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Abstract

Purpose: Abnormalities in electroretinogram (ERG), such as reduced amplitudes and
delayed implicit times of a-, b-wave and oscillatory potentials (OPs), are one of the
earliest features of diabetic retinopathy prior to obvious vascular changes in the
diabetic retinas. We have previously shown that serum levels of advanced glycation
end products (AGEs) are correlated with delayed latency of OPs in type 2 diabetic rats.
However, the pathological role of AGEs in ERG abnormalities remains unclear. We
examined here whether high-affinity DNA aptamer directed against AGEs
(AGE-aptamer) prevents ERG abnormalities in experimental type 1 diabetic
retinopathy.

Methods: Streptozotocin-induced diabetic rats or control rats received continuous
intraperitoneal infusion of either AGE-aptamer or control-aptamer by an osmotic mini
pump for 16 weeks. Anthropometric, metabolic and hemodynamic variables were
measured, and ERG was performed.

Results: Although AGE-aptamer did not affect body weight, fasting and random blood
glucose, HbAlc, blood pressure or lipid parameters, it completely prevented the
increase in serum AGE levels as well as the reduction in a- and b-wave and OP
amplitudes in diabetic rats.

Conclusion: The present study demonstrated for the first time that AGE-aptamer

prevented abnormalities of ERG in experimental diabetic retinopathy probably by



blocking the harmful effects of AGEs.



Introduction

Sugars, such as glucose or glyceraldehyde can react non-enzymatically with the amino
groups of proteins, lipids and nucleic acids to form reversible Schiff bases, and then
Amadori products [1-3]. These early glycation products undergo further complex
reactions such as rearrangement, dehydration and condensation to become irreversibly
cross-linked, heterogeneous fluorescent derivatives called “advanced glycation end
products (AGEs)” [1-3]. The formation and accumulation of AGEs in various tissues
have been known to progress at an extremely accelerated rate under diabetes [1,2].
There is a growing body of evidence that AGEs and their receptor (RAGE) interaction
elicits oxidative stress generation and evokes inflammation and thrombogenic
reactions, thereby being involved in the development and progression of diabetic
retinopathy, a leading cause of acquired blindness among the people of occupational
age [4-8].

Accumulating evidence has suggested that retinal neurodegeneration is the earliest
characteristic feature of diabetic retinopathy prior to obvious vascular changes in the
diabetic retinas [9-12]. Since abnormalities in electroretinogram (ERG), such as
reduced amplitudes and delayed implicit times of a-, b-wave and oscillatory potentials
(OPs), have been shown to represent retinal neuronal cell damage, ERG is considered
to be an useful tool for diagnosing early phase of diabetic retinopathy [9-12]. We have

previously shown that peak latency of OPs is prolonged in obese type 2 diabetic rats



compared to control rats and that serum levels of AGEs are correlated with the delay in
implicit times of OPs [10]. However, the pathological role of AGEs in ERG
abnormalities in early diabetic retinopathy remains to be elucidated. Therefore, in this
study, we examined whether high-affinity DNA aptamer directed against AGEs
(AGE-aptamer) could block the effects of AGEs and resultantly prevent ERG

abnormalities in experimental type 1 diabetic retinopathy.

Materials and Methods

Materials

Bovine serum albumin (BSA) (essentially fatty acid free and essentially globulin free,
lyophilized powder) was purchased from Sigma (St. Louis, MO, USA).

D-glyceraldehyde from Nakalai Tesque (Kyoto, Japan).

Preparation of AGEs
AGE-BSA was prepared as described previously [4]. In brief, BSA was incubated under
sterile conditions with D-glyceraldehyde for 7 days. Then, unbounded sugars were

removed by dialysis against phosphate-buffered saline.

Enzyme-linked immunosorbent assay (ELISA) for AGEs

Monoclonal antibody directed against AGEs was prepared according to the standard



method described previously [13]. Serum levels of AGEs were measured with ELISA as

described previously [14].

