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Abstract

Methylglyoxal (MGO), a reactive a-oxoaldehyde produced by glucose metabolism, is elevated in several diabetic
complications, including diabetic retinopathy. The breakdown of retinal pigment epithelial cells is implicated in the
progression of diabetic retinopathy. Increased concentrations of MGO lead to retinal pigment epithelial cell death. In
this study, we investigated the involvement of activating transcription factor 6 (ATF6) in MGO-mediated cytotoxicity
in ARPE-19 cells. In response to high concentrations of MGO, unfolded protein response-related ATF6 was induced.
Interestingly, the MGO also induced the generation of reactive oxygen species (ROS) and the phosphorylation of ERK
and p38 MAPK. The induction of ATF6 was inhibited by ERK-specific and p38 MAPK-specific inhibitors (U0126 and
SB202190) and by NAC, a well-known ROS scavenger. NAC also attenuated the phosphorylation of p38 MAPK. MGO
induced cytotoxicity in the ARPE-19 cells, which was ameliorated by the inhibition of the ERK, p38 MAPK, and ROS
pathways. Furthermore, the MGO-mediated cytotoxicity was inhibited by ATF6 siRNA. Taken together, these results
clearly show that the induction of ATF6 via the ERK and ROS-p38 MAPK pathways is implicated in MGO-induced

cytotoxicity in ARPE-19 cells.
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Introduction

Diabetic retinopathy (DR), a major complication of diabetes, is a
leading cause of vision loss among working-age adults in developed
countries [1]. Recently, various structural and secretory dysfunctions
of the retinal pigment epithelium (RPE) have been found in DR, and
the breakdown of the RPE barrier plays a critical role in the induction
of DR [2,3]. Therefore, the protection of the RPE is essential for retinal
survival and, consequently, for visual function.

Methylglyoxal (MGO) is a highly reactive a-oxoaldehyde formed
during glycolysis and generally metabolized by glyoxalase 1 (Glo-1) [4].
In diabetes, the chronic hyperglycemic condition induces the excessive
formation of MGO [5]. MGO is major precursor of advanced glycation
end products and has recently been shown to cause the induction of the
receptor for advanced glycation end products [6,7]. Furthermore, the
MGO-mediated accumulation of advanced glycation end products is
closely correlated with DR [8].

The endoplasmic reticulum (ER) is a main organelle for protein
synthesis and processing in eukaryotic cells [9]. ER stress, caused
by the structural and functional disturbance of the ER, leads to the
accumulation of misfolded or unfolded proteins and alterations in
calcium homeostasis, triggering the unfolded protein response (UPR)
[10]. Activating transcription factor 6 (ATF6) is one of the ER-resident
UPR proteins. ATF6 is transported to the Golgi and processed by site-1
and site-2 proteases in response to stressful conditions [11]. Processed
cytosolic ATF6 is translocated to the nucleus and controls the genes
that encode ER-associated degradation components and XBP1 [12].
According to previous in vivo studies, ATF6 grains are observed in
diabetic cataracts, and ATF6 is elevated in the retinal structures of db/
db mice [13,14]. Also, ATF6 is induced by highly oxidized, glycated
LDL in human retinal Miiller cells, and ATF6 is translocated to the
nucleus in retinal capillary pericytes [15,16]. However, there is no

report on the role of ATF6 in eye disease, including DR. Therefore, we
aimed to investigate the role of ATF6 in MGO-induced DR conditions
in ARPE-19 cells.

Materials and Methods
Cell culture and reagents

ARPE-19 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were grown in Dulbecco’s
modified Eagle’s medium/Ham’s F-12 with 10% fetal bovine serum, 3
mM glutamine, and streptomycin/penicillin (100 mg/ml and 100 U/
ml, respectively) in a 5% CO, incubator at 37°C. MGO and N-Acetyl-
L-cysteine (NAC) were purchased form Sigma-Aldrich (St. Louis, MO,
USA). SP600125, U0126, and SB202190 were obtained from Calbiochem
(San Diego, CA, USA). Anti-ATF6 and actin antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-p-JNK,
p-ERK, p-p38, INK, ERK, and p38 antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).

Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was employed to measure cell viability. In brief, cells were
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plated on 96-wll plates and incubated with various concentrations of
MGO with or without inhibitors. At the appropriate time, 20 ul MTT
solutions (5 mg/ml) was added to each well and incubated for 4 h at
37°C. After incubation, the MTT solution was removed, and 100 pl
DMSO was added to each well. Absorbance at 570 nm was measured
in a microplate reader (BIO-TEK, Synergy HT, Winooski, VT, USA).

Western blotting

Cells were lysed with Laemmli sample buffer (Bio-Rad, Hercules,
CA, USA), heated at 100°C for 5 min, and electrophoresed at 20 ug/lane
on a denaturing SDS-polyacrylamide gel. Proteins were transferred to
nitrocellulose membranes (GE Healthcare UK Ltd, Buckinghamshire,
Germany) using a Bio-Rad tank blotting apparatus (Bio-Rad).
Membranes were probed with specific targeting primary polyclonal
antibodies, washed, and incubated with horseradish peroxidase-linked
secondary antibodies. After the membranes were washed three times,
signals were detected using EzWestLumiOne (Atto Corporation,
Tokyo, Japan) and Fugifilm LAS-3000 (LAS-3000, Fuji Photo, Tokyo,
Japan).

Measurement of reactive oxygen species (ROS) generation

The generation of ROS was measured by
2',7'-dichlorofluorescein diacetate (DCF-DA) as a substrate (Invitrogen,
Carlsbad, CA, USA). In brief, cells were incubated with 10 uM DCF-
DA for 30 min before collection. For quantitative assessment of ROS
generation, the cells were collected, suspended in PBS, and analyzed by
the green fluorescence intensity from 10,000 cells with a FACSCalibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). For
image taking, DCF-DA-loaded cells were visualized using an Olympus
IX81 microscope (Olympus, Tokyo, Japan).

using

siRNA transfections

The ATF6 siRNA duplexes used in this study were purchased
from Dharmacon as siGENEOME SMART pool M-009917-01
(Thermo Fischer Scientific, Pittsburgh, PA, USA). Cells were
transfected with siRNA oligonucleotides using Oligofectamine
Reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's recommendations.

Densitometry

The band intensities were quantified using the open source software
ImageJ 1.50b (Image Processing and Analysis in Java; http://imagej.
nih.gov/ij/).

Statistical analysis

The data were statically analyzed with a Student’s t-test. A p-value
<0.05 was considered significant (SPSS for Window, version 22.0, IBM,
Armonk, NY, USA).

Results

MGO decreases cell viability and induces ATF6 up-regulation
in ARPE-19 cells

Previous reports have shown that the ER stress pathway activates
many diabetic complications including DR [17-19]. Also, various
ER stress-related factors such as CHOP and ATF4 are involved in
the progression of DR [16,20]. In this study, we aimed to investigate
how ATF6 participates in MGO-induced DR in ARPE-19 cells. First,

we treated ARPE-19 cells with MGO and observed the change in the
expression level of ATF6 protein by using Western blotting. ATF6
protein expression levels were increased by 500 pM MGO (Figures
1A and 1B). MGO has cytotoxic activity as a well-known DR inducer
[8]. To investigate the effect of MGO on cell viability in our system,
ARPE-19 cells were treated with various concentrations (5-1000 uM)
of MGO for 24 and 48 h. As shown in Figures 1C and 1D, cell viability
was decreased by 500 and 1000 uM MGO, respectively. Furthermore,
cell numbers were diminished, and morphological changes were also
observed in the cells treated with 500 or 1000 uM MGO (Figure 1E).

