation end product-treated hu-
man retinal microvascular endothelial cells, vascular
leakage and loss of ZO-1 and ZO-2 on retinal vessels
were effectively restored or prevented with treatment
of rottlerin, transfection of PKC-�-DN, or siRNA for
PKC �. Interestingly, PKC � translocated from cytosol
to membrane in advanced glycation end product-
treated human retinal microvascular endothelial
cells, which was blocked by PKC � inhibition. Taken
together, PKC � activation, related to its subcellular
translocation, is involved in vascular permeability in
response to diabetes, and inhibition of PKC � effec-
tively restores loss of tight junction proteins in retinal
vessels. Therefore, we suggest that inhibition of PKC
� could be an alternative treatment to blood-retinal
barrier breakdown in diabetic retinopathy. (Am J
Pathol 2010, 176:1517–1524; DOI: 10.2353/ajpath.2010.090398)

Diabetic retinopathy (DR), a common and serious com-
plication of diabetes, is one of the leading causes of
blindness.1 Clinically, DR can be classified into two stages:

nonproliferative and proliferative. With progression of ret-
inal ischemia, nonproliferative DR progresses to prolifer-
ative DR, which is characterized by the growth of new
blood vessels on the surface of the retina or the optic
disk. These abnormal vessels are fragile to bleeding,
resulting in vitreous hemorrhage and tractional retinal
detachment.2 However, the principal cause of vision loss
in diabetic patients is diabetic macular edema, which can
occur at any stage of DR and is characterized by in-
creased vascular permeability.3

Diabetes alters the structure and function of most cell
types in the retina including the vasculature and neural
network,4,5 which is closely related to the blood-retinal
barrier (BRB) breakdown in the early stage of diabetic
retinopathy.6,7 Therefore, BRB breakdown characterizes
early stages of vascular dysfunction in DR.8 As our pre-
vious reports, the cellular interactions, regulating blood
neural barrier by modulating both brain angiogenesis
and tight junction formation,9 also play the critical role in
retinal barrier genesis,10 and the barrier function in retinal
vessels is modulated by the retinal endothelial junction
structure.10,11 Specific junction molecules in retinal en-
dothelial cells are requisite for the maintenance of barrier
function. Recently, we have shown that zonula occludens
(ZO)-1 and occludin are well-characterized components
of the tight junction in retinal endothelial cells.10,12,13

ZO-1 is a cytoplasmic protein which links occludin to the
other intracellular junction structures. Particularly, the
level of ZO-1 expression is inversely related to perme-
ability in blood-retinal barrier10,12–14 as well as that of
occludin.15 However, the specific molecular pathogene-
sis for increased permeability has not been elucidated.
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Increased vascular permeability in diabetes involves
phosphorylation and reorganization of specific junction
proteins.16 In diabetes, excess glucose is metabolized
by glycolysis, which increases synthesis of intracellular
diacylglycerol (DAG), the main endogenous activator of
protein kinase C (PKC). The PKC superfamily is composed
of three subfamilies including classical PKC (cPKC; �, �1,
�2, and �), novel PKC (nPKC; �, �, �, �, and 	), and
atypical PKC (aPKC: 
, �/�).17 cPKC is activated by both
calcium and DAG, nPKC is regulated by DAG, but not by
calcium, and aPKC responds to neither calcium nor
DAG.17 Since PKC activation appears to be due to in-
crease of DAG, all isoforms sensitive to DAG are likely to
be activated in diabetes. Actually, ruboxistaurin, a selec-
tive inhibitor for � isoforms, has shown the efficacy to
ameliorate the vascular dysfunction in diabetes.18 Be-
sides PKC �, some specific isoforms, PKC � and �, are
also crucial in diabetic microvascular complications.19

In the current study, we investigated that in diabetic
retina, PKC � activation is involved in decrease of tight
junction proteins, particularly ZO-1 and ZO-2, which is
followed by BRB breakdown. Moreover, our results sug-
gest that PKC � inhibition could prevent BRB breakdown
in diabetic retinopathy.

Materials and Methods

Mice

C57BL/6 mice were purchased from Samtako (Korea).
Care, use, and treatment of all animals in this study were
in strict agreement with the ARVO statement for the Use
of Animals in Ophthalmic and Vision Research. C57BL/6
mice were kept in standard 12-hour dark-light cycles and
approximately 23°C room temperature.

