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secreted anti�oxidative enzyme, and its presence in vascular walls

may play an important role in protecting the vascular system

against oxidative stress. Oxidative stress has been implicated in

the pathogenesis of diabetic retinopathy; therefore, increases in

extracellular�superoxide dismutase have been suggested to inhibit

the progression of diabetic retinopathy. Incretin�based drugs such

as glucagon�like peptide�1 receptor agonists are used in the

treatment of type 2 diabetes. Glucagon�like peptide�1 receptor

agonists are expected to function as extrapancreatic agents

because the glucagon�like peptide�1 receptor is expressed not

only in pancreatic tissues, but also in many other tissue types. We

herein demonstrated that exendin�4, a glucagon�like peptide�1

receptor agonist, induced the expression of extracellular�superoxide

dismutase in human retinal microvascular endothelial cells through

epigenetic regulation. The results of the present study demon�

strated that exendin�4 induced the expression of extracellular�

superoxide dismutase through histone H3 acetylation at the SOD3

proximal promoter region. Moreover, plasma extracellular�

superoxide dismutase concentrations in diabetic patients were

elevated by incretin�based therapies. Therefore, incretin�based

therapies may exert direct extrapancreatic effects in order to

protect blood vessels by enhancing anti�oxidative activity.

Key Words: extracellular�superoxide dismutase, incretin�based 
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IntroductionDiabetic retinopathy (DR) is one of main causes of visual dis-
orders and ultimately leads to blindness. The development of

DR is characterized by intraretinal microvascular abnormalities,
particularly those involving dysfunctions in endothelial cells in the
initial stage of DR.(1) Oxidative stress is triggered by the excessive
endogenous and exogenous production of reactive oxygen species
(ROS) and/or their insufficient removal. Enhanced oxidative
stress is considered to be one of the main contributors to the patho-
genesis of DR.(2) A previous study reported that the administration
of antioxidants prevented the development of DR in rats.(3)

Exendin-4 (Ex4), a glucagon-like peptide-1 (GLP-1) receptor
agonist, was initially discovered in the saliva of the Gila monster,
Heloderma suspectum, and shares 53% sequence homology with
GLP-1.(4,5) It was approved as a treatment, called “exenatide”, for
type 2 diabetes in Japan in 2010. GLP-1 stimulates the secretion of
insulin from pancreatic β-cells, but suppresses that of glucagon
from α-cells by binding to the GLP-1 receptors on these cells,
thereby lowering blood glucose concentrations. The GLP-1
receptor is expressed not only in the pancreas, but also in the heart,
intestines, kidney, brain, and other tissues.(6) Therefore, GLP-1

and its receptor agonists are expected to directly exert extra-
pancreatic effects.

The antioxidant defense system is a crucial component in the
maintenance of redox homeostasis, and its impairment leads to the
enhancement of oxidative stress. Superoxide dismutase (SOD) is
an antioxidative enzyme that protects cells against oxidative
stress, and a SOD deficiency has been shown to increase the
risk of developing various diseases, such as type 2 diabetes,
atherosclerosis, and asthma.(7–9) Three SOD isozymes have been
identified in mammals: copper and zinc-containing SOD (Cu,Zn-
SOD), manganese-containing SOD (Mn-SOD), and extracellular-
SOD (EC-SOD, genetic name SOD3). EC-SOD is the only
isozyme of SOD that is secreted into the extracellular space and is
widely distributed in tissues.(10,11) In the vascular system, EC-SOD
secreted mainly from fibroblasts and smooth muscle cells slowly
diffuses and binds to heparan sulfate proteoglycans on the cell
surface, in the basal membranes, and in the extracellular matrix.
On the other hand, EC-SOD is very weakly expressed in endo-
thelial cells even though these cells are a component of the blood
vessel wall.(12,13) The microenvironment created by neutrophil-
endothelial cell interactions plays an important role in the progres-
sion of vascular injury because the concentration of superoxide
released at this site is sufficient to denaturalize redox homeostasis.
The presence of a high level of EC-SOD in vessel walls may play
an important protective role against vascular disorders induced
by superoxide.(14) Previous studies showed that EC-SOD activity
was decreased in type 2 diabetes.(15–17) On the other hand, the
enhanced expression of EC-SOD has been shown to mitigate
diabetic diseases by attenuating oxidative stress.(18)