Activation of ERK and p38 mediates MGO-induced ATF6 up-
regulation and viability loss in ARPE-19 cells

According to several reports, the activation of MAPKs is
involved in the induction of ATF6 [21-23]. We investigated the
effect of MGO on MAPK phosphorylation in order to determine
whether the activation of MAPKs is involved in MGO-induced ATF6
expression. The phosphorylation of JNK, ERK, and p38 peaked at 30
min after treatment with MGO (Figure 2A). Next, to test the role of
individual MAPK pathways in MGO-induced ATF6 up-regulation
and cytotoxicity, we examined the effects of SP600125 (an inhibitor
of JNK), U0126 (an inhibitor of ERK), and SB202190 (an inhibitor of
p38) on MGO-induced ATF6 expression and cell viability. As shown in
Figure 2B, pre-treatment with U0126 and SB202190 slightly decreased
the MGO-induced ATF6 up-regulation. However, SP600125, the JNK
inhibitor, weakly increased ATF6 expression. Also, MGO-mediated
cytotoxicity was partially restored by U0126 and SB202190 (Figure 2C).
These results show that the induction of ATF6 and cytotoxicity might
be partially mediated by the activation of the ERK and p38 signaling
pathways in response to MGO in ARPE-19 cells.

ROS mediate MGO-induced ATF6 up-regulation and viability
loss in ARPE-19 cells

MGO can generate ROS by reducing cellular glutathione levels
[24]. To elucidate whether MGO generates ROS in ARPE-19 cells, the
cells were incubated with DCF-DA, and relative green-fluorescence
intensity was analyzed by flow cytometry and fluorescence microscopy.
ROS were generated by 500 uM MGO in ARPE-19 cells (Figures 3A
and 3B). To examine whether ROS generation might be involved in
MGO-induced ATF6 expression in ARPE-19 cells, the cells were pre-
treated with the ROS scavenger NAC and treated with MGO. ATF6
protein levels were then analyzed by Western blotting. As shown in
Figure 3C, pre-treatment with NAC effectively suppressed MGO-
induced ATF6. To further elucidate whether the ROS generation might
participate in the activation of MAPK signaling pathways, cells were
treated with NAC and MGO, and the phosphorylation states of ERK
and p38 were subsequently checked. Interestingly, the MGO-induced
phosphorylation of p38, but not that of JNK, was diminished by the
NAC pre-treatment (Figure 3D). Furthermore, we tested the protective
effect of NAC on the MGO-mediated reduction in cell viability. Pre-
treatment with NAC completely ameliorated the MGO-mediated
cytotoxicity (Figure 3D). Taken together, the results show that MGO-
mediated ATF6 induction and viability reduction are induced by ROS
and the activation of the p38 pathway in ARPE-19 cells.

ATF6 mediates MGO-induced cytotoxicity in ARPE-19 cells

To investigate how MGO-induced ATF6 regulates cell viability,
ARPE-19 cells were transfected with control siRNA (siControl) and
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Figure 1: The effects of MGO on ATF6 protein expression levels, cell viability, and morphology in ARPE-19 cells. (A and B) ARPE-19 cells were seeded on 6-well
culture plates and treated for 24 h with 5-1000 yM MGO or in a time-kinetic manner with 500 yM MGO, and the expression levels of ATF6 were observed by Western
blotting. Actin served as a loading control. (C and D) ARPE-19 cells were seeded on 96-well culture plates and treated for 24 or 48 h with 5-1000 pM MGO, and
cell viability was measured by MTT assay. (E) After treatment with 5-1000 uM MGO for 24 h, ARPE-19 cells were observed under an inverted microscope. Data are
representative results from three independent experiments and expressed as mean + SD. ""P<0.001 vs. control (n=8).

ATF6 siRNA (siATF6), and cell viability was measured in the presence
or absence of MGO. A reduction in ATF6 protein level following
transfection with siATF6 was identified by Western blotting (Figure
4A). MGO-mediated viability loss was partially ameliorated by the
knockdown of ATF6 (Figure 4B). These result shows that the MGO-
induced decrease in viability was mediated by ATF6 in ARPE-19 cells.

Discussion

In this study, we demonstrated for the first time that MGO induces
cytotoxicity through the ERK-ATF6 and ROS-p38 MAPK-ATF6
pathways in ARPE-19 cells. The RPE is important for the maintenance
of the visual system and is implicated in the pathogenesis of DR

[2,3]. As a diabetic condition, a high concentration of MGO induces
apoptosis and cytotoxicity [25-27]. Similarly, our data show decreased
cell viability with an increased concentration of MGO (Figure 1).
Because the balance between cell survival and death in the RPE is
highly associated with DR, these result show that the loss of ARPE-19
cells due to the excessive accumulation of MGO might be associated
with the progression of DR.