Cell Culture

Human retina microvascular endothelial cells (HRMECs)
were purchased from the Applied Cell Biology Research
Institute and grown on attachment factor-coated plates in
complete medium (Cell Systems, Kirkland, WA) or in
M199 medium supplemented with 20% fetal bovine se-
rum, 3 ng/ml basic fibroblast growth factor (Millipore,
Bedford, MA), and 10 U/ml heparin (Sigma, St. Louis,
MO). HRMECs used in this study were taken from pas-
sages 4 to 6. Advanced glycation end product (AGE)
(Calbiochem, Darmstadt, Germany) treatment (10 	g/ml)
was performed in cells cultured in serum-free M199 sup-
plemented with 1% (v/v) penicillin-streptomycin.

Induction of Diabetes in Mice

To induce diabetes, 10-week-old male mice were in-
traperitoneally injected with 180 mg/kg streptozotocin
(Sigma). If plasma glucose concentrations was �300
mg/dl at 24 hours after streptozotocin injection, mice
were considered to be diabetic. To assess the anti-
permeable activity of PKC � inhibition, 10 	mol/L rot-
tlerin (Sigma) or siPKC � (50 nmol/L/1 	l), in 1 	l

phosphate-buffered saline (PBS) or PBS only was in-
travitreously injected to diabetic mice of 7 days after
streptozotocin injection.

Mice Retinal Tissue Preparation

At 2, 4, 6, and 8 days after streptozotocin injection with or
without intravitreal injection of a PKC � inhibitor, rottlerin
(200 nmol/L/1 	l) or siPKC � (50 nmol/L/1 	l), mice were
carefully sacrificed and the eyes were enucleated and
hemisected at the ora serrata. The retinas were gently
teased off the sclera using a fine brush. Contamination by
retinal pigment epithelial cells was reduced to a mini-
mum. Whole retinal proteins were extracted with lysis
buffer �50 mmol/L Tris (pH 7.6), 150 mmol/L NaCl, 1%
Triton X-100, 0.1% sodium dodecyl sulfate, protease in-
hibitor cocktail (Sigma), 1 mmol/L phenylmethylsulfonyl
fluoride� on ice for 20 minutes, centrifuged at 14,000 rpm
for 20 minutes, and then supernatants were harvested
and stored at �80°C.

Leakage Assessment by Perfusion of Retinal
Vessels with Fluorescein Isothiocyanate-Bovine
Serum Albumin (FITC-BSA)

With some modifications of previous our description,20 at
8 days after streptozotocin injection with or without intra-
vitreal injection of a PKC � inhibitor, rottlerin (200 nmol/L/1
	l) or siPKC � (50 nmol/L/1 	l), deeply anesthetized mice
were perfused through the tail vein with FITC-BSA
(Sigma) dissolved in PBS. For retinal flat mounting, after 1
hour of perfusion, the eyes were enucleated and fixed in 4%
paraformaldehyde for 2 hours. The retinas were dissected,
flat-mounted in Dako mounting medium (DakoCytomation,
Glostrup, Denmark), and viewed by fluorescence micros-
copy (BX50, Olympus, Japan). For quantification of retinal
vascular leakage, after 1 hour perfusion, the eyes were
enucleated, embedded in OCT medium and immediately
frozen in liquid nitrogen. The plasma was collected and
assayed for fluorescence with an SPEX fluorescence
spectrophotometer (Molecular Devices, Sunnyvale, CA)
based on standard curves of FITC-BSA in normal mouse
plasma. Frozen retinal sections (5 	m thick) collected
every 30 	m were viewed with a fluorescence micro-
scope (BX50, Olympus, Japan), and six images from
nonvascular retina (200 	m2) in each section were col-
lected. Quantification of FITC-BSA fluorescence inten-
sity was calculated by computer software Q-win (Leica,
Wetzlar, Germany) and normalized to plasma fluores-
cence intensity for each animal.

