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Abstract: Proliferative diabetic retinopathy (PDR), an end-stage diabetic complication, accounts for blindness and
low vision in most diabetic patients. Advanced glycation end products (AGEs) and the epithelial-mesenchymal tran-
sition (EMT) of retinal pigment epithelial (RPE) cells are associated with the development of PDR via multifactorial
mechanisms. However, whether AGEs can induce the EMT in RPE cells was previously unknown. In this study, we
found that AGEs induced the EMT, accompanied by a decreased expression of the epithelial marker ZO-1, increased
the expression of the mesenchymal marker fibronectin, elevated the production of EMT-related cytokines such as
vascular endothelial growth factor (VEGF) and interleukin-6, and enhanced cell migration ability. Furthermore, the
AGEs-induced EMT could be partly reversed by using an inhibitor of ERK activation, U0126. We also found that
AGEs could regulate cell apoptosis and the cell cycle while promoting cell phenotype transformation from a typical
cobblestone-like to a fibroblast-like morphology. Collectively, these data suggest that AGEs participate in the patho-
genesis of PDR by inducing the EMT in an ERK-dependent pathway. Additional studies investigating the role of AGEs
in the EMT may be promising for the prevention and treatment of PDR.
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Introduction

Diabetic retinopathy (DR) is a major cause of
blindness and low vision in the elderly world-
wide. Proliferative diabetic retinopathy (PDR),
the advanced stage of DR and the most serious
ocular complication of diabetes, can cause
hemorrhages, retinal detachment and total
blindness [1]. PDR is a wound healing-like
response in which fibrotic epiretinal mem-
branes are formed either on the surface of the
retina or within the vitreous, accompanied by
an influx of inflammatory cytokines and angio-
genic factors into the retina [2]. The epiretinal
membranes consist of various cell types,
including retinal pigment epithelial (RPE) cells,
which have a fibroblast-like morphology, under-
go the epithelial-mesenchymal transition (EMT)
and are considered to be contractile, leading to
the contraction of epiretinal membranes and
subsequently toretinal detachment [3, 4].

EMT is a process in which epithelial cells under-
g0 a transition from their differentiated mor-
phology to a mesenchymal-like phenotype and
occurs during embryonic development, tumor
metastasis, wound healing, and organ fibrosis
[B]. This transition is characterized by a loss of
cell-cell contacts, down-regulation of epithelial
cell markers such as Z0-1, and up-regulation of
mesenchymal markers such as fibronectin [6].
Additionally, EMT is associated with enhanced
cell migration and the subsequent aggravation
ofthe pathologic fibrosis process in the prolif-
erative diseases of the eye, heart, kidney, liver,
and lung [7]. In recent studies, increasing evi-
dence has shown that the EMT of RPE cells con-
tributes to the development of PDR [8, 9]; how-
ever, the mechanism underlying the EMT is
largely unknown.

Advanced glycation end products (AGEs) may
participate in the pathogenesis of numerous
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diseases, including diabetic complications,
aging and atherosclerosis [10]. Recently, a con-
siderable number of studies have suggested
that AGEs might play a pivotal role in diabetic
retinopathy. Elevated levels of AGEs in the vitre-
ous of patients with PDR were reported [11]. In
vitro studies showed that AGEs induced the
production of vascular endothelial growth fac-
tor (VEGF) in cultured retinal Muller cells and
RPE cells [12, 13]. An in vivo study showed that
the injection of glycated albumin (Alb-AGE) into
mice increases VEGF mRNA expression in the
eyes, contributing to the development of DR
[14]. Our study also found that the expression
of the AGE receptor (RAGE) is increased in the
retinas of type 2 diabetic rats and in high-glu-
cose-treated ARPE-19 cells [15]. Although the
EMT is crucial to the development and progres-
sion of PDR, few reports have describedthe
effect of AGEs on the EMT in RPE cells.
Therefore, the present study aimed to investi-
gate whether AGEs could induce the EMT in
human RPE cells and the underlying molecular
mechanisms.