Epigenetics is defined as mitotically heritable changes in gene
expression that do not change the DNA sequence, and include
DNA methylation and histone modifications.(19) The methylation
of CpG within a gene promoter, in which a methyl group is added
to the 5' carbon of cytosine in CpG, is associated with transcrip-
tional gene silencing.(20) On the other hand, modifications in the
N-terminal tail of histone, such as acetylation, methylation, and
phosphorylation at lysine, arginine, or serine residues, have been
shown to induce or suppress gene expression.(21,22) The onset and
development of diseases including diabetes has been suggested to
occur through abnormalities in epigenetic regulation, such as the
promotion of histone deacetylation.(23) A recent study reported
that human EC-SOD expression is regulated by DNA methylation
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and histone acetylation.(24–26)

As described above, diabetes is closely related to EC-SOD
expression and/or activity, and the up-regulated expression of
EC-SOD has been suggested to mitigate diabetes. Ex4 has recently
been shown to epigenetically regulate gene expression.(27,28) In the
present study, we determined whether Ex4 regulates the expres-
sion of EC-SOD in human retinal endothelial cells (HRECs) via an
epigenetic mechanism. Moreover, changes in plasma EC-SOD
were assessed in diabetic patients starting incretin-based therapies.

Materials and Methods

Reagents. 5-Azacytidine (Aza) was purchased from Wako
Pure Chem. Ind., Ltd. (Osaka, Japan). Trichostatin A (TSA) and
valproic acid (VPA) were purchased from Cayman Chemical
(Ann Arbor, MI). Ex4 and Exendin-(9-39) (Ex9-39) were pur-
chased from AnaSpec (Fremont, CA) and GenScript (Piscataway,
NJ), respectively. McrBC was purchased from New England
BioLabs (Beverly, MA). Anti-acetyl histone H3 and H4 rabbit
polyclonal antibodies and an anti-actin mouse monoclonal anti-
body were purchased from Millipore Co. (Billerica, MA). Anti-
rabbit and -mouse IgG (whole molecule)-peroxidase antibodies
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO).

Cell culture. Human retinal microvascular endothelial cells
(HRECs) and CSC complete recombinant medium were pur-
chased from DS Pharma Biomedical Co. (Osaka, Japan). HRECs
were cultured in CSC complete recombinant medium containing
100 units/ml penicillin and 100 μg/ml streptomycin. Human lung
adenocarcinoma A549 cells and human breast cancer MCF-7 cells
were cultured in Dulbecco’s modified eagle medium (DMEM)
containing 10% (v/v) fetal calf serum (FCS) and antibiotics. Human
leukemic THP-1 cells were cultured in RPMI 1640 medium
containing inactivated 10% (v/v) FCS and antibiotics. Cells were
maintained at 37°C in a humidified 5% CO2 incubator. The culture
medium was replaced every 2 days.

Reverse transcriptional�polymerase chain reaction (RT�PCR)
analysis. HRECs and other cells were cultured in 60-mm
culture dishes overnight and treated with Ex4, Ex9-39, TSA, VPA,
or Aza. After being treated for 24 h, cells were washed with cold
phosphate-buffered saline (PBS) and total RNA was extracted
from cells with TRIzol reagent (Invitrogen, Carlsbad, CA). The
preparation of cDNA was performed using a ReverTra Ace®

qPCR RT Kit (Toyobo, Osaka, Japan) according to the manufac-
turer’s protocol. RT-PCR was performed by the method described
in our previous study.(29) The primer sequences used in RT-PCR
are presented in Table 1. After amplification, aliquots of the PCR
mixtures were separated on 2% (w/v) agarose gels, stained with
ethidium bromide, and visualized using FLA5100 (Fuji Film,
Tokyo, Japan). Real-time RT-PCR was carried out using the
ThunderbirdTM SYBR qPCR Mix (Toyobo) according to the manu-
facturer’s protocol. EC-SOD primers were used in QuantiTect®

Primer Assay Hs_SOD3_2_SG (Qiagen, Chatsworth, CA). The
other primer sequences used in real-time RT-PCR were presented
in Table 1. mRNA levels were normalized to those of 18S rRNA
mRNA in each sample.

Methylation�specific PCR (MSP) analysis. Genomic DNA
was isolated from HRECs and fibroblasts using a Puregene
Core kit (Qiagen) according to the manufacturer’s protocol. The
bisulfite modification of genomic DNA was carried out using an
EZ DNA Methylation-Gold kit (Zymo Research, Irvine, CA)
according to the manufacturer’s protocol. An aliquot of bisulfite-
treated DNA (500 ng) was subjected to MSP amplification. The
primer sequences used in MSP of the SOD3 promoter and coding
regions were designed for the sodium bisulfite-modified template
using MethPrimer software, and these MSP primer pairs are
presented in Table 2. After amplification, aliquots of the PCR
mixtures were separated on a 2% (w/v) agarose gel, stained with
ethidium bromide, and visualized using FLA5100.