Western Blotting

Western blotting was performed using standard western
blotting methods. The protein concentration was mea-
sured using a BCA protein assay kit (Pierce, Rockford,
IL). Equal amounts of protein were separated by electro-
phoresis on 5–10% sodium dodecyl sulfate- polyacryl-
amide gel electrophoresis and transferred electrophoreti-
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cally onto nitrocellulose membrane (Amersham, Little
Chalfont, UK). The membranes were blocked for 30 min-
utes in 5% nonfat milk. The membranes after blocking
were incubated overnight with anti-PECAM (1:1000,
Santa Cruz, Santa Cruz, CA), anti-ZO-1 (1:1000, Zymed,
San Francisco, CA), anti-ZO-2 (1:2000, Zymed) and anti-
occludin (1:1000, Zymed), anti-PKC � (1: 1000, Santa
Cruz), and anti-c-myc (1: 1000, Santa Cruz) at 4°C. After
they were washed with PBS-T, the membrane was incu-
bated for 1 hour at room temperature with horseradish
peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG
(1:10,000, Pierce) in PBS-T and 1% nonfat milk. To en-
sure the equal loading of protein in each lane, the blots
were stripped and reprobed with an antibody against
�-actin. Intensity values were normalized relative to con-
trol values. The blots were scanned using a flatbed scan-
ner and the band intensity analyzed using the TINA soft-
ware program (Raytest, Staubenhardt, Germany).

Transient Transfection of Dominant-Negative
PKC � Construct

As our previous report,21 transient transfection of vector
overexpressing dominant-negative PKC � in HRMECs
was performed using the FuGene 6 transfection reagent
(Roche Applied Science, Indianapolis, IN) following the
manufacturer’s protocol. PKC-�-DN �catalytic fragment
dominant-negative mutant (K376R) of mouse PKC ��
plasmid was constructed by subcloning pMTH-PKC-
�-DN into pCS2 � c-myc plasmid (Clontech, Palo Alto,
CA). pMTH-PKC-�-DN was provided by Dr. Yuspa (Uni-
versity of Pennsylvania). Briefly, HRMECs were seeded at
2 � 105 cells in a six-well plate 1 day before transfection.
Cells were subsequently cultured for 48 hours to allow for
detectable protein expression. Transfection of PKC-�-DN
was confirmed by Western blotting with anti-c-myc antibody.

siRNA Transfection

As our previous report,21 siRNA duplex (siRNA) targeting
human PKC � was chemically synthesized and purified in
the 2-deprotected and desalted form (Dharmacon, Lafay-
ette, CO). The sequences of PKC � siRNA pair were
5�-GCUUCAAGGUUCACAACUAUU-3� and 5�-UAGUU-
GUGAACCUUGAAGCUU-3�. Scrambled RNA (catalog
no. D-001210–02) purchased from Pharmacon. Trans-
fection of siRNA was performed using oligofectamine
(Invitrogen, Rockville, MD), according to the manufactur-
er’s instructions. Briefly, HRMECs were seeded at 2 �
105 cells in a six-well plate 1 day before transfection. The
cells were transfected at the final concentration of 50
nmol/L siRNA duplex. The efficacy of knockdown was
assessed using western blotting with anti-PKC � antibody
and reverse transcriptase-polymerase chain reaction
(RT-PCR) using a PKC � specific primer.

�3H�sucrose Permeability Assay

With some modifications of previous our description,22

HRMECs (1 � 105 cells) were plated onto a Transwell

filter (Corning Costar, Cambridge, MA). After reaching
confluence, rhVEGF (20 ng/ml, Sigma) or the inhibitors of
PKC isoforms including a pan-PKC inhibitor (GF109203X,
Sigma), a PKC � inhibitor (LY379196, Eli Lilly Company,
Indianapolis, IN), rottlerin (Sigma) were treated for 6
hours in HRMECs with or without PKC-�-DN plasmid,
scrambled RNA or siPKC �. �3H�sucrose, 50 	l (0.8 	Ci/
ml) (1 	Ci/	l; Amersham Pharmacia, Bucks, UK), was
added to the upper compartment. The amount of radio-
activity that diffused into the lower compartment was
determined after 30 minutes by liquid scintillation counter
(Perkin Elmer/Wallac, Gaithersburg, MD).