Library and polymerase chain reactions (PCR)

A random combinatorial single-stranded DNA library with normal phosphate ester
backbone oligonucleotides (80-mer) was synthesized (Greiner bio-one, Tokyo, Japan):
5’-AGCTCAGAATGGATCCAAAC-[N]40-CATGAGAATTCGGCCGGATC-3" where
N is a randomized nucleotide with equal proportion of A, G, C, and T. The library with
phosphorothioate backbone substituted at A and T positions was then synthesized by

PCR amplification of the template as described previously [15].

Selection of AGEs-thioaptamers

Selection of DNA aptamers raised against AGEs was performed as described previously
[15]. Sequences of AGE-aptamer and control DNA aptamer (control-aptamer) were as
follows. AGE-aptamer; 5-
TGTAGCCCGAGTATCATTCTCCATCGCCCCCAGATACAAG-3’, control-aptamer;
5’-GTTATCTGTCATAGGAACAGTCAGACTCAGCGTCGCAGTTCAGGGCACTTT

AGCAC-3.

Animal experiments



Six week-old male Wistar rats received single 60 mg/kg intraperitoneal injection of
streptozotocin (STZ) (Sigma) in 10 mM citrate buffer (pH 4.5). Non-diabetic control
rats received citrate buffer alone. Animals with blood glucose levels greater than 200
mg/dl 48 hours later were considered diabetic. Non-diabetic control or STZ-induced
diabetic rats received continuous intraperitoneal infusion (6 ng/body weight/day; body
weight at 6 weeks old and 22 weeks old were about 200g and 340g, respectively) of
either AGE-aptamer or control-aptamer by an osmotic mini pump (Alzet osmotic pumps,
model 1004, Cupertino, CA, USA) for 16 weeks as described previously [16]. 2 U
insulin (2 times/week) (Humalin N, Eli Lilly, Indianapolis, IN, USA) was
subcutaneously injected to diabetic rats to maintain life, while it was not enough to
consistently reduce blood glucose levels. At baseline and 16 weeks after treatment,
animals were housed in metabolic cages to collect urine for measurement of urinary
excretion levels of 8-hydroxy-2’-deoxyguanosine (8-OHdG), and then body weight,
heart rates, systolic and diastolic blood pressure, fasting and random blood glucose,
glycated hemoglobin (HbA1c) and blood biochemistry were measured. Blood pressure
was monitored by a tail-cuff sphygmomanometer (BP-98A; Softron, Tokyo, Japan).
Blood biochemistry was determined as described previously [17]. Body weight, fasting
and random blood glucose was measured every other week. Urinary excretion levels of
8-OHdG were determined with a commercially available ELISA kit (Japan Institute for

the Control of Aging NIKKEN SEIL Co., Ltd., Shizuoka, Japan). All experimental



procedures were conducted in accordance with the National Institutes Health Guide for
Care and Use of Laboratory Animals and were approved by the ethnical committee of

Kurume University School of Medicine.

ERG

ERG was monitored as described previously [18]. In brief, rats were anesthetized with
an intramuscular injection of ketamine hydrochloride (50 mg/kg) and xylazine
(10mg/kg), and then the pupils were maximally dilated with a solution of 0.5%
tropicamide and 0.5% phenylephrine hydrochloride (Mydrin-P, Santen, Japan). After
inducing mydriasis, the animals were adapted to the dark for more than 30 min in a dark
room. A built-in LED contact lens electrode (Mayo, Aichi, Japan) was placed on the
right eye, and stimulus was controlled by a white LED stimulator (Mayo). The retinal

signals were amplified with a bandpass 1-1000 Hz for scotopic responses.

Statistical analysis
All values were presented as mean + standard error. One-way ANOVA followed by the
Tukey’s test was performed for statistical comparisons; p<0.05 was considered

significant.