Preparation of histone and Western blotting. HRECs 
were lysed in extraction buffer (0.1 M Tris-HCl, pH 7.5, con-
taining 0.15 M NaCl, 1.5 mM MgCl2, 0.65% NP-40, 10 mM NaF,
1 mM Na3VO4, 20 mM β-glycerophosphate, 1 mM DTT, and
1 mM PMSF). After centrifugation at 13,200 × g for 10 s, the
pellets were mixed with 0.2 M H2SO4 and this was followed by
centrifugation at 13,200 × g for 20 min. The supernatant was mixed
with 100% trichloroacetic acid and centrifuged at 13,200 × g for
20 min. The pellets were washed with acetone, centrifuged again
at 13,200 × g for 5 min, and then dissolved in 0.45 M Tris-HCl,
pH 8.8 containing 2% SDS, 6% 2-mercaptoethanol, and 0.01%
bromophenol blue.

The histone extracts were boiled for 5 min and then separated
by SDS-PAGE on a 15% (w/v) polyacrylamide gel, followed by
electrophoretic transferal onto PVDF membranes. The membranes
were then incubated with the respective specific primary anti-
bodies (1:3,000). After the membranes had been washed with
PBS containing 0.1% Tween 20, the blots were incubated with the
anti-rabbit or -mouse IgG-peroxidase antibody (1:5,000). Bands
were detected using SuperSignal West Pico (Thermo Scientific,
Rockford, IL), and imaged using LAS-3000 UV mini (Fuji Film).

Chromatin immunoprecipitation (ChIP) assay. After cells
(5 × 106 cells) had been treated, the protein–DNA complexes were
cross-linked using formaldehyde at room temperature for 5 min.
After centrifugation at 1,000 × g for 3 min, the pellets were
sequentially washed with PBS and NP-40 buffer (10 mM Tris-
HCl, pH 8.0, containing 10 mM NaCl and 0.5% NP-40), dissolved
in 100 μl of SDS buffer (50 mM Tris-HCl, pH 8.0, containing 1%
SDS and 10 mM EDTA), and added to 400 μl of ChIP dilution
buffer (50 mM Tris-HCl, pH 8.0, containing 167 mM NaCl, 1.1%
Triton X-100, 0.11% deoxycholic acid, 10 mM NaF, 1 mM

Table 1. Primer sequences used in RT�PCR and real�time RT�PCR

Primer Sequences

EC�SOD
forward 5'�AGAAAGCTCTCTTGGAGGAG�3'

reverse 5'�ACCGCGAAGTTGCCGAAGTC�3'

Cu,Zn�SOD
forward 5'�GCGACGAAGGCCGTGTGCGTG�3'

reverse 5'�TGTGCGGCCAATGATGCAATG�3'

Mn�SOD
forward 5'�CGACCTGCCCTACGACTACGG�3'

reverse 5'�CAAGCCAACCCCAACCTGAGC�3'

HDAC1
forward 5'�CCTGAGGAGAGTGGCGATGA�3'

reverse 5'�GTTTGTCAGAGGAGCAGATCGA�3'

HDAC2
forward 5'�GCTCTCAACTGGCGGTTCAG�3'

reverse 5'�AGCCCAATTAACAGCCATATCAG�3'

HDAC3
forward 5'�CCCAGACTTCACACTTCATCCA�3'

reverse 5'�GGTCCAGATACTGGCGTGAGTT�3'

HDAC4
forward 5'�GACCTGACCGCCATTTGC�3'

reverse 5'�GGGAGAGGATCAAGCTCGTTT�3'

HDAC5
forward 5'�CAACGAGTCGGATGGGATGT�3'

reverse 5'�GGGATGCTGTGCAGAGAAGTC�3'

HDAC6
forward 5'�TGCCTCTGGGATGACAGCTT�3'

reverse 5'�CCTGGATCAGTTGCTCCTTGA�3'

HDAC7
forward 5'�AGCAGCTTTTTGCCTCCTGTT�3'

reverse 5'�TCTTGCGCAGAGGGAAGTG�3'

HDAC8
forward 5'�CGGCCAGACCGCAATG�3'

reverse 5'�CACATGCTTCAGATTCCCTTT�3'