RT-PCR Analysis

Total RNA from cells was isolated using Trizol reagent
(Invitrogen, Rockville, MD), according to the manufactur-
er’s instructions. First-stranded cDNA was synthesized
with 3 	g of each DNA free total RNA and oligo-(dT) 16
primer by Moloney murine leukemia virus reverse tran-
scriptase (Promega, Madison, WI). Equal amounts of
cDNA were subsequently amplified by PCR in a 50-	l
reaction volume containing 1X PCR buffer, 200 	mol/L
dNTPs, 10 	mol/L specific primer for PKC-� (5�-CAGG-
GATTAAAGTGTGAAG-3� and 5�-TTCTTCTCGAAACCC-
TGATA-3�), �-actin (5�-GACTACCTCATGAAGATC-3� and
5�-CACATCTGCTGGAA-3�) and 1.25 U TaqDNA polymer-
ase (TaKaRa, Tokyo, Japan). PCR was performed with an
initial denaturation step at 94°C for 5 minutes, followed by
25 (PKC-�, �-actin) of denaturation (94°C for 1 minute),
annealing (50°C �PKC-��; 55°C ��-actin� 1 minute), and
extension (72°C for 1 minute). The PCR products (PKC-�,
500 bp; �-actin, 550 bp) were separated on agarose gels
and visualized using ethidium bromide staining under UV
transillumination.

Cellular Fractionation

The cells were washed and pelleted after treatment, re-
suspended in 150 	l of hypotonic buffer (20 mmol/L
Tris-HCl, 5 mmol/L EGTA, 2 mmol/L EDTA, 2 mmol/L
�-mercaptoethanol) and left for 30 minutes at 4°C to
swell. Cells were lysed using sonication for 5 seconds
and centrifuged at 16,000 � g at 4°C for 30 minutes, and
the supernatant was collected as the cytosol fraction. The
pellet was re-suspended in the RIPA buffer (50 mmol/L
Tris-HCl 150 mmol/L NaCl, 0.5 mmol/L EDTA, 1% NP-40,
0.5% DOC, 0.1% sodium dodecyl sulfate) and left for 30
minutes at 4°C. The suspension was centrifuged again at
16,000 � g at 4°C for 30 minutes and the supernatant
was taken as the membrane fraction.

Immunohistochemistry

The enucleated mice eyes used for immunohistochem-
istry were immersion fixed in 4% paraformaldehyde
and subsequently embedded in paraffin. Serial sec-
tions 4 mm thick were prepared from paraffin blocks.
Sections were deparaffinized and hydrated by sequen-
tial immersion in xylene and graded alcohol solutions,
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treated with proteinase K for 5 minutes at 37°C and
then treated with normal serum obtained from the same
species in which the secondary antibody was devel-
oped for 10 minutes to block nonspecific staining.
Slides were incubated overnight at 4°C with anti-ZO-1
(1:100, Zymed, San Francisco, CA) and anti-ZO-2 (1:
100, Zymed), followed by a biotinylated goat anti-
mouse antibody (Dako, Glostrup, Denmark), revealed
by the avidin-biotin complex (Vectastain kit; Vector,
Burlingame, CA) and the 3-amino-9-ethyl-carbazole chro-
mogen. The slides were mounted Faramount aqueous
mounting medium (DAKO) and observed under light mi-
croscopy (Carl Zeiss, Chester, VA).

Statistical Analysis

Statistical differences between groups were evaluated
with the Student unpaired t-test (two-tailed). Mean � SD
is shown. P  0.05 was considered significant.

Results

Increased Vascular Permeability of Diabetic
Retina Is Accompanied by Decrease of Tight
Junction Proteins

To evaluate increased vascular permeability in diabetic
retina, fluorescein angiography using FITC-BSA was per-
formed. As shown in Figure 1A, fluorescein conjugated
dextran easily infiltrates through the vessel wall and dif-
fuses into the diabetic retina. Accordingly, increased vas-
cular permeability was recognized as diffuse fluores-
cence all around the retina. FITC-BSA fluorescence
intensity was measured by image analysis in serial retinal
sections. The average retinal FITC-BSA fluorescence in-
tensity was calculated and normalized to plasma fluores-
cence intensity. The retinal FITC-BSA fluorescence inten-
sity at 8 days after induction of diabetes diabetic retina