Results

During the 16-week experimental periods, body weight was significantly lower, and
fasting and random blood glucose levels were higher in STZ-induced diabetic rats
received control-aptamer (STZ-rats) compared with non-diabetic rats received
control-aptamer (Control rats) (Fig. 1). Moreover, as shown in Table 1, HbAlc and
urinary excretion levels of 8-OHdG were significantly higher, while serum creatinine
was lower in 22-week old STZ-rats than those of Control rats at the same age. Although
AGE-aptamer treatment for 16 weeks did not affect body weight, fasting and random
blood glucose levels, HbAlc, blood pressures, lipid parameters or urinary 8-OHdG in
STZ-induced diabetic rats at 22-week old (Table 1), it completely prevented the
elevation in serum AGE levels in diabetic rats (Fig. 2).

Further, as shown in Fig. 3, compared with Control rats, a- and b-wave amplitudes
evoked by flash intensity at equal or more than 1 candle (cd)/sec/m? as well as OP2.4
amplitudes were significantly reduced in STZ-rats, all of which were completely
prevented by the treatment of AGE-aptamer. There were no significant differences of OP,

a-wave or b-wave implicit times among the groups (data not shown).

Discussion
Numerous animal and human studies have shown that electrophysiologic changes in

ERG, such as reduction in a- and b-wave amplitudes and prolongation of peak latency
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of OPs are the earliest characterisc features of diabetic retinopathy, which could be
observed before the appearance of ophthalmoscopically obvious lesions [9-12].
Furthermore, there is accumulating evidence that neuronal cell damage detected by
ERG may participate in microvascular abnormalities in diabetic retinopathy [19-21].
Therefore, ERG abnormalities are thought to be a novel biomarker for the progression
of diabetic retinopathy.

We, along with others, have previously reported that serum levels of AGEs are
correlated with delay in peak latencies of OPs [10] and that blockade of the
AGE-RAGE axis ameliorates abnormalities in OP implicit times in type 2 diabetic
animals [22]. These observations may suggest the pathological involvement of AGEs
in retinal neuronal cell injury in early phase of diabetic retinopathy. However, it
remains unclear whether inhibition of AGE-RAGE axis could prevent ERG
abnormalities in experimental type 1 diabetic retinopathy.

To address this issue, we used an AGE-aptamer as a tool to block the AGE-RAGE
axis because the AGE-aptamer used here has been shown to bind in a specific manner
to AGEs and subsequently prevent the interaction of AGEs with RAGE in cell culture
models [15]. In this study, we found for the first time that although AGE-aptamer
treatment for 16 weeks did not affect anthropometric, metabolic or hemodynamic
parameters, it completely prevented the increase in serum AGE levels as well as the

reduction in a-, b-wave and OP,.4 amplitudes in ERG of STZ-induced diabetic rats at
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22-week old. Therefore, our present findings support the pathological role of AGEs in
ERG abnormalities in diabetic retinas, thus suggesting that blockade of the
AGE-RAGE axis by AGE-aptamer may be a novel therapeutic strategy for preventing
neuronal cell damages in early phase of diabetic retinopthy. We have previously shown
that degradation of aptamer-bound AGEs by macrophages is accelerated compared
with that of unbound AGEs [16]. This is one possible mechanism by which

AGE-aptamer decreased serum levels of AGEs in our model.

Limitations

We had several limitations in the present study. First, AGE-aptamer did not reduce
urinary excretion levels of 8-OHdG, a well-established marker of oxidative stress in our
diabetic model. Effects of AGE-aptamer on retinal 8-OHdG levels may have to be
examined. Second, we found that AGE-aptamer prevented the reduction in a-, b-wave
and OP amplitudes in type 1 diabetic rats, but it remains unclear whether AGE-aptamer
could actually prevent neurodegeneration and subsequently inhibit microvascular
lesions in diabetic retinas. It would be interesting to investigate the effects of
AGE-aptamer on apoptosis and reactive gliosis in the diabetic retinas, two hallmarks of
retinal neurodegeneration in diabetic retinopathy. Third, although no toxicities related to
AGE-aptamer were observed following the intraperitoneal injection here, this will have

to be affirmed before widespread clinical use of the AGE-aptamer is entertained. Finally,
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since experimental animal model does not completely mimic human diabetes, further
longitudinal study is needed to clarify whether AGE-aptamer might have clinical

relevance in the prevention of early phase of human diabetic retinopathy.