Materials and methods
Reagents and cell culture

AGEs were purchased from RD (Minneapolis,
MN, US), and U0126 was purchased from
Sigma (St. Louis, MO, US). A cell apoptosis and
cell cycle kit was obtained from BD Biosciences
(Bedford, MA, US). Anti-B-actin, anti-extracellu-
lar signal-related kinase (ERK), anti-phospho
ERK, anti-zonula occludens-1 (ZO-1), and anti-
fibronectin were obtained from Cell Signaling
Technology (Danvers, MA, US). Goat anti-rabbit
fluorescein isothiocyanate (FITC)-conjugated
secondary antibodies were purchased from
Molecular Probes (Invitrogen, Carlsbad, CA,
US). A Cell Counting Kit-8 (CCK-8) and Transwell
product were purchased from Dojindo (Shang-
hai, China) and Corning (Tewksbury, MA, US),
respectively.

The human RPE cell line ARPE-19 was obtained
from the American Type Culture Collection (AT-
CC, Mantissa, VA), and cells were cultured in in
Dulbecco’s modified Eagle’s medium (DMEM)/
F12 medium (Hyclone, Grand lIsland, NY, US)
supplemented with 10% fetal bovine serum
(FBS; Gibco, Grand Island, NY, US) at 37°C
under 5% CO,,. The cells were used at passages
15-20, and all experiments were performed in
serum-free medium.
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Cell apoptosis and cell cycle assay

ARPE-19 cells (1x10°) were seeded in 6-well
plates and treated with BSA-AGE (50 ug/ml,
100 pg/ml, and 200 pg/ml) for 48 h. The cells
were detached using ethylene diamine tet-
raacetic acid (EDTA), washed in ice-cold PBS
(4°C), and treated with an FITC Annexin V
Apoptosis Detection Kit or BD Cycletest™Plus
DNA Reagent Kit according to the manufactur-
er's protocol. Samples were analyzed using a
FACSCalibur cytometer (Becton Dickinson, US).
All experiments were performed in triplicate.

Morphology observation and immunofluores-
cencestaining

After ARPE-19 cells were treated with BSA-AGE
(50 pg/ml, 100 pg/ml, and 200 pg/ml) for 48
h, cell morphology was observed and photo-
graphed with an inverted phase-contrast micro-
scope (Olympus, Tokyo, Japan). For immunocy-
tochemistry, cells were washed and fixed in 4%
(v/v) paraformaldehyde for 15 min at room tem-
perature. Then, the cells were blocked in 10%
goat serum with 0.1% Triton X-100, followed by
incubation with primary antibodies against
fibronectin diluted to 1:100 at 4°C overnight.
After being washed three times with PBS, the
cells were incubated with FITC-conjugated sec-
ondary antibodies (1:500) at room temperature
for 1 h. Nuclei were counterstained with 4°, 6’
-diamidino-2-phenylindole hydrochloride (DAPI)
for 5 min. Images were acquired witha fluores-
cence microscope (Leica).

Cell proliferation assay

Cells were seeded onto 96-well microplates
(2x10° cells per well). The CCK-8 assay was
used to measure cell viability at 0 h, 12 h, 24 h,
48 h, and 72 h according to the manufacturer’s
instructions. Ten microliters of CCK-8 solution
was added to each well, and cells were further
incubated for 2.5 h. The optical density was
measured at 450 nm with a microplate reader
(Finstruments Multiskan Models 347; MTX Lab
Systems, Inc., Vienna, VA). All experiments were
performed in triplicate.