Figure 1. Increased vascular permeability of diabetic retina is accompanied by decrease of tight junction proteins. A: Increased vascular permeability was
evaluated by fluorescein angiography using FITC-BSA. Whole-mount retinal preparation from 8 days after streptozotocin injection was performed after 1 hour
perfusion of FITC-BSA. These experiments were repeated over three times with similar results. FITC-BSA fluorescence intensity was measured by image analysis
in serial retinal sections. The average retinal FITC-BSA fluorescence intensity was calculated and normalized to plasma fluorescence intensity. Figures were
selected as representative data from three independent experiments. Scale bars 	 100 	m. *P 
 0.005. DM, diabetes mellitus. B: At 2, 4, 6, and 8 days after
streptozotocin injection, retinal proteins of diabetic mice were analyzed by Western blot analysis using PECAM, ZO-1, ZO-2, and occludin antibodies. �-Actin
served as the loading control. DM, diabetes mellitus. C: HRMEC proteins from cells incubated with AGE treatment (10 	g/ml) for 12 hours were analyzed by
Western blot analysis using ZO-1 and ZO-2 antibodies. �-Actin was served as the loading control. B and C: Quantitative analysis was performed by measuring
protein expression relative to the control. Each point represents the mean (�SD) of three independent experiments, each performed in triplicate. *P 
 0.005.
Figures were selected as representative data from three independent experiments. DM, diabetes mellitus.
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was significantly increased (3.41 � 0.24 pixels) com-
pared with in the control retina (0.35 � 0.08, P 
 0.05).

Given the correlation with between increased vascular
permeability and loosening of the tight junctions in dia-
betic retinopathy, we investigated expression of an en-
dothelial cell marker, PECAM, and tight junction proteins,
ZO-1, ZO-2, and occludin in diabetic retina. While PECAM
showed no significant change during 8 days of diabetes
induction, marked decreases in ZO-1 and ZO-2 were
detected even from 4 days after diabetes induction (Fig-
ure 1B). Occludin, whose phosphorylation was known to be
requisite to vascular endothelial cell growth factor-induced
endothelial permeability,23 decreased later than ZO-1 and
ZO-2 did (Figure 1B).

To confirm whether expression of ZO-1 and ZO-2 in
retinal endothelial cells decreases under diabetic condi-
tion, HRMECs were incubated with AGE treatment (10
	g/ml) for 12 hours and assessed for ZO-1 and ZO-2.
With treatment of AGE, ZO-1 and ZO-2 were significantly
reduced in HRMECs (Figure 1C). These results indicate
that increased vascular permeability of diabetic retina is
accompanied by decrease of tight junction proteins in
retinal endothelial cells.

Inhibitors of PKC Isoforms Attenuate Loss of
Tight Junction Proteins Under Diabetic
Condition and Vascular Endothelial Growth
Factor (VEGF)-Induced Hyperpermeability in
HRMECs

Based on that VEGF-mediated vascular hyperpermeabil-
ity in diabetic retinopathy could be regulated through
activation of PKC in vivo,24,25 it was investigated whether
anti-permeable activities of the inhibitors of PKC isoforms
were related to regulation of tight junction proteins. As
demonstrated in Figure 2A, loss of tight junction proteins
in AGE-treated HRMECs was significantly inhibited by all
inhibitors including a pan-PKC inhibitor, a PKC � inhibitor
and rottlerin in dose-dependent manner. In addition,
VEGF-mediated hyperpermeability in HRMECs was ef-
fectively prevented by inhibitors of PKC isoforms (Figure
2B). These results suggest that Inhibition of PKC isoforms
could attenuate vascular leakage through regulation of
tight junction proteins in retinal endothelial cells.

Inhibition of PKC � by PKC-�-DN Attenuates
VEGF-Induced Hyperpermeability and Loss of
Tight Junction Proteins Under Diabetic
Condition in HRMECs

To investigate the effect of PKC � Inhibition on VEGF-
induced hyperpermeability and the expression of tight
junction proteins in retinal endothelial cells under diabetic
condition, �3H�sucrose permeability assay in HRMECs
and the expression of ZO-1 and ZO-2 in AGE-treated
HRMECs were assessed with transfection of PKC-�-DN
plasmid. The efficacy of transfection for PKC-�-DN was
confirmed by c-myc expression. As shown in Figure 3A,

PKC � inhibition by PKC-�-DN transfection effectively
prevented hyperpermeability in VEGF-treated HRMECs
(P 
 0.05). Moreover, transfection of PKC-�-DN signifi-
cantly restored expression of ZO-1 and ZO-2 in AGE-
treated HRMECs (Figure 3B).