Acknowledgments

This work was supported in part by Grants-in-Aid for Scientific Research (B) 22390111

(SY) from the Ministry of Education, Culture, Sports, Science, and Technology of

Japan.

References

1. Monnier VM. Nonenzymatic glycosylation, the Maillard reaction and the aging
process. J Gerontol 1990;45:B105-111.

2. Yamagishi S, Imaizumi T. Diabetic vascular complications: pathophysiology,
biochemical basis and potential therapeutic strategy. Curr Pharm Des 2005;11:
2279-2299.

3. Vlassara H, Striker GE. Advanced glycation endproducts in diabetes and diabetic
complications. Endocrinol Metab Clin North Am 2013;42:697-719.

4. Yamagishi S, Nakamura K, Matsui T, Inagaki Y, Takenaka K, Jinnouchi Y, Yoshida

Y, Matsuura T, Narama I, Motomiya Y, Takeuchi M, Inoue H, Yoshimura A, Bucala

13


http://www.ncbi.nlm.nih.gov/pubmed/24286947
http://www.ncbi.nlm.nih.gov/pubmed/24286947

10.

R, Imaizumi T. Pigment epithelium-derived factor inhibits advanced glycation end
product-induced retinal vascular hyperpermeability by blocking reactive oxygen
species-mediated vascular endothelial growth factor expression. J Biol Chem
2006;281:20213-20220.

Yamagishi S, Matsui T, Nakamura K, Takeuchi M, Imaizumi T. Pigment
epithelium-derived factor (PEDF) prevents diabetes- or advanced glycation end
products (AGE)-elicited retinal leukostasis. Microvasc Res 2006;72:86-90.
Yamagishi S, Matsui T. Advanced glycation end products (AGEs), oxidative stress
and diabetic retinopathy. Curr Pharm Biotechnol 2011;12:362-368.

Chen M, Curtis TM, Stitt AW. Advanced glycation end products and diabetic
retinopathy. Curr Med Chem 2013;20:3234-3240.

Manigrasso MB, Juranek J, Ramasamy R, Schmidt AM. Unlocking the biology of
RAGE in diabetic microvascular complications. Trends Endocrinol Metab
2014;25:15-22.

Fletcher EL, Phipps JA, Ward MM, Puthussery T, Wilkinson-Berka JL. Neuronal
and glial cell abnormality as predictors of progression of diabetic retinopathy. Curr
Pharm Des 2007;13:2699-2712.

Segawa Y, Shirao Y, Yamagishi S, Higashide T, Kobayashi M, Katsuno K, Iyobe A,
Harada H, Sato F, Miyata H, Asai H, Nishimura A, Takahira M, Souno T, Segawa Y,

Maeda K, Shima K, Mizuno A, Yamamoto H, Kawasaki K. Upregulation of retinal

14


http://www.ncbi.nlm.nih.gov/pubmed/20939798
http://www.ncbi.nlm.nih.gov/pubmed/20939798
http://www.ncbi.nlm.nih.gov/pubmed/23745547
http://www.ncbi.nlm.nih.gov/pubmed/23745547
http://www.ncbi.nlm.nih.gov/pubmed/24011512
http://www.ncbi.nlm.nih.gov/pubmed/24011512
http://www.ncbi.nlm.nih.gov/pubmed/17897014
http://www.ncbi.nlm.nih.gov/pubmed/17897014
http://www.ncbi.nlm.nih.gov/pubmed/9731114

11

12.