Quantitative real-time PCR analysis

Total RNA was isolated with TRIzol (Invitrogen,
Carlsbad, CA, US) according to the manufac-
turer’s protocol. Real-time quantitative PCR
analysis was performed using IQ Supermix (Bio-
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Rad, Hercules, CA). The following primers were
used: p-ERK forward, 5-CTG AAA TGC GCA CAG
TTG CT-3’, and reverse, 5-CCT GTC AGT TCA
GCC AAC CT-3’; ZO-1 forward, 5-GTG TTG TGG
ATA CCT TGT-3’, and reverse, 5-GAT GAT GCC
TCG TTC TAC-3’; fibronectin forward, 5-AGC
GGA CCT ACC TAG GCA AT-3’, and reverse,
5-GGT TTG CGA TGG TAC AGC TT-3’; glyceralde-
hyde phosphate dehydrogenase (GAPDH) for-
ward, 5-GAA GGT GAA GGT CGG AGT C-3’, and
reverse, 5-GAA GAT GGT GAT GGG ATT TC-3’
(Sangon. Shanghai, China). The amplification
and thermo-cycling procedures were conduct-
ed according to the manufacturer’'s instruc-
tions. GAPDH served as the reference gene for
quantity control. Experiments were performed
in triplicate and repeated at least three times.

Western blot analysis

Cell proteins were prepared with a total protein
extraction kit (Amsbio, Abingdon, UK), followed
by protein concentration measurements with a
BCA Protein Assay Kit (Pierce, Rockford, IL, US).
Equal amounts of protein were separated by
10% sodium dodecyl sulfate polyacrylamide
gels, transferred to polyvinylidene difluoride fil-
ters, and visualized with enhanced chemilumi-
nescence detection reagents (Pierce). Bands
were quantified using Quantity One software
(Bio-Rad, Richmond, CA, US) and normalized to
that of B-actin. All immunoblot analyses were
repeated three times, and similar results were
obtained.

Cytometric bead array

The concentrations of interleukin 13, 6, 8, 10,
and 12p (IL-1B, IL-6, IL-8, IL-10, and IL-12p) and
tumor necrosis factor-alpha (TNF-a) in ARPE-19
cell supernatants were measured with a cyto-
metric bead array (CBA, No. 552932; BD
Bioscience, San Jose, CA, US) as previously
described [16]. Briefly, cell supernatants were
collected and centrifuged at 12,000xg at 4°C.
Then 50 ul of the supernatant sample was used
for each test and measured with flow cytometry
(BD FACSCalibur, BD Bioscience). The concen-
tration of each cytokine was calculated accord-
ing to the protocol of the CBA Kkit.

Cell migration assay

The ARPE-19 cell migration assay was per-
formed using a Transwell chamber. Briefly,
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2x10* cells in 200 ul serum-free medium were
placed in the upper chamber, whereas 600 ul
DMEM with 10% FBS was in the bottom cham-
ber. All migration assays were conducted for 6
h at 37°C. Then, cells were fixed in 4% parafor-
maldehyde and stained with DAPI for 15 min.
After removal of the non-migrating cells with a
cotton swab, the membrane was imaged and
cells from five random fields of view were count-
ed. Each experiment was repeated three times.

Statistical analysis

Data were expressed as the mean + standard
deviation (SD). Statistical analysis was con-
ducted using Prism 5 (GraphPad Software, Inc.,
San Diego, CA, US). Differences were evaluated
using a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test or
using an unpaired Student t-test. P<0.05 was
considered statistically significant.

Results

Effects of AGEs on cell apoptosis and the cell
cycle

We first evaluated the effects of AGEs on ARPE-
19 cell apoptosis (early and late apoptosis) and
cell cycle arrest (G2/M, S and G1 phase). AGEs
induced cell apoptosis and cell cycle arrest in a
dose-dependent manner. As shown in Figure
1A, cells treated with 100 pyg/ml and 200 g/
ml AGEs displayed a significant increase in cell
apoptosis compared to controls, whereas there
was no significant difference among 50 ug/ml
AGEs, BSA and control groups. Additionally,
AGEs at a dose of 200 ug/ml resulted in a sig-
nificant accumulation of ARPE-19 cells in the
G1 phase and a reduction of cells in the G2/M
and S phase compared to controls (P<0.01;
Figure 1B). However, there was no significant
difference among 100 ug/ml AGEs, 50 ug/ml
AGEs, BSA and control groups in the cell cycle
test (P>0.05; Figure 1B).

