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DNA Aptamer Raised Against AGEs Blocks the
Progression of Experimental Diabetic Nephropathy
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Advanced glycation end products (AGEs) and their receptor
(RAGE) play a role in diabetic nephropathy. We screened DNA
aptamer directed against AGEs (AGEs-aptamer) in vitro and
examined its effects on renal injury in KKAy/Ta mice, an animal
model of type 2 diabetes. Eight-week-old male KKAy/Ta or
C57BL/6J mice received continuous intraperitoneal infusion of
AGEs- or control-aptamer for 8 weeks. AGEs-aptamer was
detected and its level was increased in the kidney for at least 7
days. The elimination half-lives of AGEs-aptamer in the kidney
were about 7 days. Compared with those in C57BL/6J mice,
glomerular AGEs levels were significantly increased in KKAy/Ta
mice, which were blocked by AGEs-aptamer. Urinary albumin
and 8-hydroxy-2'-deoxy-guanosine levels were increased, and
glomerular hypertrophy and enhanced extracellular matrix accu-
mulation were observed in KKAy/Ta mice, all of which were
prevented by AGEs-aptamer. Moreover, AGEs-aptamer signifi-
cantly reduced gene expression of RAGE, monocyte chemoat-
tractant protein-1, connective tissue growth factor, and type IV
collagen both in the kidney of KKAy/Ta mice and in AGE-exposed
human cultured mesangial cells. Our present data suggest that
continuous administration of AGEs-aptamer could protect
against experimental diabetic nephropathy by blocking the
AGEs-RAGE axis and may be a feasible and promising therapeu-
tic strategy for the treatment of diabetic nephropathy. Diabetes
62:3241-3250, 2013

iabetic nephropathy is a leading cause of end-
stage renal disease, which accounts for dis-
ability and high mortality rate in patients with
diabetes (1,2). The development of diabetic
nephropathy is characterized by glomerular hypertrophy
and inflammatory cell infiltration, followed by extracel-
lular matrix (ECM) accumulation in mesangial area and
an increased urinary albumin excretion (UAE) rate (3).
Diabetic nephropathy ultimately progresses glomerular
sclerosis associated with renal dysfunction (4). Large-
scale clinical studies have shown that intensive glycemic
and blood pressure control reduce the risk of diabetic
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nephropathy (5). However, management of diabetic ne-
phropathy is far from satisfactory because strict control
of blood glucose or pressure is often difficult to maintain
and may increase the risk of hypoglycemia or hypoten-
sion. Further, despite intensive management of classical
cardiovascular risk factors using blood pressure-lowering
and lipid-lowering agents, a substantial number of diabetic
patients still have experienced end-stage renal disease.
Therefore, development of novel therapeutic strategies
that specifically target diabetic nephropathy is urgently
needed.

Reducing sugars can react nonenzymatically with the
amino groups of proteins to initiate a complex series of
rearrangements and dehydrations and then to produce
a class of irreversibly cross-linked moieties termed ad-
vanced glycation end products (AGEs) (6-8). The forma-
tion and accumulation of AGEs in various tissues have
been shown to progress at an accelerated rate under hy-
perglycemic conditions (9-11). There is accumulating
evidence that AGE and RAGE (receptor for AGESs) in-
teraction stimulates oxidative stress generation and sub-
sequently evokes inflammatory reactions, thereby causing
progressive alteration in renal architecture and loss of
renal function in diabetes (12-14). Indeed, inhibitors of
AGE formation have been shown to attenuate the increase
in albuminuria and prevent the development and pro-
gression of experimental diabetic nephropathy (15,16).
Further, RAGE-overexpressing diabetic mice have shown
progressive glomerulosclerosis with renal dysfunction,
while diabetic homozygous RAGE-null mice failed to de-
velop significantly increased mesangial matrix expansion
or thickening of the glomerular basement membrane
(14,17). These observations suggest that the inhibition of
the AGE-RAGE axis could be a novel therapeutic target for
diabetic nephropathy.