13.

14.

15.

vascular endothelial growth factor mRNAs in spontaneously diabetic rats without

ophthalmoscopic retinopathy. A possible participation of advanced glycation end

products in the development of the early phase of diabetic retinopathy. Ophthalmic

Res 1998;30:333-339.

. Pardue MT, Barnes CS, Kim MK, Aung MH, Amarnath R, Olson DE, Thulé¢ PM.

Rodent Hyperglycemia-Induced Inner Retinal Deficits are Mirrored in Human
Diabetes. Transl Vis Sci Technol 2014;3:6.

Simé R, Hernandez C; European Consortium for the Early Treatment of Diabetic
Retinopathy (EUROCONDOR). Neurodegeneration in the diabetic eye: new
insights and therapeutic perspectives. Trends Endocrinol Metab 2014;25:23-33.

Ahn JS, Choi S, Jang SH, Chang HJ, Kim JH, Nahm KB, Oh SW, Choi EY.
Development of a point-of-care assay system for high-sensitivity C-reactive protein
in whole blood. Clin Chim Acta 2003;332:51-59.

Tahara N, Yamagishi S, Takeuchi M, Honda A, Tahara A, Nitta Y, Kodama N,
Mizoguchi M, Kaida H, Ishibashi M, Hayabuchi N, Matsui T, Imaizumi T. Positive
association between serum level of glyceraldehyde-derived advanced glycation end
products and vascular inflammation evaluated by [(18)F]fluorodeoxyglucose
positron emission tomography. Diabetes Care 2012;35:2618-2625.

Higashimoto Y, Matsui T, Nishino Y, Taira J, Inoue H, Takeuchi M, Yamagishi S.

Blockade by phosphorothioate aptamers of advanced glycation end

15


http://www.ncbi.nlm.nih.gov/pubmed/9731114
http://www.ncbi.nlm.nih.gov/pubmed/9731114
http://www.ncbi.nlm.nih.gov/pubmed/9731114
http://www.ncbi.nlm.nih.gov/pubmed/24959388
http://www.ncbi.nlm.nih.gov/pubmed/24959388
http://www.ncbi.nlm.nih.gov/pubmed/24183659
http://www.ncbi.nlm.nih.gov/pubmed/24183659
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chang%20HJ%255BAuthor%255D&cauthor=true&cauthor_uid=12763280
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kim%20JH%255BAuthor%255D&cauthor=true&cauthor_uid=12763280
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nahm%20KB%255BAuthor%255D&cauthor=true&cauthor_uid=12763280
http://www.ncbi.nlm.nih.gov/pubmed/?term=Oh%20SW%255BAuthor%255D&cauthor=true&cauthor_uid=12763280
http://www.ncbi.nlm.nih.gov/pubmed/?term=Choi%20EY%255BAuthor%255D&cauthor=true&cauthor_uid=12763280
http://www.ncbi.nlm.nih.gov/pubmed/12763280
http://www.ncbi.nlm.nih.gov/pubmed/12763280
http://www.ncbi.nlm.nih.gov/pubmed/24012635

16.

17.

18.

19.

20.

products-induced damage in cultured pericytes and endothelial cells. Microvasc Res
2013;90:64-70.

Kaida Y, Fukami K, Matsui T, Higashimoto Y, Nishino Y, Obara N, Nakayama Y,
Ando R, Toyonaga M, Ueda S, Takeuchi M, Inoue H, Okuda S, Yamagishi S. DNA
aptamer raised against AGEs blocks the progression of experimental diabetic
nephropathy. Diabetes 2013;62:3241-3250.

Ojima A, Ishibashi Y, Matsui T, Maeda S, Nishino Y, Takeuchi M, Fukami K,
Yamagishi S: Glucagon-like peptide-1 receptor agonist inhibits asymmetric
dimethylarginine generation in the kidney of streptozotocin-induced diabetic rats by
blocking advanced glycation end product-induced protein  arginine
methyltranferase-1 expression. Am J Pathol 2013;182:132-141.