Effects of AGEs on cell morphology and fibro-
nectin expression

Transforming growth factor-beta (TGF-B) is
regarded as a major and potent inducer of EMT
[17]. To investigate whether AGEs were associ-
ated with ARPE-19 cell phenotype changes,
TGF-B treatment was used as a positive control.
In normal culture conditions, ARPE-19 cells had
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Figure 1. Effects of AGEs on RPE cell apoptosis and the cell cycle. A. Apoptosis of RPE cells treated with BAS or dif-
ferent concentrations of AGEs. Samples were taken 48 h after treatment, and cells were stained with Annexin V and
PI for flow cytometry analysis. B. AGEs (200 pug/ml) induced cell cycle arrest in ARPE-19 cells. Samples were taken
48 h after BSA or AGEs treatment, and DNA content was analyzed with Pl staining. The percentage of cells in the
G2/M, S and G1 are indicated. Data are the mean + SD of results from three independent experiments. “*P<0.01

vs. control.

a typical cobblestone-like epithelial morpho-
logy. As the concentrations of AGEs increa-
sed, cells gradually changed to a spindle fibro-
blast-like morphology (Figure 2A). In addition,
fibronectin protein expression was enhan-
ced with the increased AGEs concentration
(Figure 2B). In contrast, BSA-treated cells
retained their epithelial morphology and dis-
played slightly strengthened fibronectin expres-
sion (Figure 2).
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AGEs induced the EMT in ARPE-19 cells via
ERK phosphorylation

Because we had observed an association
among AGEs, phenotypic transition and fibro-
nectin expression in ARPE-19 cells, we next
sought to examine whether AGEs could induce
the EMT. Cells were treated with various doses
of AGEs for 12 h, 24 h, 48 h and 72 h. As shown
in Figure 3A, cell proliferation was significantly
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TGF-beta

Figure 2. Morphologic changes of ARPE-19 cells and immunofluorescence staining for fibronectin by AGEs treat-
ment. A. ARPE-19 cell morphology was assessed after exposure to BSA or AGEs for 48 h. Control and BSA-treated
cells retained the oval cell morphology, whereas AGEs-treated cells gradually turned to a spindle mesenchymal phe-
notype in a dose-dependent manner. B. Fibronectin expression was assessed by immunofluorescence. The second-
ary antibody for fibronectin was labeled by FITC (green), and cell nuclei were stained with DAPI (blue). Fibronectin
was positively expressed in the cytoplasm of ARPE-19 cells and up-regulated dose dependently by AGEs treatment.
TGF-B was used for the positive control. DAPI: 4’, 6’-diamino-2-phenylindole. Scale bars, 50 mm.

decreased with AGEs treatment of all doses at
48 h (P<0.01) and with 200 ug/ml of AGEs
treatment at 72 h (P<0.05) compared to con-
trols. However, there was no significant differ-
ence in cell proliferation between cells exposed
to BSA and controls at all checked time-points
(P>0.05).

Then, we explored the expression of certain
epithelial and mesenchymal markers in ARPE-
19 cells treated with 100 pg/ml AGEs for 48 h.
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RT-PCR demonstrated that AGEs treatment sig-
nificantly induced a decrease in ZO-1 expres-
sion and an increase in fibronectin and p-ERK
expression at an mRNA level compared to the
BSA group (Figure 3B, P<0.01). The Western
blot results further confirmed these changes
(Figure 3C and 3D). Therefore, we employed
the MEK/ERK inhibitor U0126 to investigate
the role of ERK activation in AGEs-induced EMT.
U0126 successfully inhibited the ERK phos-