Inhibition of PKC � by siPKC � Attenuates
VEGF-Induced Hyperpermeability and Loss of
Tight Junction Proteins under Diabetic
Condition in HRMECs

Next, to confirm the effect of PKC � Inhibition on VEGF-
induced hyperpermeability and the expression of tight
junction proteins in retinal endothelial cells under diabetic
condition, it was investigated whether knockdown of PKC
� effectively inhibits hyperpermeability and loss of tight
junction proteins in HRMECs. The efficacy of transfection
for siPKC � was confirmed by PKC � expression. As
demonstrated in Figure 4A, PKC � inhibition by siPKC �
significantly blocked hyperpermeability in VEGF-treated
HRMECs (P 
 0.05), compared with no effect of scram-

Figure 2. Inhibitors of PKC isoforms attenuate loss of tight junction proteins
under diabetic condition and VEGF-induced hyperpermeability in HRMECs.
A: HRMECs were incubated for 12 hours with or without the inhibitors of
PKC isoforms including 5 	mol/L GF109203X), 200 nmol/L a PKC � inhibitor
and 200 nmol/L rottlerin in AGE treatment and assayed for the expression of
ZO-1 and ZO-2. ß-actin was served as the loading control. Figures were
selected as representative data from three independent experiments. Quan-
titative analysis was performed by measuring protein expression relative to
the control. Each point represents the mean (�SD) of three independent
experiments, each performed in triplicate. *P 
 0.05. #Comparison between
control and AGE only treatment. *Comparison between AGE only treatment
and AGE with PKC inhibitor treatment. #P, *P 
 0.05. B: VEGF, 20 ng/ml, or
the inhibitors of PKC isoforms including 5 	mol/L GF109203X), 200 nmol/L
PKC � inhibitor, and 200 nmol/L rottlerin were treated for 6 hours in
HRMECs. �3H�sucrose permeability assay in HRMECs treated with VEGF or
the inhibitors was measured as counts per minute (c.p.m.). Each point
represents the mean (�SD) of three independent experiments, each per-
formed in triplicate. #Comparison between control and VEGF only treatment.
*Comparison between VEGF only treatment and VEGF with PKC inhibitor
treatment. #P, *P 
 0.05.
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bled RNA on hyperpermeability (P � 0.05). In addition,
knockdown of PKC � significantly prevented loss of ZO-1
and ZO-2 in AGE-treated HRMECs (Figure 4B).

Inhibition of PKC � by siPKC � Attenuates
Vascular Leakage in Diabetic Retina,
Accompanied by Restoration of Tight Junction
Proteins on Retinal Vessels

In particular, to investigate the effect of PKC � inhibition
on vascular permeability in diabetic retina, whole mount
retinal preparation from 8 days after streptozotocin injec-
tion with intravitreal injection of siPKC � was performed
after 1 hour of perfusion of fluorescein conjugated dextran.
As shown in Figure 5A, PKC � inhibition by siPKC � dramat-
ically inhibited vascular leakage in diabetic retina. The nor-
malized FITC-BSA fluorescence intensity was significantly
decreased with the intravitreal injection of the siPKC � in
diabetic retina (P 
 0.05). Compared with the control
(0.43 � 0.22 pixels), the FITC-BSA fluorescence intensity in
diabetic retina was significantly increased (3.55 � 0.42
pixels, P 
 0.05) at 8 days after induction of diabetes.
Intravitreal injection of scrambled RNA never reduced the
FITC-BSA fluorescence intensity in diabetic retina (3.54 �
0.38 pixels, P � 0.05), whereas the fluorescence intensity in
eyes receiving intravitreal siPKC � injection was effectively
reduced (0.72 � 0.34 pixels, P 
 0.05).

To examine the effect of PKC � inhibition on restoration
of tight junction proteins accompanying decrease of vas-

cular leakage in diabetic retina, Immunohistochemistry
for ZO-1 and ZO-2 was performed in diabetic retina with
intravitreal injection of siPKC �. As shown in Figure 5B,
ZO-1 and ZO-2 expression in diabetic retina was de-
creased compared with control, whereas it was recov-
ered by knockdown of PKC �.

