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Diabetic retinopathy can cause poor vision and blindness. Previous research has shown that high

blood glucose weakens retinal capillaries and induces glycoxidation. However, the detailed

molecular mechanisms underlying the effects of high blood glucose on development of diabetic

retinopathy have yet to be elucidated. In this study, we cultured a retinal pigmented epithelium

cell line (ARPE-19) in mannitol-balanced 5.5 mM, 25 mM, and 100 mM D-glucose media, and

evaluated protein expression and redox-regulation. We identified 56 proteins that showed

significant changes in protein expression, and 33 proteins showing significant changes in thiol

reactivity, in response to high glucose concentration. Several proteins that are involved in signal

transduction, gene regulation, and transport showed significant changes in expression, whereas

proteins involved in metabolism, transport, and cell survival displayed changes in thiol reactivity.

Further analyses of clinical plasma specimens confirmed that the proteins lamin B2, PUMA,

WTAP, ASGR1, and prohibitin 2 showed type 2 diabetic retinopathy-dependent alterations. In

summary, in this study, we used a comprehensive retinal cell-based proteomic approach for the

identification of changes in protein expression and redox-associated retinal markers induced by

high glucose concentration. Some of the identified proteins have been validated with clinical

samples and provide potential targets for the prognosis and diagnosis of diabetic retinopathy.

1. Introduction

The retina is a light-sensitive nerve layer that can construct

images of objects at the back of the eye. This specialized tissue

is supplied with oxygen and nutrients from adjacent tiny blood

vessels. Retinopathy is a retinal disease that occurs in approxi-

mately 25% of diabetic patients.1,2 Diabetic retinopathy can

cause poor vision and blindness because high blood glucose

weakens retinal capillaries, leading to the leakage of blood into

surrounding spaces. This bleeding can also cause scar forma-

tion, potentially leading to retinal detachment and disconnec-

tion from the wall of the eye. The detailed underlying

molecular mechanisms and diagnostic biomarkers of diabetic

retinopathy have yet to be fully elucidated.3–7

Hyperglycemia is a common feature of diabetes mellitus and

is characterized by the modification of amino groups on

proteins with monosaccharides. This reaction modifies the

structure and function of proteins through the formation of

advanced glycation end products and the generation of reac-

tive oxygen species (ROS) in a process called glycoxidation.8

The glycated proteins interact with membrane receptors,

resulting in induction of intracellular oxidative stress, activa-

tion of a panel of protein kinases, and proinflammatory

status.9–12 Excess glucose-induced oxidative stress also pro-

motes the development of diabetic complications, leading to

tissue damage.13

Several chemical groups have been found to be potential

targets of ROS in cells. One of these, the free thiol group

(RSH) of cysteine residues is a potent nucleophilic agent and

is able to undergo a number of redox-induced modifications

under physiological conditions. Oxidative modifications of

RSH groups other than disulphide formation include the

formation of the sulfenic acid, sulfinic acid and sulfonic acid,

depending upon the oxidative capacity of the oxidant.14

Oxidation of RSH groups to sulfinic and sulfonic acids is an

irreversible reaction under physiologic conditions and induces

loss of biological functions of proteins.15,16

Two-dimensional gel electrophoresis (2-DE) is one of the

most widely used proteomic separation techniques which has

often been employed for the analysis of differentially expressed

proteins in biological samples.17,18 However, 2-DE and the

methods commonly used for in-gel protein visualization are

inherently variable and many replicate gels must be run before

significant differences in protein expression can be ascribed

accurately. Moreover, these protein visualization strategies often

have narrow linear dynamic ranges of detection, making them

Institute of Bioinformatics and Structural Biology & Department of
Medical Sciences, National Tsing Hua University, No.101, Kuang-Fu
Rd. Sec.2, Hsinchu, 30013, Taiwan. E-mail: hlchan@life.nthu.edu.tw;
Fax: +886-3-5715934; Tel: +886-3-5742476
w Electronic supplementary information (ESI) available. See DOI:
10.1039/c2mb25331c

Molecular
BioSystems

Dynamic Article Links

www.rsc.org/molecularbiosystems PAPER

D
ow

nl
oa

de
d 

on
 3

1 
O

ct
ob

er
 2

01
2

Pu
bl

is
he

d 
on

 2
1 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2M

B
25

33
1C

View Online

http://dx.doi.org/10.1039/c2mb25331c
http://dx.doi.org/10.1039/c2mb25331c
http://dx.doi.org/10.1039/c2mb25331c


3108 Mol. BioSyst., 2012, 8, 3107–3124 This journal is c The Royal Society of Chemistry 2012

unsuitable for the analysis of biological samples where protein

copy numbers vary enormously. A significant improvement

in the ability to use gel-based methods for protein quanti-

fication and detection was achieved with the introduction of

2D-difference gel electrophoresis (2D-DIGE), which can aid in

co-detection of several biological samples on the same 2-DE

gel, so reducing gel-to-gel variation.19–23

This study evaluated changes in retinal protein expression

associated with high glucose concentration using lysine-

and cysteine-labeling 2D-DIGE.24,25 Combined strategies of

MALDI-TOF MS and clinical specimen analysis further con-

firmed the changes in protein expression and redox-associated

retinal markers induced by high glucose concentrations. Our

results indicated potential targets for the prognosis and diag-

nosis of diabetic retinopathy. To our knowledge, this is the

first study to report the effects of high glucose concentration

on protein expression and redox regulation in retinal pigmented

epithelium cells and to associate these findings with diabetic

retinopathy.

2. Materials and methods

2.1 Chemicals and reagents

Generic chemicals were purchased from Sigma-Aldrich

(St. Louis, USA), while reagents for lysine-2D-DIGE were

purchased from GE Healthcare (Uppsala, Sweden). The

synthesis of the ICy3 and ICy5 dyes has been previously

reported.26,27 All primary antibodies were purchased from

GeneTex (Hsinchu, Taiwan) and anti-mouse, and anti-rabbit

secondary antibodies were purchased from GE Healthcare

(Uppsala, Sweden). All the chemicals and biochemicals used

in this study were of analytical grade.

