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High glucose-induced epithelial-mesenchymal transition
contributes to the upregulation of fibrogenic
factors in retinal pigment epithelial cells
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Abstract. It has been reported that epithelial-mesenchymal
transition (EMT) mediates multiple physiological and patho-
logical processes. However, the occurrence and the pathogenic
role of high glucose-induced EMT in retinal pigment epithe-
lial cells (RPE cells) is unknown. The aim of this study was
to examine the effects of high glucose on EMT in RPE cells.
Cultured RPE cells were exposed to 25 mM D-glucose.
A vector encoding the Snail gene and siRNA targeting
Snail (Snail siRNA) were transfected into the cells to induce
the overexpression or silencing of Snail, respectively. AKT and
extracellular signal-regulated kinase (ERK) inhibitors were
used to block the activation of AKT and ERK, respectively.
The levels of EMT markers, fibrogenic factors, phosphorylated
ERK and phosphorylated AKT were determined by western
blot analysis and immunofluorescence staining. Cell migration
was evaluated by wound healing assay. Our results revealed that
high glucose elevated the expression of the key EMT transcrip-
tional factor, Snail, and that of other mesenchymal makers, and
promoted cell migration. Moreover, the overexpression of Snail
elevated the levels of fibronectin and connective tissue growth
factor (CTGF), whereas the silencing of Snail decreased the
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expression of fibronectin and CTGF induced by high glucose in
the cells. Mechanistically, the AKT inhibitor (AKT inhibitor IV)
and ERK inhibitor (U0126) significantly decreased the expres-
sion of Snail, as well as the levels of fibronectin and CTGF which
were induced by high glucose. On the whole, and to the best of
our knowedge, the present study is the first to demonstrate the
upregulation of mesenchymal markers in RPE cells induced by
high glucose, and suggest that mesenchymal transition may be
involved in the pathological processes of retinal diseases.

Introduction

Retinal pigment epithelial cells (RPE cells), which are located
between the choroids and the neurosensory retina, form
the outer blood-retinal barrier and play a crucial role in the
pathological processes that leads to the loss of vision. RPE
cells are activated by the breakdown of the outer blood-retinal
barrier, and can undergo proliferation and migration and
secrete extracellular matrix (ECM) molecules in vitreoretinal
disorders, such as proliferative diabetic retinopathy (DR),
proliferative vitreoretinopathy (PVR) and age-related macular
degeneration (AMD) (1-3). RPE cells are known to contribute
to inflammation and fibrosis in vitreoretinal disorders (4) and in
the formation of fibrotic membranes (5).

It has been documented that epithelial-mesenchymal transi-
tion (EMT) plays a role in the fibrosis of various organs, such as
the kidneys, lungs and liver (6-9). There is evidence to suggest
that kidney proximal tubule epithelial cells undergo EMT to
induce interstitial fibrosis in diabetic nephropathy (6,10). As
shown in a previous study, in diabetic nephropathy, the expres-
sion of mesenchymal proteins was detected in the kidney
sections of diabetic patients, and the alterations in mesenchymal
proteins in tubular epithelial cells were well correlated with the
declining renal function (11). Since cells undergoing EMT will
lose their normal functions and mediate fibrosis in diabetic
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nephropathy, we speculated that mesenchymal transition may
be involved in the development of RPE cell-related diseases.

EMT is a multi-step morphogenetic process during which
epithelial cells lose their epithelial properties and acquire
mesenchymal characteristics. Static epithelial cells lose cell to
cell junctions, and consequently they lose apico-basal polarity
to become migratory mesenchymal-like cells (12,13). EMT
occurs in three different biological settings with very different
functional consequences (14). Type 1 EMT is invloved in
original embryonic development and postnatal growth (12,15).
Type 2 EMT participates in wound healing, tissue regeneration
and organ fibrosis. Oncogenic (type 3) EMT enables epithelial
cells to acquire invasive mesenchymal phenotype characteris-
tics that are essential in the metastatic spread (16). The most
characterized transcription factors in the regulation of EMT are
Snail, Slug, Twist, zinc finger E-box-binding homeobox (ZEB)1
and ZEB2 (12,14).

EMT is triggered by inflammatory cytokines, cyto-
toxic stress and DNA damage in tissue repair and tissue
fibrosis (17,18). Abundant evidence indicates that hypergly-
cemia is etiologically related to human aging and diseases,
including DR and AMD (19), and high glucose is a predictor of
progression to late AMD (20). Therefore, the aim of this study
was to examine the effects of high glucose on EMT in RPE
cells and to determine its pathogenic role.