HDAC9
forward 5'�AGGCTCTCCTGCAGCATTTATT�3'

reverse 5'�AAGGGAACTCCACCAGCTACAA�3'

HDAC10
forward 5'�ATGACCCCAGCGTCCTTTACT�3'

reverse 5'�CGCAGGAAAGGCCAGAAG�3'

HDAC11
forward 5'�CCCCTTGGTCATGGGATTT�3'

reverse 5'�CATCCACACCAGTGCCTATAGC�3'

18S rRNA
forward 5'�CGGCTACCACATCCAAGGAA�3'

reverse 5'�GCTGGAATTACCGCGGCT�3'
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Na3VO4, 20 mM β-glycerophosphate, 5 μg/ml leupeptin, 1 mM
DTT, and 1 mM PMSF). Genomic DNA was sheared using the
ultrasonic homogenizer Vibra-cell VC100 (Sonic & Materials,
Danbury, CT) in order to achieve an estimated DNA size range of
150 to 800 bp, and 500 μl of ChIP dilution buffer was added.
Sheared genomic DNA was incubated with primary antibodies
overnight. The solution was then incubated with Dynabeads
Protein G (Invitrogen) for 2 h. After being incubated, beads were
sequentially washed with RIPA buffer I (50 mM Tris-HCl,
pH 8.0, containing 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.1%
deoxycholic acid, and proteinase inhibitors), RIPA buffer II
(50 mM Tris-HCl, pH 8.0, containing 500 mM NaCl, 1 mM EDTA,
0.1% SDS, 0.1% deoxycholic acid, and proteinase inhibitors), and
TE buffer (10 mM Tris-HCl, pH 8.0, containing 1 mM EDTA),
and then incubated in ChIP elution buffer (10 mM Tris-HCl,
pH 8.0, containing 300 mM NaCl, 5 mM EDTA, and 0.5% SDS)
with RNase A at 37°C for 30 min and with proteinase K at 65°C
for 2 h. After phenol-chloroform extraction and ethanol precipita-
tion, genomic DNA was eluted in 20 μl of TE buffer. The
abundance of SOD3 promoter regions in ChIP precipitates was
quantified using a real-time RT-PCR analysis. The primer
sequences for EC-SOD were sense 5'-GTG GAG GCG AAG
CAA TTC TA-3'; antisense 5'-CTG TTA GCG CGA GTG CAG
GA-3' (126 bp). Real-time RT-PCR was performed using the
ThunderbirdTM SYBR qPCR Mix (Toyobo) according to the
manufacturer’s protocol.

Histone deacetylase (HDAC) activity analysis. HRECs 
(seeded at 2 × 104 cells/well in 96-well plates) were cultured
overnight and then treated with Ex4. After the treatment, HDAC
activity was determined using a HDAC Cell-Based Activity Assay
Kit (Cayman Chemical) according to the manufacturer’s protocol.
Fluorescent intensities (excitation; 365 nm, emission; 410–460 nm)
were read using the GloMax®-Multi Detection System (Promega,
Madison, WI).

Patients. The study protocol and informed consent docu-
ments were reviewed and approved by the Ethics Committees
of Gifu University Graduate School of Medicine and Gifu
Pharmaceutical University. All study subjects provided written
informed consent prior to participation. The protocols were
carried out under the provisions of the Declaration of Helsinki.
Twelve diabetic patients (6 men and 6 women) were started on
incretin-based therapies comprising GLP-1 receptor agonists or
dipeptidyl peptidase 4 (DPP4) inhibitors in addition to conven-
tional diabetic medication. Blood samples were obtained before
the incretin treatment and after the start of incretin treatment.
Patient profiles are shown in Table 3.

Laboratory measurements. Fasting blood samples were
obtained. Plasma EC-SOD concentrations were determined by
ELISA as described in our previous study.(30) LDL-cholesterol
(LDL-C) and triglycerides (TG) were measured using standard
clinical laboratory methods.

Data analysis. Data are presented as the mean ± SD from at
least three experiments. Data were analyzed by the Mann-Whitney
U test. Changes in plasma EC-SOD, LDL-C and TG before and
after incretin-based therapies were analyzed by the paired t test.
A p value of less than 0.05 was considered significant.