According to previous reports, the ER stress marker CHOP plays
an important role in MGO-mediated myocyte apoptosis, and MGO
induces the UPR through the phosphorylation of UPR proteins (PERK
and elF2a) in human lens epithelial cells [28,29]. Also, the ER stress
pathway activates many diabetic complications including DR, and
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Figure 2: Involvement of MAPK pathways in MGO-mediated up-regulation of ATF6 and decreased viability in ARPE-19 cells. A) ARPE-19 cells were seeded on 6-well culture
plates and treated for 10, 30, and 60 min with 500 uM MGO, and the phosphorylation levels of JNK, ERK, and p38 were determined by Western blotting using specific
antibodies. The total form of JNK, ERK, and p38 served as a loading control. B) ARPE-19 cells were seeded on 6-well culture plates and treated for 24 h with 500 yM MGO in
the presence or absence of JNK, ERK, and p38 inhibitors, and the expression levels of ATF6 were observed by Western blotting. C) ARPE-19 cells were seeded on 96-well
culture plates and treated for 24 h with 500 uM MGO in the presence or absence of JNK, ERK, and p38 inhibitors, and cell viability was measured using the MTT assay. Data
are representative results from three independent experiments and expressed as mean + SD. “"P<0.001 vs. control; ##P<0.001 vs. MGO (n=8).

well-known ER stress-related factors (CHOP, ATF4, and GRP78/BiP)
are involved in the progression of DR [16-20]. This is a novel finding
that the induction of ATF6 occurs in MGO-treated RPE.

ER stress induces defense and restoration mechanisms using the UPR
at early stages, but when the pro-survival UPR fails to overcome ER stress,
it is sufficient to induce apoptosis and reduce cell viability [30]. Also, when
ER stress is induced, ER-associated degradation is activated by ATF6,
leading to cell survival, but ATF6 is also involved in the induction of cell
death through the activation of pro-apoptotic CHOP [12,23,31-33]. Recent
paper shows that MGO decreases RPE cell viability, resulting from the ER
stress-dependent intracellular ROS formation, mitochondrial membrane
potential loss, and intracellular calcium increase [34].

MAPK signaling is involved in the induction and activation of
ATF6 [21-23]. In our data, the phosphorylation of JNK, ERK, and

p38 MAPK was increased by MGO, but the induction of ATF6 was
regulated by ERK and p38 MAPK (Figure 2). Furthermore, ROS
generation is involved in cell death in several cell lines, and ROS
generation is induced by MGO [5,7,24,27]. We also found that
increased ROS were associated with the phosphorylation of p38,
the induction of ATF6, and cytotoxicity in response to MGO in
ARPE-19 cells (Figure 3). Therefore, the activation of ERK-ATF6
and ROS-p38-ATF6 by the excessive accumulation of MGO might
be involved in the development of DR.
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Figure 3: Involvement of ROS generation in MGO-mediated up-regulation of ATF6 and decreased viability in ARPE-19 cells. (A and B) ARPE-19 cells were seeded
on 6-well culture plates and treated for 30 min with 500 yM MGO, and the DCF-DA-based ROS generation was determined using flow cytometry and fluorescence
microscopy. C) ARPE-19 cells were seeded on 6-well culture plates and treated for 24 h with 500 pM MGO in the presence or absence of NAC, and the expression
levels of ATF6 were observed by Western blotting. D) ARPE-19 cells were seeded on 6-well culture plates and treated for 30 min with 500 yM MGO, and the
phosphorylation levels of ERK and p38 were determined by Western blotting. E) ARPE-19 cells were seeded on 96-well culture plates and treated for 24 h with 500
UM MGO in the presence or absence of NAC, and cell viability was measured by MTT assay. Data are representative results from three independent experiments and
expressed as mean + SD. ""P<0.001 vs. control; #P<0.001 vs. MGO (n=8).
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