Int J Clin Exp Pathol 2016;9(4):4891-4900
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Figure 3. Effects of AGEs on the EMT in ARPE-19 cells. (A) Cells were treated with various concentrations of AGEs
(50 pg/ml, 100 pyg/ml, and 200 pg/ml) for 12 h, 24 h, 48 h and 72 h, and cell proliferation was analyzed using a
CCK-8 assay. (B) Cells were treated with 100 ug/ml AGEs or BSA for 48 h, and the expressions of ZO-1, fibronectin
and p-ERK were detected by RT-PCR. GAPDH was used as a loading control. (C) Cells were treated with 100 pg/ml
BSA or 100 pg/ml AGEs in the presence or absence of a pretreatment of 30 min with U0126 (10 uM) for 48 h. Rep-
resentative Western blot showing that AGEs enhanced ERK phosphorylation, which was compromised significantly
by U0126. (D) Cells were treated as described in (C), and the protein levels of ZO-1 and fibronectin were determined
by Western blot assay. B-actin was used as a loading control. (E) Cells were treated as described in (C), and the
concentrations of EMT-related cytokines (IL-6, IL-8 and VEGF) in the culture supernatants were quantified with a CBA
assay. AGEs increased the expression of those cytokines, which was partly blocked by U0126. Data are shown as
the mean + SD, n=3 experiments. “P<0.05,""P<0.01. BSA was set to 100% in (B-D).

phorylation (Figure 3C, P<0.01) and attenuated
AGEs-caused protein expression changes of
Z0-1 and fibronectin (Figure 3D, P<0.01).

Furthermore, the CBA method was used to
determine the concentrations of secreted IL-10,
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IL-6, IL-8, IL-10, IL-12p, VEGF and TNF-a. Our
results showed that the production of IL-6, IL-8
and VEGF was significantly higher in the AGEs
treatment group compared to the BSA group,
and those enhanced productions were signifi-
cantly weakened by U0126 (Figure 3E, P<0.01).

Int J Clin Exp Pathol 2016:9(4):4891-4900
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Figure 4, cellular migration activi-
ty was increased by approximately
2-fold in the AGEs group com-
pared with that of the control and
BSA groups (P<0.01). As expect-
ed, the migration capability of
ARPE-19 cells in the AGEs group
was significantly compromised by
U0126 treatment (P<0.01). How-
ever, no significant difference was
observed between the control and
BSA groups.

Discussion

In the present study, we have for
the first time, to our knowledge,
provided direct evidence that
AGEs induced an EMT in ARPE-19
cells, which was characterized by
a phenotype transition to a mes-
enchymal-like appearance, decre-
ased Z0O-1 expression, increased
fibronectin expression, strength-
ened EMT-related cytokine pro-
duction and enhanced cell migra-
tion capability. Our data also
showed the effect of AGEs on EMT
through ERK activation, as U0126
partly blocked those EMT chang-
es. Furthermore, we demonstrat-
ed that higher concentrations of
AGEs could result in apoptosis
and cell cycle arrest in ARPE-19
cells.

assay. A. Representative images of cells migrated through the filter of

the chamber. B. Statistical analysis based on the number of migrated
cells. AGEs promoted cell migration significantly, whereas U0126 im-
paired the migration activity in the presence of AGEs (100 pg/ml). Data
are shown as the mean + SD, n=4 experiments. "*P<0.01. Controls were

set at 100%.

However, there was no significant difference in
the secretion of other cytokines examined
among those three groups, such as IL-1p3 and
TNF-a (data not shown). Collectively, these
results suggested that ARPE-19 cells had
undergone EMT in response to AGEs treatment
via ERK activation.

AGEs promoted ARPE-19 cell migration
Because enhanced migration is an important

characteristic of the EMT, we next examined
the migration of ARPE-19 cells. As shown in
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AGEs have been previously report-
ed to induce cell apoptosis [18].
Here, we first verified the effects
of different concentrations of
AGEs in the RPE cells and deter-
mined the appropriate dose of
AGEs for further experiments. Our results
showed that doses of AGEs higher than 100
pug/ml led to significant cell apoptosis and cell
cycle arrest at the G1 phase (Figure 1). Next,
we explored the appropriate doses of AGEs for
ARPE-19 cell phenotypic changes and fibronec-
tin expression. As the concentrations of AGEs
increased, RPE cells gradually changed from
the cobblestone-like shape to a spindle fibro-
blast-like morphology and gradually displayed
intensive expression of fibronectin (Figure 2).
Based on our results, we chose 100 pg/ml
AGEs for further studies, which was similarto

Int J Clin Exp Pathol 2016;9(4):4891-4900
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the doses used in many otherin vitro studies
(18, 19].