Materials and methods

Materials and antibodies. L-glucose and D-glucose were
purchased from Sigma (St. Louis, MO, USA). AKT inhibitor I'V
and the extracellular signal-regulated kinase (ERK) inhibitor,
U0126, were obtained from Millipore (Billerica, MA, USA)
and Selleckchem (Houston, TX, USA) respectively. Antibodies
to a-smooth muscle actin (a-SMA; A2547) and p-actin
(A5441) were purchased from Sigma-Aldrich. The antibody
against phosphorylated (p-)ERK (sc-7383) was from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies
against E-cadherin (610181), vimentin (550513), N-cadherin
(610920) and fibronectin (610077) were obtained from
BD Biosciences (Franklin Lakes, NJ, USA). Antibodies against
Snail (3879S), B-catenin (9582S) and p-AKT (4060S) were from
Cell Signaling Technology (Danvers, MA, USA). The antibody
against connective tissue growth factor (CTGF; ab6992) was
purchased from Abcam (Cambridge, MA, USA). ZO1 antibody
(40-2200) was obtained from Invitrogen Life Technologies,
Carlsbad, CA, USA. Goat anti-mouse (PI-2000) or anti-rabbit
(PI-1000) horseradish peroxidase (HRP)-labeled secondary
antibodies were from Vector Laboratories (Burlingame, CA,
USA). Alexa Fluor 488 goat anti-rabbit/anti-mouse (A21206/
A21202), Alexa Fluor 594 goat anti-rabbit/anti-mouse (A21207/
A21203) antibodies and 4',6-diamidino-2-phenylindole (DAPI;
D1306) were from Life Technologies (St. Louis, MO, USA).

Cell culture. ARPEI19, a cell line derived from human
retinal pigment epithelium (RPE) was obtained from
ATCC (Manassas, VA, USA) and cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 10% heat
inactivated fetal bovine serum (FBS) and 100 U/ml penicillin/
streptomycin (Invitrogen Life Technologies). The cells were
maintained at 37°C in a humidified atmosphere with 5% CO,.
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Immunofluorescence staining. Immunofluorescence staining
was performed as previously described (21). For immunocy-
tochemistry, the cells grown in 4-well glass slide chambers to
60% confluence were exposed to 25 mM high glucose for 48 h.
The cells were then incubated with the primary antibodies specific
for vimentin, N-cadherin and a-SMA at a dilution of 1:200 over-
night at 4°C. The secondary antibodies (Alexa Flour 488/Alexa
Flour 594 goat anti-rabbit/anti-mouse) were then added at a
dilution of 1:200 for 1 h. Slides were prepared with a mounting
medium containing DAPI to counterstain the nucleus.

Western blot analysis. The cells were lysed for total protein
extraction using RIPA buffer. The protein concentration was
determined using a Bio-Rad DC protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) according to the manufac-
turer's instructions. The aliquots of equal amounts of protein
were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a PVDF
membrane (Bio-Rad Laboratories). After blocking with
5% non-fat dry milk in Tris-buffered saline Tween-20 (TBST)
for 1 h, the membrane was incubated overnight at 4°C with
various primary antibodies. After washing with TBST, the
membrane was incubated with the appropriate secondary
antibody for 2 h. The membrane was again washed with
TBST, and immunoblots were developed with the enhanced
chemiluminescent reagents from Pierce/Thermo Fisher
Scientific (Waltham, MA, USA) according to the manufac-
turer's instructions. Images were acquired using ImageQuant
Las 4000 mini (GE Healthcare Bio-sciences, Pittsburgh, PA,
USA) and densitometry was performed using ImageJ software
and normalized to the -actin levels.

Reverse transcription-quantitative PCR (RT-gPCR). Total RNA
was extracted from the cultured cells using TRIzol reagent
according to the manufacturer's instructions (Invitrogen Life
Technologies). Total RNA (500 ng) was used for reverse transcrip-
tion using the PrimeScript® RT reagent kit (perfect
real-time) (Takara Bio Inc., Otsu, Japan). The cDNA was used for
quantitative PCR (qQPCR) using SYBR® Premix Ex Tag™ (rerfect
real-time) (Takara Bio Inc.) and a Roche capillary-based
LightCycler® 2.0 system (Roche Diagnostics, Indianapolis, IN,
USA). The specificity of the amplification reactions was confirmed
by melting curve analysis. All expression data were normalized to
those for 3-actin. The data were quantified by the comparative
threshold cycle (Ct) method for relative gene expression. The PCR
cycling conditions were as follows: 95°C for 30 sec, 95°C for 5 sec
and 60°C for 45 sec for 40 cycles. Primer sequences are as follows:
human snail forward, TGCGCTACTGCTGCGCGAAT and
reverse, GGGCTGCTGGAAGGTAAACTCTGGA; B-actin
forward, GCACTCTTCCAGCCTTCCTT and reverse, GTTGG
CGTACAGGTCTTTGC.