2.2 Cell lines and cell cultures

The ARPE-19 cell lines were purchased from the American

Type Culture Collection (Manassas, VA) and maintained in

Dulbecco’s Modified Eagle’s medium (DMEM) supplemented

with 10% (v/v) fetal calf serum (FCS), L-glutamine (2 mM),

streptomycin (100 mg mL�1), and penicillin (100 IU mL�1)

(all from Gibco-Invitrogen Corp., UK). ARPE-19 cells were

incubated at 37 1C in 5% CO2.

For cell culturing at differential glucose concentrations, the

cultures were exposed to D-glucose at a final concentration of

25 and 100 mM (corresponding to 2 h after meal plasma

glucose levels of diabetic patients and glucose levels in

uncontrolled diabetic patients,28 respectively) and compared

with cultures exposed to 5.5 mM D-glucose as control (corre-

sponding to fasting plasma glucose levels of diabetes-free

people).29,30 To exclude the possible effects of hyperosmotic

stress, mannitol was used to balance the differential glucose

concentrations according to a previous report.31 After expo-

sure for at least 3 weeks, the monolayer cultures were used for

further analysis.

2.3 MTT cell viability assay

ARPE-19 cells maintained in mannitol-balanced 5.5 mM,

25 mM and 100 mM glucose, respectively, for at least 3 weeks

were trypsinized, counted using a haemocytometer and

5000 cells per well were seeded into 96-well plates. The culture

was then incubated in mannitol-balanced 5.5 mM, 25 mM and

100 mM glucose for 24 h followed by removal of the medium.

50 mL of MTT working solution (1 mg mL�1) (Sigma) was

added to the cells in each well, followed by a further incuba-

tion at 37 1C for 4 h. The supernatant was carefully removed;

100 mL of DMSO was added to each well and the plates were

shaken for 20 min. The absorbance of samples was then

measured at a wavelength of 540 nm in a multi-well plate

reader. Values were normalized against the untreated samples

and were averaged from 8 independent measurements.

2.4 Flow cytometry analysis for apoptosis detection

An annexin-V/propidium iodide (PI) double assay was per-

formed using the Annexin V, Alexa Fluors 488 Conjugate

Detection kit (Life technologies). Following ARPE-19 growth

in differential glucose concentration media, cells were trypsi-

nized from culture dish and washed twice with cold PBS.

ARPE-19 cells (106) were resuspended in 500 mL binding

buffer and stained with 5 mL Alexa Fluor 488 conjugated

annexin V according to the manufacturer’s instructions. 1 mL
100 mg mL�1 propidium iodide (PI) was added and mixed

gently to incubate with cells for 15 min at room temperature in

the dark. After the incubation period, samples were subjected

to FCM analysis for 1 h using BD Accuri C6 Flow Cytometry

(BD Biosciences, San Jose, CA). The data were analyzed

using Accuri CFlow@ and CFlow Plus analysis software

(BD Biosciences).

2.5 Assay for endogenous reactive oxygen species using

DCFH-DA

ARPE-19 cells maintained in mannitol-balanced 5.5 mM,

25 mM and 100 mM glucose, respectively, for at least 3 weeks

were trypsinized, counted using a haemocytometer and

10 000 cells per well were seeded into multiple 24-well plates.

The culture was then incubated in mannitol-balanced 5.5 mM,

25 mM and 100 mM glucose for 24 h. After two washes with

PBS, cells were treated with 10 mM of 2,7-dichlorofluorescin

diacetate (DCFH-DA; Molecular Probes) at 37 1C for 20 min,

and subsequently washed with PBS. Fluorescence was recorded

at an excitation wavelength of 485 nm and emission wavelength

of 530 nm.

2.6 Sample preparation for total cellular protein and thiol

reactivity analysis

For total cellular protein analysis, cells were washed in chilled

0.5 � PBS and scraped in 2-DE lysis buffer containing 4% w/v

CHAPS, 7 M urea, 2 M thiourea, 10 mM Tris–HCl, pH 8.3,

1 mM EDTA. Lysates were homogenized by passage through

a 25-gauge needle 10 times, insoluble material was removed by

centrifugation at 14 100 g for 30 min at 4 1C, and protein

concentrations were determined using Coomassie Protein

Assay Reagent (BioRad). Protein samples were labeled with

N-hydroxy succinimidyl ester-derivatives of the cyanine dyes

Cy2, Cy3 and Cy5. Briefly, 150 mg of protein sample was

minimally labeled with 375 pmol of either Cy3 or Cy5 for

comparison on the same 2-DE. To facilitate image matching

and cross-gel statistical comparison, a pool of all samples was
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also prepared and labeled with Cy2 at a molar ratio of

2.5 pmol Cy2 per mg of protein as an internal standard for

all gels. Thus, the triplicate samples and the internal standard

could be run and quantified by multiple 2-DE. The labeling

reactions were performed in the dark on ice for 30 min and

then quenched with a 20-fold molar ratio excess of free L-lysine

to dye for 10 min. The differentially Cy3- and Cy5-labeled

samples were then mixed with the Cy2-labeled internal

standard and reduced with dithiothreitol for 10 min. IPG

buffer, pH 3–10 nonlinear (2% (v/v), GE Healthcare) was

added and the final volume was adjusted to 450 mL with

2D-lysis buffer for rehydration. All samples were run in

triplicate against the standard pool.

For redox DIGE analysis, cells were lysed in 2-DE buffer

(4% w/v CHAPS, 8 M urea, 10 mM Tris–HCl pH 8.3 and

1 mM EDTA) in the presence of ICy3 or ICy5 (80 pmol mg�1

protein) on ice to limit post-lysis thiol modification. Test

samples were labeled with the ICy5 dye and mixed with an

equal amount of a standard pool of both samples labeled with

ICy3. Since ICy dyes interfered with the protein assay, protein

concentrations were determined on replica lysates not con-

taining dye. Lysates were left in the dark for 1 h followed by

labeling with Cy2 to monitor the protein level. The reactions

were quenched with DTT (65 mM final concentration) for

10 min followed by L-lysine (20-fold molar ratio excess of free

L-lysine to Cy2 dye) for a further 10 min. Volumes were

adjusted to 450 mL with buffer plus DTT and IPG buffer for

rehydration. All samples were run in triplicate against the

standard pool.