Results

Effects of Ex4 on SOD expression in HRECs. The treatment
of HRECs with Ex4 for 24 h significantly induced the expression
of EC-SOD, but not Cu,Zn-SOD or Mn-SOD (Fig. 1A). More-
over, the Ex4-induced up-regulated expression of EC-SOD was
significantly suppressed by the addition of Ex9-39, an antagonist
of the GLP-1 receptor (Fig. 1B), suggesting that Ex4 induced the
expression of EC-SOD by binding to the GLP-1 receptor. Ex4
significantly up-regulated the EC-SOD expression in A549 cells
and THP-1 cells, and tended to up-regulate that in MCF-7 cells
(Fig. 1C).

Table 2. Primer sequences used in MSP on SOD3 promoter and coding regions

Primer Sequences

−173/−35 − (M)
forward 5'�TGGAGGCGAAGTAATTTTATAATT�3'

reverse 5'�CCTAAAACCTAAACTATTAACGCGA�3

−173/−35 − (U)
forward 5'�GGAGGTGAAGTAATTTTATAATTTGG�3'

reverse 5'�CCTAAAACCTAAACTATTAACACAAA�3'

−452/−207 − (M)
forward 5'�TATAGTTTTGGAGTAAATGTTACGT�3'

reverse 5'�CTCCCATTTTTAAATTTTCGAA�3'

−452/−207 − (U)
forward 5'�TAGTTTTGGAGTAAATGTTATGT�3'

reverse 5'�CCTCCCATTTTTAAATTTTCAAA�3'

−1,117/−904 − (M)
forward 5'�TACGAGGTTTTGTTTATTTTTCGTC�3'

reverse 5'�CAACCTACTTACTAACCTACCCGTC�3'

−1,117/−904 − (U)
forward 5'�TGAGGTTTTGTTTATTTTTTGTTGT�3'

reverse 5'�CAACCTACTTACTAACCTACCCATC�3'

+4,014/+4,241 − (M)
forward 5'�TCGAGATATGTACGTTAAGGTTACG�3'

reverse 5'�ACTAAAACTATTCGACTCGATCGAA�3'

+4,014/+4,241 − (U)
forward 5'�TGAGATATGTATGTTAAGGTTATGG�3'

reverse 5'�ACTAAAACTATTCAACTCAATCAAA�3'

Table 3. Clinical characteristics of the study population

Number of patients (male/female) 12 (6/6)

Age (min�max) 64.7 (42–83)

Height (m) 1.58 ± 0.08

Weight (kg) 60.8 ± 16.9

Body mass index 24.4 ± 6.8

History of diabetes (years, min�max) 7.82 (0–28)

Presence of neurotic disorders 3 (25.0%)

Presence of diabetic nephropathy (>phase 2) 3 (25.0%)

Presence of diabetic retinopathy 2 (16.7%)

Concomitant insulin use 8 (66.7%)

Incretin�based drugs

Sitagliptin 3 (25.0%)

Vildagliptin 6 (50.0%)

Teneligliptin 2 (16.7%)

Liraglutide 1 (8.3%)
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Effects of Ex4 on the DNA�methylated regulation of EC�
SOD. EC-SOD is known to be strongly expressed in fibro-
blasts.(12,13) The expression of EC-SOD was weaker in HRECs than
in fibroblasts (Fig. 2A). We determined whether DNA methyla-
tion within the SOD3 promoter and coding regions was involved
in the expression of EC-SOD in HRECs and fibroblasts because its
expression is known to be regulated epigenetically.(24–26) As shown
in Fig. 2B, the MSP analysis revealed that the SOD3 promoter
region from −173 to −35 was not methylated, while that from
−1,117 to −904 and the coding region from +4,014 to +4,241 were
methylated in HRECs and fibroblasts. The region from −452 to
−207 of the SOD3 promoter was methylated in HRECs, but not in
fibroblasts (Fig. 2B). We investigated the effects of Aza on DNA
demethylation within the SOD3 promoter region and the expres-
sion of EC-SOD. The expression of EC-SOD in HRECs was not
increased by the treatment with Aza (Fig. 2C) despite the regions
from −452 to −207 and from −1,117 to −904 in the promoter
regions being demethylated by this treatment (data not shown).
These results suggested that the expression of EC-SOD in HRECs
was not induced by DNA demethylation within the SOD3
promoter region. Additionally, the results of the MSP analysis
demonstrated that the treatment with Ex4 did not increase DNA
demethylation within the SOD3 promoter region in HRECs
(Fig. 2D) because Ex4 potentially regulates DNA demethylation
in pancreatic cells and A549 cells.(27,28)