Wound healing assay. The cells were seeded in each well of
a 6-well culture plate and then cultured for 24 h until they
reached approximately 80% confluence. The cells were starved
in DMEM for 24 h and then exposed to L-glucose as a control
and D-glucose (25 mM) for 48 h. Images of the wells under a
microscope (Zeiss Axio Observer Z1, Carl Zeiss Meditec AG,
Jena, Germany) were acquired the indicated time points after
the wound scratch was made. The migration rate of the cells was
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Figure 1. Mesenchymal transition of retinal pigment epithelial cells (RPE cells) induced by exposure to high glucose. (A) Representative western blots of E-cadherin,
Zonula occludens-1 (ZO-1), B-catenin, N-cadherin, fibronectin in the cells exposed to 25 mM D-glucose (HG) and L-glucose as an osmotic control for the indi-
cated periods of time (48 h). The bands were quantified relative to f-actin (means = SD, “p<0.01, “p<0.05, n=3). (B) RPE cells were grown on glass coverslips for
24 h, starved for 24 h, and then incubated with 25 mM D-glucose (HG) and L-glucose as a control for 48 h. Compared with the control cells, the HG-exposed cells
displayed an increased expression of vimentin, N-cadherin and a-SMA, as shown by immunofluorescence staining. Original magnification, x400.

calculated as the distance traveled by the cells from the wound
edge to the cell-free space.

RNA interference. Oligonucleotides matching the selected
regions of human Snail and scrambled siRNAs that were
used as a negative control were purchased from RiboBio
(Guangzhou, China). The cells were transfected with siRNA
oligonucleotides at a final concentration of 100 nM with
HiPerFect (Qiagen, Carson City, CA, USA) according to the
manufacturer's instructions. The cells were transfected with
siRNA oligonucleotides for 24 h then followed by incubation in
the presence of high glucose for an additional 48 h.

Cell transfection with overexpression vector. Full-length
Snail cDNA was a gift from Professor Jun Li (Sun Yat-sen
University, Guangzhou, China). The pCR3.1-vector and
pCR3.1-Snail plasmid were transfected into the cells using
Lipofectamine 2000 according to the manufacturer's instruc-
tions (Invitrogen Life Technologies). After 48 h, the cells were
harvested, and the expression of proteins was determined
using western blot analysis.

Statistical analysis. Data are presented as the means + SD.
Comparisons were performed by a two-tailed paired Student's
t-test. A value of p<0.05 was considered to indicate a statisti-
cally significant difference.

Results

EMT is induced by high glucose in RPE cells. RPE cells are the
key component of the outer blood-retina barrier and the main
contributor to the development of fibrotic tissue in the retina (22).
Therefore, we evaluated the direct effect of high glucose on
mesenchymal transition in RPE cells. As shown in Fig. 1,
compared to exposure to L-glucose as an osmotic control,
exposure to 25 mM high glucose for 48 h elevated the levels
of N-cadherin, (3-catenin, fibronectin and decreased the levels
of E-cadherin and ZO-1 in the RPE cells (Fig. 1A). Moreover,
immunofluorescence staining revealed that the cells exposed
to high glucose had more intensive vimentin, N-cadherin and
a-SMA signals compared with the control cells (Fig. 1B).

It is well known that EMT can increase cell motility (23-25).
Normal RPE cells are quiescent without migration (26,27). In
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Figure 2. Exposure to high glucose HG) promotes the migration of retinal pigment epithelial cells (RPE cells). ARPE19 cells were grown as a monolayer in
6-well plates until approximately 80% confluence. Cells were starved in DMEM for 24 h and then exposed to L-glucose and D-glucose (25 mM) for 48 h. The
migration rate was measured by the migration distance after a scratch was made. These experiments were conducted independently in triplicate. The data are

presented as the means + SD, “p<0.01 compared with L-glucose as the control.

this study, the number of migrated cells in the high glucose-
exposed RPE cells was considerably higher than the mean
number of migrated control cells (Fig. 2). These observations
indicated that the RPE cells exposed to high glucose underwent
mesenchymal transition and migration was initiated.