The rehydration process was performed with immobilized

non-linear pH gradient (IPG) strips (pH 3–10, 24 cm) which

were later rehydrated by CyDye-labeled samples in the dark at

room temperature overnight (at least 12 hours). Isoelectric

focusing was then performed using a Multiphor II apparatus

(GE Healthcare) for a total of 62.5 kV h at 20 1C. Strips were

equilibrated in 6 M urea, 30% (v/v) glycerol, 1% SDS (w/v),

100 mM Tris–HCl (pH8.8), 65 mM dithiothreitol for 15 min

and then in the same buffer containing 240 mM iodoacetamide

for another 15 min. The equilibrated IPG strips were trans-

ferred onto 26 � 20 cm 12.5% polyacrylamide gels casted

between low fluorescent glass plates. The strips were overlaid

with 0.5% (w/v) low melting point agarose in a running buffer

containing bromophenol blue. The gels were run in an Ettan

Twelve gel tank (GE Healthcare) at 4 Watt per gel at 10 1C

until the dye front had completely run off the bottom of the

gels. Afterward, the fluorescence 2-DE were scanned directly

between the low fluorescent glass plates using an Ettan DIGE

Imager (GE Healthcare). This imager is a charge-coupled

device-based instrument that enables scanning at different

wavelengths for Cy2-, Cy3-, and Cy5-labeled samples. Gel

analysis was performed using DeCyder 2-D Differential

Analysis Software v7.0 (GE Healthcare) to co-detect, normalize

and quantify the protein features in the images. Features

detected from non-protein sources (e.g. dust particles and

dirty backgrounds) were filtered out. Spots displaying a g 1.5

average-fold increase or decrease in abundance or spots

displaying a g 1.3 average-fold increase or decrease in thiol

reactivity with a p-value o0.05 were selected for protein

identification.

2.7 Protein staining

Colloidal coomassie blue G-250 staining was used to visualize

CyDye-labeled protein features in 2-DE. Bonded gels were

fixed in 30% v/v ethanol, 2% v/v phosphoric acid overnight,

washed three times (30 min each) with ddH2O and then

incubated in 34% v/v methanol, 17% w/v ammonium sulphate,

3% v/v phosphoric acid for 1 h, prior to adding 0.5 g per liter

coomassie blue G-250. The gels were then left to stain for

5–7 days. No destaining step was required. The stained gels

were then imaged on an ImageScanner III densitometer

(GE Healthcare), which processed the gel images as .tif files.

2.8 In-gel digestion

Excised post-stained gel pieces were washed three times in

50% acetonitrile, dried in a SpeedVac for 20 min, reduced with

10 mM dithiothreitol in 5 mM bicarbonate pH 8.0 for 45 min

at 50 1C and then alkylated with 50 mM iodoacetamide in

5 mM ammonium bicarbonate for 1 h at room temperature in

the dark. The gel pieces were then washed three times in 50%

acetonitrile and vacuum-dried before reswelling with 50 ng of

modified trypsin (Promega) in 5 mM ammonium bicarbonate.

The pieces were then overlaid with 10 mL of 5 mM ammonium

bicarbonate and trypsinized for 16 h at 37 1C. Super-

natants were collected, peptides were further extracted twice

with 5% trifluoroacetic acid in 50% acetonitrile and the

supernatants were pooled. Peptide extracts were vacuum-

dried, resuspended in 5 mL ddH2O, and stored at �20 1C

prior to MS analysis.

2.9 Protein identification by MALDI-TOF MS

For protein identification, extracted peptides were subjected to

peptide mass fingerprinting (PMF) using MALDI-TOF MS.

Briefly, 0.5 mL of a trypsin digested protein sample was mixed

with 0.5 mL of a matrix solution containing a-cyano-4-hydroxy-
cinammic acid at a concentration of 1 mg mL�1 of 50%

ACN/0.1% TFA (v/v), spotted onto an anchorchip target

plate (Bruker Daltonics) and dried. The peptide mass finger-

prints were acquired using an Autoflex III mass spectrometer

(Bruker Daltonics) in reflector mode and the raw data were

analyzed with FlexAnalysis acquisition software (version 3.0,

Bruker Daltonics). The algorithm used for spectral annotation

was SNAP (Sophisticated Numerical Annotation Procedure).

The following metrics were used: peak detection algorithm:

SNAP; signal to noise threshold: 25; relative intensity thres-

hold: 0%; minimum intensity threshold: 0; maximal number of

peaks: 50; quality factor threshold: 1000; SNAP average

composition: averaging; baseline subtraction: median; flatness:

0.8; median level: 0.5. The spectrometer was also calibrated

with a peptide calibration standard (Bruker Daltonics) and

internal calibration was performed using trypsin autolysis

peaks at m/z 842.51 and m/z 2211.10 (MS BioTools version 3.0,

Bruker Daltonics). Peaks in the mass range of m/z 800–3000

were used to generate a peptide mass fingerprint that was

searched against the Swiss-Prot/TrEMBL database (2010_12,

515203 sequence entries) using Mascot software v2.3.00

(Matrix Science, London, UK). The following parameters were

used: Homo sapiens; tryptic digest with a maximum of 1 missed

cleavage; carbamidomethylation of cysteine, partial protein
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N-terminal acetylation, partial methionine oxidation, partial

modification of glutamine to pyroglutamate, ICy3 (C34 H44

N3 O) and ICy5 (C34 H42 N3 O) and a mass tolerance of

50 ppm. Identifications were accepted based on significant

MASCOT scores (P o 0.05), spectral annotation and observed

versus expected molecular weight and pI on 2-DE.

The classification of the biological functions and sub-cellular

locations of these identified proteins are further determined

based on a Swiss-Prot search (http://www.uniprot.org/) and

KEGG pathway (http://www.genome.jp/kegg/) analysis.