Involvement of Ex4 in the histone�acetylated regulation
of EC�SOD expression. In order to further elucidate the epi-
genetic regulation of EC-SOD expression, we investigated the
effects of TSA and VPA, which are HDAC inhibitors,(31,32) on
EC-SOD expression and histone acetylation. The treatment with
TSA and VPA for 24 h significantly induced the expression of
EC-SOD in a concentration-dependent manner (Fig. 3A), but not

that of Cu,Zn-SOD or Mn-SOD (data not shown). Moreover, the
treatment with TSA for 24 h increased global histone H3 and
H4 acetylation in HRECs (Fig. 3B). These results suggest that
the up-regulated expression of EC-SOD mRNA in HRECs is
mediated by histone acetylation. A previous study reported that
Ex4 potentially regulates histone acetylation in pancreatic cells.(27)

The treatment with Ex4 for 24 h increased global histone H3
acetylation in HRECs (Fig. 3C) and significantly enhanced the
histone H3 acetylation status at the SOD3 proximal promoter
(Fig. 3D). These results suggested that Ex4 induced the expression
of EC-SOD through histone H3 acetylation within the SOD3
promoter region.

Effects of Ex4 on HDAC expression and activity. Histone 
acetylation/deacetylation is regulated by HDACs. The expression
of each HDAC subclass was not changed by the treatment with
Ex4 (Fig. 4A). On the other hand, the treatment with Ex4 signifi-
cantly decreased HDAC activity (Fig. 4B), suggesting that the
enhancement observed in the histone H3 acetylation status at the
SOD3 proximal promoter by Ex4 was mediated by the inactivation
of HDACs.

Changes in plasma EC�SOD levels by incretin�based
therapies. We investigated changes in plasma EC-SOD levels
in diabetic patients who started incretin-based therapies. As shown
in Fig. 5, the administration of incretin-based drugs to 12 diabetic
patients (one patient was treated with a GLP-1 receptor agonist
and 11 patients with DPP4 inhibitors) significantly increased
plasma EC-SOD concentrations (75.5 ± 17.8 ng/ml to 85.8 ±
26.1 ng/ml, p = 0.044). We also observed a significant decrease in
plasma LDL-C levels (118.7 ± 25.3 mg/dl to 98.9 ± 28.9 mg/dl,
p = 0.010). On the other hand, no significant changes were noted
in plasma TG levels (133.5 ± 39.3 mg/dl to 125.7 ± 46.0 mg/dl).

Fig. 1. Effects of Ex4 on EC�SOD expression through binding to the GLP�1 receptor. (A) HRECs were treated with the indicated concentrations of
Ex4 for 24 h, followed by the measurement of SOD mRNA levels. Data are shown as the mean ± SD (n = 3). **p<0.01 vs vehicle. (B) HRECs were
pretreated with (+) or without (–) 200 nM Ex9�39 for 1 h, and then treated with (+) or without (–) 100 nM Ex4 for 24 h. Real�time RT�PCR data were
normalized using 18S rRNA levels. Data are shown as the mean ± SD (n = 3). **p<0.01 vs vehicle, ##p<0.01 vs Ex4�treated cells. (C) Cells were treated
with or without 100 nM Ex4 for 24 h, followed by the measurement of EC�SOD mRNA level. Data are shown as the mean ± SD (n = 3). *p<0.05,
**p<0.01 vs vehicle.
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Discussion

DR is a major diabetic complication that ultimately leads to
vision impairments. Oxidative stress, caused by an imbalance
between the production and elimination of ROS, has been shown
to result in the progression of DR.(2) The binding of EC-SOD to
endothelial cell surfaces is very important for defending these
cells against exogenously produced ROS.(10,11,14) However, EC-
SOD was very weakly expressed in HRECs (Fig. 2A). Furthermore,
previous studies reported that EC-SOD activity was decreased
with type 2 diabetes.(15–17) Therefore, the up-regulated expression
of EC-SOD in HRECs is considered to be important for sup-
pressing the progression of DR. The expression of EC-SOD was
recently reported to be regulated by epigenetic mechanisms.(24–26)

The state of DNA methylation within the SOD3 promoter region
was investigated in an attempt to elucidate the epigenetic mecha-
nism underlying EC-SOD expression in HRECs. As shown in
Fig. 2, CpG sites within the SOD3 promoter region, except the
region from −173 to −35, were methylated in HRECs. Previous
studies demonstrated that CpG sites within the SOD3 promoter
region in A549 cells are strongly methylated and a treatment
with Aza increased the expression of EC-SOD.(25,28) However, the
treatment with Aza did not up-regulate the expression of EC-SOD
in HRECs in the present study (Fig. 2C). We also observed that
the treatment of A549 cells with Ex4 induced the demethylation of
−149 and −93 CpG sites in the SOD3 promoter region and up-
regulated the expression of EC-SOD.(28) These results suggest
that the expression of EC-SOD in HRECs does not depend on
DNA methylation because SOD3 promoter regions, at least those
from −173 to −35, in HRECs are not methylated (Fig. 2B). On

the other hand, Ex4 did not induce DNA demethylation within
the SOD3 promoter regions from −452 to −207 or from −1,117 to
−904 (Fig. 2D).