Exposure to high glucose induces the upregulation of Snail.
Snail is a classical transcription factor involved in EMT in
tumors (14). Therefore, in this study, we investigated whether
the expression of Snail was upregulated by exposure of the
cells to high glucose. We found that compared to the control
cells, high glucose increased the mRNA expression of Snail
24 h following exposure and reached the highest level at
48 h (Fig. 3A). Likewise, the promoting effect of high glucose
on the Snail protein level at 48 h was also confirmed by western
blot analysis (Fig. 3B).

Snail promotes the expression of cytokines in RPE cells. CTGF
and fibronectin are important profibrotic growth factors that
induce the production of ECM components and angiogen-
esis (28,29). CTGF and fibronectin have been implicated in

the pathological progress in patients with vitreoretinal disor-
ders (30-34) and is induced by high glucose (31,35). It has been
reported that EMT is associated with fibrogenesis in diabetic
nephropathy and other organs (6-9). In order to fully understand
the pathogenic role of mesenchymal transition in RPE cells, we
transfected the cells with Snail expression vector. Our results
revealed that the protein level of Snail was upregulated in the
cells transfected with the Snail overexpression vector compared
to the cells transfected with the empty vector (Fig. 4A). In
addition, with the overexpression of Snail, the expression of
fibronectin and CTGF also increased in RPE cells, as shown
by western blot analysis (Fig. 4A). Furthermore, compared to
controls transfected with scrambled siRNA, the silencing of
Snail decreased expression of CTGF and fibronectin in RPE
cells, which had been increased by high glucose (Fig. 4B).
These data suggested that mesenchymal transition in RPE
cells may contribute to fibrosis by promoting the secretion of
important cytokines.

The AKT and ERK signaling pathways mediate the expression
of mesenchymal markers induced by high glucose in RPE cells.
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Figure 3. Snail was upregulated by exposure to high glucose. (A) RT-qPCR and (B) western blot analysis of Snail expression in the cells exposed to 25 mM
D-glucose (HG) and L-glucose as a control for indicated periods of time.
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Figure 4. Snail regulates the expression of connective tissue growth factor (CTGF)/fibronectin in retinal cells. (A) Retinal pigment epithelial cells (RPE cells)
were transfected with pCR3.1-mock plasmid and pCR3.1-Snail plasmid for 48 h. (B) RPE cells were transfected with control siRNA or Snail siRNA for 24 h
followed by incubation in the presence of high glucose for an additional 48 h. Total cellular proteins were immunoblotted with antibodies to fibronectin and
CTGF. Blots are representatives of 3 independent experiments. The bands were quantified relative to B-actin (means = SD, “p<0.01 and “p<0.05, n=3).

The activation AKT and ERK plays a critical role in the process  in retinal disorders (39-41). These findings led us to hypoth-
of epithelial-mesenchymal transition (36-38). The AKT and  esize that the AKT and ERK signaling pathways regulate the
ERK pathways have been recently recognized as new players  expression of mesenchymal markers in RPE cells. To confirm
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Figure 5. The AKT and ERK signaling pathways mediate the expression
of Snail/N-cadherin induced by high glucose. Retinal pigment epithelial
cells (RPE cells) were pre-treated for 2 h with (A) the Akt, Akt inhibitor IV
and (B) the ERK inhibitor, U0126. The inhibitors were washed out, and the
RPE cells were stimulated with 25 mM D-glucose (HG) and L-glucose as a
control for 48 h. Gel shows a representative experiment from 3 independent
determinations.

the hypothesis, we used the AKT, AKT inhibitor IV and the
ERK inhibitor, U0126, to block these signaling pathways. Our
results revealed that AKT inhibitor IV and U0126 downregu-
lated the levels of Snail and N-cadherin in a dose-dependent
manner, followed by a decrease in the levels of CTGF and
fibronectin (Fig. 5). These data indicated that the AKT and
ERK signaling pathways were involved in the high glucose-
induced mesenchymal transition and fibrosis in RPE cells.

Discussion

The present study reports that hyperglycemia induces mesen-
chymal transition in cultured RPE cells. The overexpression
of Snail increased the protein levels of fibronectin and CTGF.
Likewise, the silencing of Snail using siRNA decreased the
expression of fibronectin and CTGF which was induced by
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high glucose in RPE cells. Mechanism experiments indicated
that blockade of the AKT and ERK signaling pathways using
chemical inhibitors decreased the expression of Snail, as well
as that of fibronectin and CTGF, which had been induced by
high glucose in RPE cells.