2.10 Plasma sample collection and purification

Thirty donors in a single hospital (Chiayi Christian Hospital,

Chiayi, Taiwan) were enrolled in the study. Those included

in the study were divided into diabetic retinopathy patients

(n = 15) and healthy donors (n = 15) with similar ages

(50–60 years old). The criteria to assess the presence or

absence of diabetic retinopathy were based on the pathological

diagnosis and guidelines proposed by the World Health

Organization. Diabetic retinopathy individuals were selected

with significant retinopathy occurrence more than 5 years after

diabetes diagnosed with ages between 50 and 60 years old. In

contrast, healthy individuals were selected for healthy donors

without diagnosed retinopathy and diabetes with ages between

50 and 60 years old. This study was approved by the Institu-

tional Research Board and carried out according to the

Helsinki Declaration Principles. Written informed consent

was collected from all participating subjects.

2.11 Immunoblotting

Immunoblotting was used to validate the differential expres-

sion of mass spectrometry identified proteins. Cells were lysed

with a lysis buffer containing 50 mM HEPES pH 7.4, 150 mM

NaCl, 1% NP40, 1 mM EDTA, 2 mM sodium orthovanadate,

100 mg mL�1 AEBSF, 17 mg mL�1 aprotinin, 1 mg mL�1

leupeptin, 1 mg mL�1 pepstatin, 5 mM fenvalerate, 5 mM
BpVphen and 1 mM okadaic acid prior to protein quantifica-

tion with a Coomassie Protein Assay Reagent (BioRad).

Protein samples (30 mg) were diluted in Laemmli sample buffer

(final concentrations: 50 mM Tris pH 6.8, 10% (v/v) glycerol,

2% SDS (w/v), 0.01% (w/v) bromophenol blue) and separated

by 1D-SDS-PAGE following standard procedures. After

electroblotting separated proteins onto 0.45 mm Immobilon

P membranes (Millipore), the membranes were blocked with

5% w/v skimmed milk in TBST (50 mM Tris pH 8.0, 150 mM

NaCl and 0.1% Tween-20 (v/v)) for 1 h. Membranes were then

incubated in primary antibody solution in TBS-T containing

0.02% (w/v) sodium azide for 2 h. Membranes were washed in

TBS-T (3 � 10 min) and then probed with the appro-

priate horseradish peroxidase-coupled secondary antibody

(GE Healthcare). After further washing in TBS-T, immuno-

probed proteins were visualized using an enhanced chem-

iluminescence method (Visual Protein Co.).

2.12 Immunofluorescence

For immunofluorescence staining, cells were plated onto cover-

slips (VWR international) for overnight incubation. The cells

were fixed with PBS containing 4% (v/v) para-formaldehyde

for 25 min, washed three times with PBS, and followed by

permeabilization in PBS containing 0.2% (v/v) Triton X-100

for 10 min. Coverslips were rinsed and blocked in PBS

containing 5% (w/v) BSA for 10 min before incubation with

primary antibodies diluted in 2.5% BSA/PBS for 1 h. After

three washings with PBS, samples were incubated with the

appropriate fluorescently labeled secondary antibodies diluted

in 2.5% BSA/PBS for 1 h. Coverslips were then washed three

times with PBS and at least twice with ddH2O before mounting

in Vectashield mounting medium (Vector Lab). Coverslip

edges were sealed with nail polish onto glass slides (BDH)

and then dried in the dark at 4 1C. For image analysis, cells

were imaged using a Zeiss Axiovert 200 M fluorescent micro-

scope (Carl Zeiss Inc., Germany). The laser intensities used to

capture images were not saturated. Images were exported as

.tif files using the Zeiss Axioversion 4.0 and processed using

Adobe Photoshop V.7.0 software.

3. Results

3.1 High glucose concentration induces changes in protein

expression in the retinal pigmented epithelium cell line ARPE-19

To evaluate the effects of high glucose concentration on the

expression of retinal pigmented epithelium cell proteins, we

cultured ARPE-19 cells in mannitol-balanced 5.5 mM, 25 mM,

Fig. 1 Effect of glucose concentration on cell viability and cell

apoptosis in ARPE-19. (A) MTT-based viability assays were per-

formed on ARPE-19 cell cultures, following 3 weeks at different

glucose concentrations (5.5 mM, 25 mM and 100 mM glucose). Paired

Student t-test has been used for the statistical analysis of the experi-

mental results. Values were normalized against untreated samples and

are the average of 3 independent measurements � the standard

deviation. (B) 106 different glucose concentrations cultured ARPE-19

cells were incubated with Alexa Fluor 488 and propidium iodide in

1x binding buffer at room temperature for 15 min, and then stained

cells were analyzed by flow cytometry to examine the effect of different

glucose concentrations on apoptosis in APRE-19 cells. Annexin V is

presented on the x-axis as FL1-H, and propidium iodide is presented

on the y-axis as FL2-H. LR quadrant indicates the percentage of early

apoptotic cells (Annexin V positive cells), and UR quadrant indicates

the percentage of late apoptotic cells (Annexin V positive and propidium

iodide positive cells).
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and 100 mM glucose media for at least 3 weeks. We then

performed MTT and apoptotic assays. Results indicated that

the ARPE-19 cells showed nonsignificant differences in viabi-

lity and apoptosis among the 3 culture conditions (Fig. 1A

and B). We then evaluated protein expression in the ARPE-19

cells, and identified 1369 protein spots and 111 protein features

that displayed differential expression among the 3 conditions

(Z1.5-fold changes; p o 0.05). We used MALDI-TOF MS to

identify proteins in 56 of these features (Table 1, Fig. 2 and 3).

The differentially expressed proteins were predominantly

located in the cytoplasm, nuclei, and mitochondria, and func-

tion in signal transduction, gene regulation, and transport

(Fig. 4 and Table 1).

To further verify the upregulation or downregulation of the

identified proteins, we performed immunoblot analysis of

proteins modulated by high glucose concentrations (25 mM

and 100 mM) and compared them with proteins in control

cells (5.5 mM glucose) (Fig. 5). We used specific antibodies

against peroxinredoxin 6, GAPDH, lamin-B2, tropomyosin 1,

prohibitin 2, and HSP-27. As shown in Fig. 5, 2D-DIGE

analysis provided further evidence of changes in protein

expression in response to glucose treatment (Table 1).