We subsequently investigated the involvement of histone acety-
lation in EC-SOD expression in HRECs. Histone acetylation is
proceeded by the activation of histone acetyltransferase (HAT)
and/or inactivation of HDAC, and enhances gene transcription
by neutralizing the positive charge of histone tails.(33–35) We pre-
viously reported that the 12-O-tetradecanoylphorbol-13-acetate
(TPA)-induced expression of EC-SOD in monocytic THP-1 cells
was positively related with the acetylation status of histones H3
and H4.(26) As shown in Fig. 3A and B, the treatment with TSA or
VPA significantly increased histone H3 and H4 acetylation and
EC-SOD expression. These results suggest that the expression of
EC-SOD in HRECs depends on histone acetylation/deacetylation.

Ex4 is a well-known therapeutic agent for diabetes that binds to
GLP-1 receptors on pancreatic β-cells.(5) Pinney et al.(27) recently
demonstrated that Ex4 regulated pancreatic and duodenal
homobox-1 (Pdx1) gene expression through the histone acetyla-
tion and demethylation of promoter DNA in the Pdx1 gene in
intrauterine growth retardation (IUGR) pancreatic islets. More-
over, the GLP-1 receptor is expressed not only in the pancreas,
but also in the heart, intestines, kidney, brain, and other tissues,
suggesting that it has the ability to regulate various genes through
an epigenetic mechanism. In the present study, Ex4 induced the
expression of EC-SOD in HREC, but not Cu,Zn-SOD or Mn-SOD
by binding to the GLP-1 receptor (Fig. 1A and B). The up-
regulation of EC-SOD mRNA by Ex4 was observed also in other
cell lines (Fig. 1C). We determined whether Ex4 induced the
acetylation of histones H3 and H4 at the SOD3 promoter region

Fig. 2. Involvement of Ex4 in DNA demethylation within the SOD3 promoter region in HRECs. cDNA or genomic DNA from HRECs and fibroblasts
were purified, and followed by RT�PCR (A) or methylation�specific PCR (MSP) (B). MSP was carried out with methylation (M) and unmethylation (U)
site primers after these genomic DNA were treated with bisulfite. (C) HRECs were treated with the indicated concentrations of 5�azacytidine (Aza)
for 72 h, followed by the measurement of EC�SOD mRNA levels. Real�time RT�PCR data were normalized using 18S rRNA levels. Data are shown as
the mean ± SD (n = 3). (D) HRECs were treated with 100 nM Ex4 for 24 h. After the treatment, the genomic DNA of HRECs was purified and treated
with bisulfite, and this was followed by MSP amplification.
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because the expression of EC-SOD in HRECs is up-regulated
by HDAC inhibitors (Fig. 3A). The treatment with Ex4 increased
the acetylation of global histone H3 and enhanced the histone H3
acetylation status at the SOD3 proximal promoter region (Fig. 3C
and D), indicating that Ex4 may expand the chromatin configura-
tion and facilitate the binding of transcription factors, such as
Sp1/3 or C/EBPβ, to the SOD3 promoter region. GLP-1 has been
shown to decrease HDAC activity in INS-1 cells.(36) The results
shown in Fig. 4 revealed that the treatment with Ex4 decreased
HDAC activity, but did not change the mRNA level of each
HDAC subclass, suggesting that Ex4 induced the expression of
EC-SOD by decreasing HDAC activity and the acetylation of
histone H3 at the SOD3 promoter region. The GLP-1R is well
known to activate adenylate cyclase and convert ATP to cAMP,
leading to the activation of second messenger pathways such
as cAMP-dependent protein kinase (PKA).(37,38) However, the
molecular mechanisms responsible for GLP-1 induces core

histone H3 protein modifications through the regulation of HAT
and/or HDAC are almost uncertain. Kim et al.(36) proposed a
model in which GLP-1 activate mitogen- and stress-activated
kinase-1 (MSK-1) via PKA, with MSK-1 as the final mediator
responsible for histone H3 modification. Extracellular signal-
regulated kinase 1/2 and p38 might involve in the above pathway,
because inhibitors of these mitogen-activated protein kinases
reversed the inhibitory effect of GLP-1 on HDAC activity.(36)