Because AGEs induced EMT phenotype chang-
es in ARPE-19 cells, we next examined the
effect of AGEs on the expression of EMT mark-
ers and cellular migration activity. Tamiya et al.
[20] strongly suggested that a loss of cell-cell
adhesion was responsible for initiating the EMT
and the proliferation of RPE cells. ZO-1 is key to
the maintenance of an epithelial phenotype,
and a loss of ZO-1 is considered a hallmark of
the EMT. We also demonstrated the down-regu-
lation of ZO-1 by AGEs (100 ug/ml) treatment
for 48 h. The loss of ZO-1 has also been report-
ed in EMTs occurring in other organic diseases,
such as pulmonary fibrosis [21]. When epitheli-
al cells initiate the EMT, they lose epithelial pro-
teins while elevating the synthesis of cytoskel-
etal proteins [22]. The expression of fibronec-
tin, a mesenchymal marker, was also up-regu-
lated by AGEs treatment in ARPE-19 cells.
Similarly, the effect of AGEs on EMT has been
reported in diabetic nephropathy [19].

RPE cells secrete inflammatory or fibrosis-relat-
ed cytokines, such as TNF-«, IL-6, VEGF and
TGF-B, which trigger EMT changes [23]. The vit-
reous fluid of PDR patients contains a higher
concentration of cytokines, including TGF-j3,
pentosidine (a sensitive marker for all AGESs)
and IL-6, compared to that of non-diabetic
patients [24, 25]. TGF-B is a potent chemoat-
tractant in transforming RPE cells into mesen-
chymal fibroblastic cells [26]; thus, it was ratio-
nal to use TGF-B as a positive control in our
study and Zhu and co-workers’ study [27]. IL.-6
is a multifunctional cytokine, and Nakumura et
al. [25] demonstrated that IL-6 levels in the vit-
reous of PDR patients were correlated with the
severity of the disease. Cohen et al. [28] report-
ed that IL-6 may increase the expression of
VEGF. In addition, it has been reported that
AGEs were involved in the development of dia-
betic retinopathy by enhancing the production
of IL-6 and VEGF both in vivo and in vitro [14,
25, 29]. Similarly, our study found that AGEs
increased the production of IL-6, IL-8 and VEGF
in ARPE-19 cells.

The molecular mechanisms that govern EMT
are complicated, with cross talk among signal-
ing pathways such as the Smad pathway, Wnt
pathway and Notch pathway [30]. Because
AGEs are reported to be involved in the ERK
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pathways [31], we also used U0126, the inhibi-
tor of ERK activation, to investigate whether
AGEs induced EMT through the ERK pathway.
Our data showed that U0126 partly blocked the
EMT induced by AGEs in ARPE-19 cells by up-
regulating the protein levels of Z0-1, down-reg-
ulating the protein expression of fibronectin,
preventing the release of EMT-related factors,
and impairing the cellular migration ability.

The limitations of this study should be noted.
One limitation is that only in vitro experiments
were carried out, as the animal model for PDR
is not well established. Another limitation is
that we focused on the ERK pathway in the
present study, although other pathways, such
as the Wnt pathway, should also be studied.
Further studies are needed to elucidate all the
possible pathways involved and their cross
talk.

In conclusion, we have demonstrated that AGEs
induced the EMT in ARPE-19 cells, at least in
part through ERK activation. Moreover, we
found that AGEs regulate cell apoptosis and the
cell cycle in ARPE-19 cells while simultaneously
inducing the EMT. Therefore, AGEs may be tar-
geted for the treatment of human PDR.
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