3.2 Clinical validation of findings using diabetic retinopathy

plasma specimens

We analyzed diabetic retinopathy plasma specimens using

immunoblotting and ELISA to confirm the clinical relevance

of proteomic analysis findings. Results indicated that levels of

20 kDa p53 upregulated modulator of apoptosis (PUMA) and

44 kDa pre-mRNA-splicing regulator (WTAP) levels were

increased significantly in the plasma of diabetic retinopathy

patients compared to plasma from healthy donors. These

proteins might, therefore, provide potential candidates for the

diagnosis of diabetic retinopathy. Levels of 68 kDa lamin B2,

34 kDa asialoglycoprotein receptor 1 (ASGR1), and 33 kDa

prohibitin 2 were decreased significantly in the plasma of

patients with diabetic retinopathy, compared to plasma from

healthy controls. These findings were consistent with data

from 2D-DIGE and MALDI-TOF MS, and further suggested

that the identified proteins could potentially be used as

indicators of diabetic retinopathy (Fig. 6 and ESIw).

3.3 Redox proteomic analysis of high glucose-induced cysteine

modifications in ARPE-19 proteins

High glucose concentrations reportedly induce ROS, which

weaken the retinal capillaries and cause leakage of blood into

the surrounding space. Although cellular antioxidant reactions

can balance low ROS concentrations, the accumulation of

ROS induces modifications in biomolecules such as lipids,

DNA, and proteins. The reduced thiol group of cysteine

residues is a potent nucleophilic agent that undergoes a

number of oxidative modifications leading to loss of protein

function (see ‘‘Introduction’’). To optimize conditions for the

monitoring of oxidative stress-induced protein modifications,

we used DCF fluorescence to detect high glucose-induced ROS

production. Results showed that high glucose concentrations

increased ROS production in ARPE-19 cells (Fig. 7). We then

applied recently developed redox 2D-DIGE methodologyT
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using iodoacetylated cyanine (ICy) dyes to evaluate changes

in protein thiol reactivity induced by high glucose levels.

We compared ARPE-19 cells cultured in high glucose con-

centrations (25 mM and 100 mM) with ARPE-19 cells cultured

in 5.5 mM glucose. These cells were lysed in the presence of

ICy5 in triplicate. Individual ICy5-labeled samples were then

run on 2-DE against an equal load of ICy3-labeled standard

pool comprising an equal mixture of three sample types to aid

Fig. 2 2D-DIGE analysis of high glucose-dependent differentially expressed proteins in ARPE-19 cells. ARPE-19 cells maintained in 5.5 mM,

25 mM and 100 mM glucose were lysed and arranged for a triplicate 2D-DIGE experiment. Protein samples (150 mg each) were labeled with

Cy-dyes and separated using 24 cm, pH 3–10 non-linear IPG strips. 2D-DIGE images of ARPE-19 incubated in 5.5 mM, 25 mM and 100 mM

glucose at appropriate excitation and emission wavelengths were pseudo-colored and overlaid with ImageQuant Tool (GE Healthcare).

The differentially expressed identified protein features are annotated with spot numbers.
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in spot matching and to improve the accuracy of quantifica-

tion (Fig. 8). The ICy5-labeled samples were subsequently

labeled with lysine labeling Cy2 dye as an internal protein

level control which was used to normalize the corresponding

ICy5/ICy3 signals (Table 2).We detected 2074 protein features, of

which 408 displayed statistically significant changes in labeling,

in response to high glucose concentrations. Comparison of our

saturated cysteine-labeling 2D-DIGE images with the images

Fig. 3 Peptide mass fingerprinting of differentially expressed proteins ((A) peroxinredoxin 6 (B) GADPH (C) lamin-B2 (D) tropomyosin 1

(E) prohibitin 2 (F) HSP-27). Mass spectra were acquired on an Autoflex TOF/TOF mass spectrometer (Bruker Daltonics). Peptides contributing

to protein identifications were marked withm/z values and sequence locations on proteins were searched against the Swiss-Prot/TrEMBL database

(2010_12, 515203 sequence entries) using Mascot software v2.3.00 (Matrix Science, London, UK).
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obtained using the minimal lysine-labeling strategy revealed that

precipitation increased significantly in proteins in the >75 kDa

molecular weight range. The presence of ICy dye-modified

cysteines in higher molecular weight proteins might have

caused the observed increases in precipitation. We then per-

formed poststaining with CCB, and matched stains with

fluorescence images to select 152 gel features. We identified

33 of these features as unique gene products using MALDI-

TOF peptide mass fingerprinting (Table 2). All of the identi-

fied proteins contained at least one cysteine (searched from

Swiss-Prot database). Because the ICy dyes target reduced

cysteinyl thiols, these results suggested that high glucose

concentration modified the oxidative status of some of these

thiol groups. We classified these identified proteins according

to their subcellular locations and biological functions: 53% of

the proteins were cytosolic, 13% were endoplasmic reticulum

proteins, 13% were nuclear proteins, 9% were mitochondrial

proteins, 6% were secreted proteins, and 6% were located in

plasma membranes. The identified proteins were predomi-

nantly involved in metabolism (25%), transport (18%) and

cell apoptosis (12%) (Fig. 9).

4. Discussion

In this study, we evaluated high glucose-induced changes in

protein expression and thiol reactivity in retinal pigmented

epithelium cells using lysine- and cysteine-labeling 2D-DIGE,

respectively. Fifty-six proteins showed differential expression

in ARPE-19 cells cultured in high glucose concentrations

compared with control ARPE-19 cells. The majority of the

proteins exhibited glucose concentration-dependent changes in

expression in ARPE-19 cells cultured in 5.5 mM, 25 mM, and

100 mM glucose. However, almost 25% of the identified

proteins, including frataxin, failed to display glucose concen-

tration-dependent changes in expression in 100 mM glucose.