Protective ability of EC-SOD against oxidative stress has been
revealed by the in vivo studies using EC-SOD null mice and in
vitro experiments using siRNA and/or miRNA.(39,40) We observed
that treatment with siRNA of EC-SOD reduced the viability of
cell against oxidative stress induced by 6-hydroxydopamine
(unpublished data). The expression of EC-SOD in culture cells
lines is known to be regulated by numerous substances such as
cytokines.(41,42) For example, tumor necrosis factor α (TNFα), a
kind of proinflammatory cytokine that increases with insulin

Fig. 3. Involvement of Ex4 in histone acetylation within the SOD3 promoter region in HRECs. (A) HRECs were treated with the indicated concentra�
tions of TSA or VPA for 24 h, followed by the measurement of EC�SOD mRNA levels. Real�time RT�PCR data were normalized using 18S rRNA levels.
Data are shown as the mean ± SD (n = 3). *p<0.05, **p<0.01 vs vehicle. (B) HRECs were treated with the indicated concentrations of TSA for 24 h.
After the treatment, the histones of HRECs were extracted, and this was followed by a Western blotting analysis for acetylated histone H3 (AcH3)
and acetylated histone H4 (AcH4). The loading of histones was monitored by Coomassie staining. (C) HRECs were treated with the indicated
concentrations of Ex4 for 24 h. After the treatment, the histones of HRECs were extracted, and this was followed by a Western blotting analysis for
AcH3 and AcH4. The loading of histones was monitored by Coomassie staining. (D) HRECs were treated with 100 nM Ex4 for 24 h. After the
treatment, a ChIP assay was performed as described in the Materials and methods section. Relative binding to the promoter region is expressed as
the percentage amount over input (%). *p<0.05 vs vehicle (AcH3).
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resistance, is known to decrease EC-SOD expression.(43,44) We
previously reported that a treatment with pioglitazone, an anti-
diabetic agent, increased plasma EC-SOD and adiponectin levels
and decreased TNFα levels, indicating that plasma EC-SOD
levels negatively correlate with insulin resistance in type 2 dia-
betic patients.(16) In the present study, plasma EC-SOD concentra-
tions significantly increased in diabetic patients who started
incretin-based therapies, and this was accompanied by decreases
in LDL-cholesterol concentrations (Fig. 5). Incretin-based therapies

are known to be associated with reductions in LDL-cholesterol
levels in type 2 diabetic patients, in the uptake of oxLDL by
macrophages, and in the suppression of arteriosclerosis.(45–47)

In conclusion, the results of the present study indicate that the
Ex4-induced expression of EC-SOD in HRECs is regulated by
histone H3 acetylation through reductions in the activities of
HDACs. Additionally, incretin-based therapies increased plasma
EC-SOD levels, suggesting that the expression of EC-SOD in not
only retinal vessels, but also other tissues is increased through
epigenetic regulation by incretin-based therapies. Ex4 has been
widely approved as a treatment for type 2 diabetes and exerts
its pancreatic and extrapancreatic effects by binding to GLP-1
receptors distributed in a number of tissues. We speculated that
GLP-1 and GLP-1 receptor agonists may exert direct vasoprotec-
tive effects by up-regulating EC-SOD expression and may also
function in the maintenance of physiological homeostasis by
epigenetically regulating various genes.
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Fig. 4. Expression and activity of HDACs by the treatment with Ex4.
(A) HRECs were treated with 100 nM Ex4 for 24 h. After the treatment,
real�time RT�PCR was carried out. Real�time RT�PCR data were normalized

using 18S rRNA levels. Data are shown as the mean ± SD (n = 3). (B)
HRECs were treated with the indicated concentrations of Ex4. After the
treatment, HDAC activities were measured. Data are shown as the
mean ± SD (n = 3). *p<0.05 vs vehicle.

Fig. 5. Changes in plasma EC�SOD, LDL�C, and TG levels by incretin�based therapies. Data are presented as the mean ± SD of plasma levels in
patients with incretin�based therapies (n = 12) pre�treatment (pre) and post�treatment (post). Significant differences (p<0.05) before and after
treatments were analyzed.
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