EMT is observed in the process of renal interstitial fibrosis,
of pulmonary fibrosis, of liver fibrosis, or in specific ocular
tissue (6-11). Most vision loss occurs following the transition
from a disease of inflammation to a disease of neovascular
fibrosis (42). RPE cells form the outer blood retinal barrier from
the choroidal capillary bed by separating the outer retina. The
dysfunction of the RPE can result in retinal edema, detachment
or degeneration (43). Normal RPE cells are quiescent without
proliferation or migration abilities (26,27). In this study, we
found that high glucose induced the expression of mesenchymal
makers in RPE cells (Fig. 1). Subsequently, the activated RPE
cells induced by high glucose underwent migration (Fig. 2).
Moreover, it has been proposed that hyperglycemia increases
superoxide production, which in turn initiates accelerated
advanced glycation end-product (AGE) formation and exacer-
bates interrelated pathogenic responses. AGEs are one of the
important factors involved in the pathogenesis of diseases of the
eye,and it has been demonstrated that AGE mimetic administra-
tion induces the breakdown of RPE function in RPE cells (44).
We speculated that the pathogenic role of AGE in RPE was
partially ascribed to the induction of mesenchymal transition.
In this study, we verified that AGE-stimulated cells displayed
an altered mesenchymal morphology with a decreased expres-
sion of E-cadherin and an increased expression of vimentin by
immunofluorescence staining. AGE significantly elevated the
Snail mRNA level (data not shown).

Cao et al newly proved the existence endothelial to
mesenchymal transition (EndMT) in diabetic retinas (45).
Our data, together with their study extend our understaning
of mesenchymal transition specific to diabetic retinas. These
observations indicate that retinal cells in the setting of hyper-
glycemia undergo mesenchymal transition, and this may be the
initial and key event that is responsible for cellular dysfunction
and the development of vitreoretinal diseases.

In this study, we demonstrated that hyperglycemia induced
the cell transition from a normal phenotype to a mesenchymal
phenotype and promoted Snail expression (Fig. 3). It would
be of interest to determine the consequence of this transition
concerning the pathogenic progress. In this study, to the best
of our knowledge, we demonstrate for the first time that Snail
regulated the expression of CTGF and fibronectin, which are
important fibrogenic factors produced by RPE cells (Fig. 4).
Due to the location of these cells, we hypothesized that the
occurrence of mesenchymal transition in RPE cells would lead
to the production of cytokines that results in indirect effects on
the retina. Moreover, we hypothesized that mesenchymal tran-
sition leads to the cellular dysfunction partly through abnormal
cytokine secretion and may participate in the functions of
retinal cells, namely their fuctions other than fibrosis, such as
intraretinal micovasular abnormalities.

This point warrants further investigation. Furthermore,
recent studies have reported that CTGF itself induces EMT in
renal cells (46,47). If this is also the case in retinal cells, we can
assume that CTGF and Snail form a positive loop, resulting in
a vicious circle of the development of vitreoretinal disorders.
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Transforming growth factor (TGF)-f has been shown to
play a central role in initiating EMT, and has been extensively
studied. Therefore, we expected to elucidate a novel mechanism
other than TGF-f, which could modulate mesenchymal transi-
tion in RPE cells. Recent data indicate that the normal epithelial
phenotype and cell proliferation and migration appear to be
associated with the activation of AKT and ERK via their phos-
phorylation (36,38). The connection between AKT and Snail and
cell-cell adhesion plays a role in various tumors, as well as in
the repair of normal tissue after wounding (48). Moreover, the
Ras-ERK pathway is required for EMT, and it cooperates with
other pathways to upregulate the expression of EMT-related
genes, including mesenchymal genes and transcriptional repres-
sors (e.g. Snail, Slug, Twist and ZEB) (37). However, these studies
were confined to EMT in tumors. It is unknown as to which
signaling pathways are involved in mesenchymal transition in
RPE cells. In this study, we found that high glucose induced AKT
and ERK phosphorylation followed by the induction of Snail and
N-cadherin expression, as well as that of fibrogenic factors, while
the blockade of the signaling pathways decreased the expression
of Snail, N-cadherin, fibronectin and CTGF (Fig. 5). These find-
ings indicated a novel mechanism through which the AKT and
ERK signaling pathways modulate RPE dysfunction, relying on
the regulation of mesenchymal transition, and that the signaling
pathways may cooperate with each other.

In conclusion, the findings of our study, to the best of our
knowledge, demonstrate for the first time that high glucose
induces mesenchymal transition in RPE cells and suggest that
the AKT and ERK signaling pathways regulate the expression
of mesenchymal markers in RPE cells.
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