This suggested that very high glucose concentrations might

activate as yet unidentified mechanisms to reverse high glucose-

induced changes in protein expression.

Previous in vitro studies have shown that high glucose

concentrations induce the production of superoxide radicals

through the autooxidation of glucose.19,20 Studies have also

reported an increase in protein oxidation products in the blood

of diabetic patients. The most extensively investigated markers

of protein oxidation are protein carbonyl groups leading to the

formation of the oxidized side chains of lysine, proline,

arginine, and threonine residues.24–26 Cysteine is also highly

susceptible to ROS-induced oxidation.24 Our redox-proteomic

results indicated that long-term incubation of cultured retinal

pigmented epithelium cells to high glucose concentrations

results in the oxidation of thiol groups on cysteine residues.

This further evidenced that these cellular proteins are the

intracellular targets of gluco-oxidation.

When analyzing changes in thiol reactivity in response to

high glucose levels, we identified 33 proteins showing redox

changes in the cysteine residues of specific proteins. These

findings suggested that high glucose-induced oxidative stress

disturbed the normal redox balance in ARPE-19 cells, leading

to the redox modulation of specific proteins. The ICy labeling

results supported the hypothesis that high glucose concentra-

tions induces the formation of free thiols in certain proteins

through the breakage of disulfide bonds, which increases ICy

dye labeling. In addition, high glucose concentrations-induced

ROS or protein-derived peroxides might then directly oxidize

thiol groups to form the sulfenic, sulfinic, or sulfonic acid

forms of cysteine, leading to decreased ICy dye labeling. These

thiol modifications have been reported to disturb normal

protein function.32 Our results suggested that high glucose

concentrations induce changes in protein expression and

redox, which modify cell physiology and might contribute to

the development of diabetic retinopathy.

In this study, we identified that proteins involved in

redox regulation (peptide methionine sulfoxide reductase,

peroxiredoxin-6, glutathione S-transferase Mu 5, and inducible

NO synthase) and protein folding (heat shock protein b-1
(HSP27), heat shock 70 kDa protein 5, heat shock 70 kDa

protein 9, and heat shock cognate 71 kDa protein) display

increased expression or altered thiol reactivity in high glucose

concentrations. Heat shock proteins are molecular chaperones

that protect cells from harmful conditions by reducing the

concentrations of denatured or unfolded proteins. The accu-

mulation of damaged and misfolded proteins following

exposure to toxic stimuli is a major cause of cell death.33

Physiological and environmental stresses, including high glucose

concentration-induced oxidative stress, upregulate the expres-

sion of heat shock protein 70 families and HSP27. Barutta

et al.34 reported that HSP27 is phosphorylated by the stress

response protein p38 in hyperglycemic conditions. In addition,

Fig. 4 Percentage of differentially expressed proteins identified by

2D-DIGE/MALDI-TOFMS for ARPE-19 cells incubated in 5.5 mM,

25 mM and 100 mM glucose according to their sub-cellular locations

(A) and biological functions (B). The classification of the biological

functions and sub-cellular locations of these identified proteins is done

based on a Swiss-Prot search and KEGG pathway analysis.
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heat shock protein 70 families are induced by cellular stresses

and hyperglycemia in a diabetic nephropathy rat model. Our

results indicated that high glucose concentrations upregulate the

expression of heat shock and redox-regulating proteins in retinal

pigmented epithelium cells, and influence their thiol reactivity.

Further analyses using redox proteomic strategies confirmed the

involvement of the identified proteins in protein folding and

redox regulation in ARPE-19 cells. Glutathione S-transferase

Mu 5, inducible NO synthase, and heat shock protein families

all showed increased labeling in high glucose levels, suggesting

that high glucose concentrations directly modulate the func-

tions of these proteins by generating new free thiol groups.

Specific upregulation of heat shock proteins suggests the

increased expression of unfolded proteins in the endoplasmic

Fig. 5 Representative immunoblotting analyses and 2D-DIGE images for selected differentially expressed proteins ((A) peroxinredoxin 6

(B) GADPH (C) lamin-B2 (D) tropomyosin 1 (E) prohibitin 2 (F) HSP-27) identified by 2D-DIGE/MALDI-TOF MS for ARPE-19 cells

incubated in 5.5 mM, 25 mM and 100 mM glucose. The levels of identified proteins, peroxinredoxin 6, GADPH, lamin-B2, tropomyosin 1,

prohibitin 2 and HSP-27, in ARPE-19 cells maintained in 5.5 mM, 25 mM and 100 mM glucose were confirmed by immunoblot (top panels).

b-Tubulin was used as loading control in this study. The levels of these intracellular proteins were also visualized by fluorescence 2-DE images

(middle top panels), three-dimensional spot images (middle bottom panels) and protein abundance map (bottom panels).

D
ow

nl
oa

de
d 

on
 3

1 
O

ct
ob

er
 2

01
2

Pu
bl

is
he

d 
on

 2
1 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2M

B
25

33
1C

View Online

http://dx.doi.org/10.1039/c2mb25331c


3118 Mol. BioSyst., 2012, 8, 3107–3124 This journal is c The Royal Society of Chemistry 2012

reticulum (ER), which is associated with ER stress.35 Several

previous studies have identified ER stress in diabetes,

observing increased levels of ER stress markers such as

GRP94, CHOP, and BiP in a diabetic mouse model36 and in

pancreatic b cells of type 2 diabetic patients.37 The ER plays a

role in regulating intracellular calcium (Ca2+) concentrations.