Translocation of PKC � from Cytosol to
Membrane in HRMECs Is Significantly Increased
under Diabetic Condition, but Not PKC �

Expression

Based on a previous report of differential, subcellular
localization of PKC �,22 we investigated the translocation
of PKC � in HRMECs under diabetic condition. As dem-
onstrated in Figure 6, PKC � expression in AGE-treated
HRMECs did not change compared with that in control or
PKC � inhibition. Interestingly, PKC � translocates from
cytosol to membrane in AGE-treated HRMECs, whereas
translocation of PKC � was blocked by treatment of
GF109203X, a pan-PKC inhibitor (Figure 6).

Discussion

Multiple diabetic complications including diabetic reti-
nopathy have been associated with activation of PKC and
its isoforms, which have been shown to cause vascular
abnormalities in several different ways.19 Among various
PKC isoforms, PKC � has been strongly emphasized in
vascular dysfunction of diabetic retina.6,18 Given that
PKC � exhibits a greater increase than other isoforms in

Figure 4. Inhibition of PKC � by siPKC � attenuates VEGF-induced hyper-
permeability and loss of tight junction proteins under diabetic condition in
HRMECs. A: VEGF, 20 ng/ml, was treated for 6 hours in HRMECs with or
without transfection of scrambled RNA or siPKC �. �3H�sucrose permeability
assay in HRMECs was measured as counts per minute (c.p.m.). Each point
represents the mean (�SD) of three independent experiments, each per-
formed in triplicate. *P 
 0.05; **P � 0.05. B: HRMECs were transfected with
siPKC � and assayed for the expression of ZO-1 and ZO-2 in AGE treatment.
The efficacy of knockdown was assessed using western blotting with anti-
PKC � antibody. �-Actin served as the loading control. Figures were selected
as representative data from three independent experiments. Quantitative
analysis was performed by measuring protein expression relative to the
control. Each point represents the mean (�SD) of three independent exper-
iments, each performed in triplicate. *P 
 0.05; **P � 0.05.

Figure 3. Inhibition of PKC � by PKC-�-DN attenuates VEGF-induced hy-
perpermeability and loss of tight junction proteins under diabetic condition
in HRMECs. A: VEGF, 20 ng/ml, was treated for 6 hours in HRMECs with or
without transfection of PKC-�-DN plasmid. �3H�sucrose permeability assay in
HRMECs was measured as counts per minute (c.p.m.). Each point represents
the mean (�SD) of three independent experiments, each performed in
triplicate. *P 
 0.05. B: HRMECs were transfected by PKC-�-DN plasmid.
Cells were subsequently cultured for 48 hours to allow for detectable protein
expression and were additionally incubated for 12 hours in AGE treatment.
The expression of ZO-1 and ZO-2 was assessed, and transfection of PKC-
�-DN was confirmed by expression of c-myc. �-Actin was served as the
loading control. Figures were selected as representative data from three inde-
pendent experiments. Quantitative analysis was performed by measuring pro-
tein expression relative to the control. Each point represents the mean (�SD) of
three independent experiments, each performed in triplicate. *P 
 0.05.

1522 Kim et al
AJP March 2010, Vol. 176, No. 3



vascular tissues,19 PKC � deserves to be considered as
the critical player in diabetic retinopathy. Recent reports
demonstrate that other PKC isoforms could also contrib-
ute to part of increased permeability in retinal endothelial

cells.19,23 However, involvement of other specific isoform
has not been fully characterized. Therefore, we herein
provided the evidence that PKC � inhibition could prevent
BRB breakdown in diabetic retinopathy.

We demonstrated that PKC � activation is involved in
increased vascular permeability in response to diabetes,
which is accompanied by decrease of tight junction pro-
teins in retinal endothelial cells. Interestingly, expression
of ZO-1 and ZO-2 was significantly decreased earlier
than occludin in diabetic retina, which is supported by
the indirect evidence that ZO-1 could provide the
changes of permeability, for ZO-1 is closely linked to
occludin, whose phosphorylation contributes to the reg-
ulation of permeability.26 ZO-1 and ZO-2 are basically
junctional proteins associated with the cytoplasmic sur-
face of the tight junction, which is localized to the points
of membrane contact with the fibrils. They are involved in
organizing tight junction and its cellular localization is
closely related to the permeability property of vascular
endothelial cells.27 In particular, we have suggested that
ZO family is the well-characterized component of tight
junction in retinal endothelial cells,10,12,13 whose expres-
sion is inversely related to permeability in blood-retinal
barrier.10,12–14 Our results suggest that decrease of ZO-1
and ZO-2 expression might demonstrate the loosening of
blood-retinal barrier in diabetic retina.