Yoshida Y, Yamagishi S, Matsui T, Jinnouchi Y, Fukami K, Imaizumi T, Yamakawa
R: Protective role of pigment epithelium-derived factor (PEDF) in early phase of
experimental diabetic retinopathy. Diabetes Metab Res Rev 2009;25:678-686.
Carrasco E, Hernandez C, Miralles A, Huguet P, Farres J, Simé R. Lower
somatostatin expression is an early event in diabetic retinopathy and is associated
with retinal neurodegeneration. Diabetes Care 2007;30:2902-2908.

Ng JS, Bearse MA Jr, Schneck ME, Barez S, Adams AJ. Local diabetic retinopathy
prediction by multifocal ERG delays over 3 years. Invest Ophthalmol Vis Sci

2008;49:1622-1628.

16


http://www.ncbi.nlm.nih.gov/pubmed/24012635
http://www.ncbi.nlm.nih.gov/pubmed/23630304
http://www.ncbi.nlm.nih.gov/pubmed/23630304
http://www.ncbi.nlm.nih.gov/pubmed/23630304
http://www.ncbi.nlm.nih.gov/pubmed/23159951
http://www.ncbi.nlm.nih.gov/pubmed/23159951
http://www.ncbi.nlm.nih.gov/pubmed/23159951
http://www.ncbi.nlm.nih.gov/pubmed/23159951
http://www.ncbi.nlm.nih.gov/pubmed/19685553
http://www.ncbi.nlm.nih.gov/pubmed/19685553
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sim%25C3%25B3%20R%255BAuthor%255D&cauthor=true&cauthor_uid=17704349

21. Harrison WW, Bearse MA, Ng J, Jewell NP, Barez S, Burger D, Schneck ME,
Adams AJ. Multifocal electroretinograms predict onset of diabetic retinopathy in
adult patients with diabetes. Invest Ophthalmol Vis Sci 2011;52:772-777.

22. Barile GR, Pachydaki SI, Tari SR, Lee SE, Donmoyer CM, Ma W, Rong LL,
Buciarelli LG, Wendt T, Horig H, Hudson BI, Qu W, Weinberg AD, Yan SF, Schmidt
AM. The RAGE axis in early diabetic retinopathy. Invest Ophthalmol Vis Sci

2005;46:2916-2924.

17


http://www.ncbi.nlm.nih.gov/pubmed/?term=Burger%20D%255BAuthor%255D&cauthor=true&cauthor_uid=20926810
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schneck%20ME%255BAuthor%255D&cauthor=true&cauthor_uid=20926810
http://www.ncbi.nlm.nih.gov/pubmed/?term=Adams%20AJ%255BAuthor%255D&cauthor=true&cauthor_uid=20926810
http://www.ncbi.nlm.nih.gov/pubmed/16043866

Figure Legends

Fig. 1. Body weight (A), fasting (B) and random (C) blood glucose levels in Control
rats (N=6), STZ-rats (N=7) and STZ-induced diabetic rats received AGE-aptamer

(STZ+AGE-aptamer rats) (N=5). **p<0.01 compared with Control rats.

Fig. 2. Effects of AGE-aptamer or control-aptamer on serum levels of AGEs in Control
rats (N=6), STZ-rats (N=6) and STZ+AGE-aptamer rats (N=5). Serum AGE levels

were measured by ELISA. **p<0.01 compared with STZ-rats.

Fig. 3. Effects of AGE-aptamer or control-aptamer on representative ERG (A), a- and
b-wave (B and C) and OP amplitudes (D) in Control rats (N=6), STZ-rats (N=6) and
STZ+AGE-aptamer rats (N=6). *p<0.05, **p<0.01 compared with Control rats.

#p<0.05, ##p<0.01 compared with STZ-rats.
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