Endoplasmic reticulum stress might contribute to Ca2+ release

from the ER and stimulate mitochondrial disruption, which

then influences cell survival.38 In this study, we observed that

high glucose concentrations disrupted heat shock 70 kDa

protein 5 (GRP78), an ER chaperone protein responsible for

maintaining the correct folding of ER proteins, causing ER

stress. This mechanism might explain changes in the expres-

sion of Ca2+-dependent proteins (such as annexin A5) in

ARPE-19 cells treated with high glucose concentrations com-

pared with control cells. Protein kinase C (PKC) is a member

of the family of protein kinases that is involved in controlling

the phosphorylation of downstream target proteins. Previous

studies have reported that diacylglycerol and Ca2+ signaling

activate PKC.39,40 To investigate the hypothesis that increased

Ca2+, deriving from high glucose concentration-induced ER

stress and phosphorylation of downstream targets, stimulates

PKC, we performed immunostaining and immunoblotting

analysis of phospho-PKC substrates. We identified that multiple

PKC substrates increased phosphorylation in ARPE-19 cells

cultured in 25 mM and 100 mM glucose compared with cells

cultured in 5.5 mM glucose. Most of these phospho-PKC

substrates were nuclear rather than cytosolic (Fig. 10).

In this study, we further observed the downregulation of

proteins responsible for intracellular protein degradation,

including E3 ubiquitin–protein ligase LRSAM1, E3 ubiquitin–

protein ligase HERC4, and ubiquitin-like-conjugating enzyme

ATG10. The ubiquitin pathway eliminates misfolded ER

proteins in cells and plays an important role in physiological

adaptation to ER stress. Defects in the ubiquitin system might,

therefore, contribute to the accumulation of misfolded or

unfolded ER proteins and cause ER stress.41

Our findings also indicated the downregulation of prohibitin

(PHB) in ARPE-19 cells treated with high glucose concentra-

tions. Prohibitin is a ubiquitously expressed protein that exhibits

diverse functions at different cellular locations. It is predomi-

nantly located in the inner membrane of mitochondria, and

functions as a chaperone protein that stabilizes mitochondrial

DNA and maintains mitochondrial morphology.42 In the

study by Merkwirth et al., PHB knockdown reduced the

mitochondrial membrane potential significantly and abro-

gated complex I activity.43 Schleicher et al. also suggested that

the absence of PHB results in excess ROS formation, indi-

cating that PHB might play an important role in the removal

of ROS and maintenance of cell survival.44 Prohibitin is also

involved in transcriptional regulation, which is essential for

cell proliferation and cell cycle regulation in the nucleus.45 The

PI3K/AKT pathway phosphorylates PHB on Thr258 and

stimulates the MAPK pathway to promote cell proliferation.

Phosphorylation of PHB on Thr258 contributes to the

feedback that activates the PI3K/AKT pathway, leading to

mitogenesis.46 Our study suggested the down-regulation of

PHB in retinal pigmented epithelium cells in response to high

glucose concentrations, which rendered the cells unable to

alleviate high glucose-induced mitochondrial oxidative stress,

leading to the destabilization of mitochondria. Also, the study

Fig. 6 Representative immunoblotting and ELISA analysis of lamin B2,

PUMA, WTAP, ASGR1 and prohibitin 2 in plasma from type 2 diabetic

patients with retinopathy and healthy donors. Plasma samples from 15

type 2 diabetic patients and 15 healthy donors were run in a pool. 20 mg of
plasma samples were loaded and resolved by SDS-PAGE, followed by

either immunoblotting with (A) lamin B2, (B) PUMA, (C) WTAP and

(D) ASGR1 antibodies or staining with colloidal coomassie Blue G-250 as

a loading control. (E) 50 mg of plasma samples were coated onto each well

of a 96-well plate for ELISA analysis against prohibitin 2 and the

absorbance was measured at 450 nm using a Stat Fax 2100 microtiterplate

reader. Paired Student t-test has been used for the statistical analysis of the

experimental results. *** Signifies a p-value of %0.001.

Fig. 7 Effect of high glucose on ARPE-19 ROS production. DCFH-

based intracellular ROS production assays were performed where

10 000 ARPE-19 cells cultured in 5.5 mM, 25 mM and 100 mM

glucose for at least 3 weeks were plated into 96-well plates in medium

containing 10% FBS. After overnight incubation in 5.5 mM, 25 mM

and 100 mM glucose, the cells were treated with 10 mM of DCFH-DA

at 37 1C for 20 min and the fluorescence images was recorded at

excitation and emission wavelengths of 485 nm and 530 nm, respec-

tively. Paired Student t-test has been used for the statistical analysis of

the experimental results. *** Signifies a p-value of %0.001.
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also proposed that down-regulation of PHB might disturb

both MAPK and PI3K/AKT pathways, resulting in the

reduction of cell proliferation.

Most cell junction proteins are plasma membrane-embedded

transmembrane proteins; therefore, it is generally difficult to

isolate them for biochemical analysis such as 2D-DIGE

analysis. In this study, we identified that high glucose concen-

trations downregulated the transmembrane junction protein

desmoplakin. This suggested that disruption of desmoplakin

might play an important role in high glucose concentration-

induced dysfunction of junctions in retinal pigmented epithelium

cells. To our knowledge, our study is the first to associate

desmoplakin with retinopathy. Inducible NO synthase (iNOS),

which is expressed after cell activation and produces NO for

physiological function, reportedly breaks down tight junctions

in rat retinal pigmented epithelium cells through nitrosative/

oxidative stress.47,48 During our analyses, we identified the

involvement of iNOS in redox modification at cysteine resi-

dues. High glucose concentrations might, therefore, activate

iNOS and disrupt tight junctions to induce vessel leakage. Rho

proteins play major roles in modulating cytoskeletal actin

rearrangements in human retinal pigment epithelial cells.49,50

The key regulator for Rho activity is Rho GTPase-activating

protein, which is one of the cellular targets of the high glucose

Fig. 8 Redox 2D-DIGE analysis of high glucose-induced differential cysteine-modification in ARPE-19 cells. Lysates from ARPE-19 cells

cultured in 5.5 mM and 25 mM glucose for at least 3 weeks were subjected to redox 2D-DIGE analysis as described in Materials and Methods.

2-DE-proteome map of ARPE-19 cultured in mannitol-balanced 5.5 mM and 25 mM glucose are displayed. The differentially labeled protein

features are annotated with spot numbers.
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concentration-induced redox-modulated proteins identified

in this study.51 Defective Rho GTPase-activating protein

might, therefore, influence the morphology of retinal pigment

epithelium cells and mediate their detachment. Similarly,

galectin-1 is reportedly involved in retinal cell adhesion to

the photoreceptor through interaction with b-galactoside
residue-containing glycoconjugates in the interphotoreceptor

matrix.52 High glucose concentration-induced ROS might

modulate galectin-1 activity through the redox modification

of its cysteine residues. Impaired galectin-1 might then disrupt

the adhesion of retinal cells, leading to serious retinopathy

such as macular edema.