In the current study, we addressed the relation of PKC
� activation to expression of tight junction proteins by
PKC � inhibition. With treatment of rottlerin, transfection of
PKC-�-DN, and transfection of siRNA for PKC �, loss of
ZO-1 and ZO-2 was effectively restored or prevented. We

Figure 5. Inhibition of PKC � by siPKC � attenuates vascular leakage in diabetic
retina, accompanied by restoration of tight junction proteins on retinal vessels.
A: Vascular leakage in the retina was evaluated by fluorescein angiography using
FITC-BSA. Whole-mount retinal preparation from 8 days after streptozotocin
injection with or without intravitreal injection of siPKC � was performed after 1
hour of perfusion of FITC-BSA. These experiments were repeated over three
times with similar results. Figures were selected as representative data from three
independent experiments. FITC-BSA fluorescence intensity was measured by
image analysis in serial retinal sections. The average retinal FITC-BSA fluores-
cence intensity was calculated and normalized to plasma fluorescence intensity.
Scale bars 	 100 	m. *P 
 0.05; **P � 0.05. DM, diabetes mellitus. B: Immuno-
histochemistry for ZO-1 and ZO-2 was performed in diabetic retina with or
without intravitreal injection of siPKC �. Arrows indicate ZO-1 (upper panel) or
ZO-2 (lower panel) expression on retinal vessels, whereas arrow with dotted
line indicates loss of ZO-1 (upper panel) or ZO-2 (lower panel). Figures were
selected as representative data from three independent experiments. Scale bars 	
50 	m. DM, diabetes mellitus; GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer.

Figure 6. Translocation of PKC � from cytosol to membrane in HRMECs was
significantly increased under diabetic condition, but not PKC � expression.
HRMECs were incubated for 12 hours with or without a pan-PKC inhibitor,
GF109203X (5 	mol/L) in AGE treatment. Cell extracts were fractionated as
a membrane and a cytosol fraction. In each fraction, PKC � expression was
assessed by Western blotting. �-Actin served as the loading control. Figures
were selected as representative data from three independent experiments.
Quantitative analysis was performed by measuring protein expression rela-
tive to the control. Each point represents the mean (�SD) of three indepen-
dent experiments, each performed in triplicate. *P 
 0.05.
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however found out that PKC � expression in diabetic
retina didn’t change though PKC � inhibition restored
expression of ZO-1 and ZO-2. In addition, AGE-induced
diabetic condition did not change PKC � expression in
HRMECs. Based on the previous report that PKC � local-
izes to the cytoplasmic, subcellular organelles in un-
stimulated condition, and it is translocated to membrane
with stimulation,28 subcellular location of PKC � was in-
vestigated in HRMECs under diabetic condition. As ex-
pected, PKC � translocated from cytosol to membrane in
AGE-treated HRMECs, whereas translocation of PKC �
was blocked by PKC � inhibition. These data provide that
PKC � activation, related to its subcellular translocation,
is crucial in regulation of tight junction proteins, not PKC
� expression itself. In addition to the restoration of ZO-1
and ZO-2 in AGE-treated HRMECs, inhibition of PKC �
restored loss of tight junction proteins on vessels in dia-
betic retina.

In conclusion, PKC � activation, related to its sub-
cellular translocation, is involved in increased vascular
permeability in response to diabetes. Inhibition of PKC
� effectively restores loss of tight junction proteins on
vessels in diabetic retina as well as attenuates loss of
tight junction proteins in AGE-treated HRMECs. There-
fore, we suggest that PKC � inhibition could be prevent
BRB breakdown in diabetic retinopathy. Furthermore,
inhibition of PKC � could be further investigated for an
alternative treatment to BRB breakdown in diabetic
retinopathy.
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