The retinoid X receptor (RXR) belongs to a family of

nuclear receptors that are activated by retinoic acid and play

important roles as ligand-driven transcription factors in funda-

mental biological processes such as glucose homeostasis. The

RXR can form functional heterodimers with several other

nuclear receptors such as the retinoic acid receptor and the

vitamin D receptor.53 Singh et al. identified that oxidative

stress/JNK signaling mediates high glucose concentration-

induced suppression of the RXR/retinoic acid receptor complex

in cardiomyocytes.54 Reducing oxidative stress can restore

RAR/RXR signaling and protect cardiomyocytes from

hyperglycemia.55 In a mouse model, RXR maintained the

normal function and survival of retinal pigmented epithelium

cells and prevented loss of viability by shortening and disorga-

nizing their outer segments and reducing light responses.56 Our

data indicated that high glucose concentrations down-regulatedT
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Fig. 9 Distribution of differential ICy-labeled proteins between

25 mM glucose and 5.5 mM glucose incubated ARPE-19 cells according

to (A) subcellular location and (B) biological function. The classifica-

tion of the biological functions and sub-cellular locations of these

identified proteins are based on a Swiss-Prot search and KEGG

pathway analysis.
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RXR expression in human retinal pigmented epithelium cells

and, in turn, might suppress RAR/RXR signaling and the

interactions between RXR and other nuclear receptors.

Accordingly, high glucose attenuates the protective ability of

RXR and reduces the cell viability of retinal epithelial cells

against hyperglycemia.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a

tetramer that catalyzes a key reaction in the glycolytic path-

way. It is also one of the critical redox-sensitive proteins that

has an active cysteine sulfhydryl site and is susceptible to

ROS.57–61 Our redox-proteomics results indicated that high

glucose concentration-induced ROS indeed contribute to the

redox-modification of GAPDH and, in turn, block the glyco-

lytic pathways. Thus, high glucose-induced oxidative stress

can redirect carbohydrate fluxes to generate increased redu-

cing power in the form of NADPH through the pentose

phosphate pathway at the expense of glycolysis.

The four proteins (lamin B2, PUMA, WTAP and ASGR1)

identified by immunoblotting and one protein (prohibitin 2)

identified by ELISA have shown differential expression in clinical

plasma, suggesting that these proteins are potential disease

markers for diabetic retinopathy (Fig. 6). Importantly, all of

Fig. 10 Immunofluorescence and immunoblotting analysis of the activation of Phospho-(Ser) PKC substrates for ARPE-19 cells incubated in

5.5 mM, 25 mM and 100 mM glucose. (A) ARPE-19 cells incubated in 5.5 mM, 25 mM and 100 mM glucose for at least 3 weeks on cover slips were

fixed and stained with Phospho-(Ser) PKC substrates, Phalloidin and DAPI. Each set of fields were taken using the same exposure, and images are

representative of 6 different fields. Scale bar = 50 mm. (B) ARPE-19 cell lysates from the same growth conditions were immunoblotted with anti-

Phospho-(Ser) PKC substrates antibody.
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these proteins have not been reported as markers for diabetic

retinopathy, further implying that these proteins might not

only be evaluated as disease markers for the disease, but

elucidate the detail mechanisms in diabetic retinopathy-

associated regulations. Further investigation shows that the

combinations of these identified proteins have not yet been

described as markers for other diseases. Accordingly, the

combination of these identified proteins could be evaluated

as diabetic retinopathy specific markers.

In summary, in this study, we performed comprehensive

proteomic analysis of retinal pigmented epithelium cells

cultured in various concentrations of glucose. We identified

differentially expressed proteins, and developed a novel redox

proteomic strategy for monitoring redox-modulated proteins

in retinal ARPE-19 cells, following their treatment with high

glucose concentrations. We identified high glucose concen-

tration-modulated proteins that participate in several cellular

responses including metabolism, cell apoptosis, signal trans-

duction, gene regulation and transport. Our study results

indicated the presence of an entire network of proteins in

retinal cells exposed to high glucose concentrations, which

might play roles in the development of diabetic retinopathy

(Fig. 11). Comparison of plasma specimens from type 2

diabetic retinopathy patients with those from healthy

donors confirmed the changes in expression of 5 proteins

(lamin B2, PUMA, WTAP, AGPR1, and prohibitin 2) in

diabetic retinopathy. Our findings indicate potential markers

of diabetic retinopathy that are suitable for early-stage evalua-

tion of disease prognosis. The identified proteins might also

represent potential targets for treatment of hyperglycemia-

induced retinopathy.
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1-DE one-dimensional gel electrophoresis

2-DE two-dimensional gel electrophoresis

Ab antibody

CCB colloidal coomassie blue

CHAPS 3-[(3-cholamidopropyl)-dimethylammonio]-

1-propanesulfonate)

ddH2O double deionized water

DIGE differential gel electrophoresis

DTT dithiothreitol

FCS fetal calf serum

IP-WB immunoprecipitation-immunoblotting

MALDI-TOF MS

matrix assisted laser desorption ionization-time of

flight mass spectrometry

Fig. 11 The hypothetical mechanisms of high glucose-induced differential protein expression and redox-modification in ARPE-19 cells.D
ow

nl
oa

de
d 

on
 3

1 
O

ct
ob

er
 2

01
2

Pu
bl

is
he

d 
on

 2
1 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2M

B
25

33
1C

View Online

http://dx.doi.org/10.1039/c2mb25331c


3124 Mol. BioSyst., 2012, 8, 3107–3124 This journal is c The Royal Society of Chemistry 2012

NP-40 Nonidet P-40

ROS reactive oxygen species

RSH free thiol group

TFA trifluoroacetic acid
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