Aptamers are short, single-stranded DNA or RNA mol-
ecules that can bind with high affinity and specificity to
a wide range of target proteins (18). Recently, numerous
aptamers have been developed and used in the clinical
fields as a tool for modulating various protein function
(19-21). Pegaptanib, an RNA aptamer directed against
vascular endothelial growth factor (VEGF);45 isoform, has
been shown to be effective in treating choroidal neo-
vascularization in patients with age-related macular de-
generation (19). In addition, ARC1779, a DNA-aptamer
raised against the A1 domain of von Willebrand factor, has
also been reported to inhibit its prothrombotic function
in vivo, and phase II clinical trials of ARC1779 are cur-
rently underway for the treatment of thrombotic thrombo-
cytopenic purpura and cerebral embolism after carotid
endarterectomy (20,21).

Therefore, in this study we screened a high-affinity DNA
aptamer directed against AGEs (AGEs-aptamer) using
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AGEs-APTAMER AGAINST DIABETIC NEPHROPATHY

a combinatorial chemistry in vitro and examined its effects
on experimental diabetic nephropathy. For this, we chose
KKAy/Ta mice because they are an animal model of obe-
sity and type 2 diabetes associated with ECM accumula-
tion, inflammatory cell infiltration, and sclerotic changes
within the glomerular areas, whose characteristics closely
resemble those in human diabetic nephropathy (22). Fur-
thermore, we investigated the effects of AGEs-aptamer on
mesangial cell damage in vitro.

RESEARCH DESIGN AND METHODS

Animals. Male 8-week-old KKAy/Ta (DM) and 8-week-old C57BL/6J (Ctr) mice
were purchased from CLEA Japan (Tokyo, Japan). These mice were divided
into two groups respectively and received continuous infusion of either AGEs-
aptamer or control-aptamer (Ctr-aptamer) (0.136 pg/day i.p.) by an osmotic
minipump (model 1004; ALZET, Cupertino, CA) (Ctr-aptamer—treated Ctr mice
[Ctr-Ctr-aptamer], n = 8; AGEs-aptamer—treated Ctr mice [Ctr-AGEs-aptamer],
n = 9; Ctr-aptamer—treated DM mice [DM-Ctr-aptamer], n = 11; and AGEs-
aptamer—treated DM mice [DM-AGEs-aptamer], n = 10 group). Eight weeks
after the continuous intraperitoneal infusion, blood pressure was measured by
a tail-cuff sphygmomanometer using an automated system with a photoelec-
tric sensor (BP-98A; Softron, Tokyo, Japan), and mice were transferred to
metabolic cages for 24 h for urinalysis. Then, mice were killed and blood and
kidney samples were obtained. 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 ethics committee of Kurume
University School of Medicine.

Measurement of clinical variables. Albuminuria was determined with
a commercially available ELISA kit (Exocell, Philadelphia, PA). Blood was
collected and centrifuged, and plasma and serum were obtained and stored at
—40°C. Total cholesterol and transaminase levels were determined by com-
mercially available kits (Wako, Osaka, Japan). Plasma creatinine levels were
measured by an enzymatic method (SRL, Tokyo, Japan). Blood urea nitrogen
levels were measured by an auto-analyzer (Nihondenshi, Tokyo, Japan).
Plasma glucose was measured by a glucose oxidase method (Shionotest,
Tokyo, Japan). HbA;. was determined by a latex coagulation method (TFB,
Tokyo, Japan). Urinary 8-hydroxy-2'-deoxy-guanosine (8-OHdG) levels were
measured with an ELISA system (Japan Institute for the Control of Aging,
Shizuoka, Japan). Urinary N-acetyl-B-D-glucosaminidase was measured with a
fractional colorimetric determination method (Shionogi Pharma, Osaka, Japan).
Intra- and interassay coefficients of variation were 6.2 and 8.8%, respectively.
Preparation of AGEs-human serum albumin and AGEs-BSA. AGE-modified
proteins were prepared as previously described (23).

Immobilizing AGEs-human serum albumin on agarose beads. AGEs—
human serum albumin (AGEs-HSA) was covalently coupled to indoacetyl groups
on SulfoLink Coupling Gel (Pierce, Rockford, IL) as previously described (24).
Screening and modification of AGEs-aptamer (Systematic Evolution of
Ligands by EXponential enrichment). Preparation and selection of DNA
aptamers were performed as previously described (24). Sequences of AGEs-
and Ctr-DNA aptamers are follows: AGEs-aptamer, 5-CCGAAACCA-
GACCACCCCACCAAGGCCACTCGGTCGAACCGCCAACACTCACCCCA-3;
Ctr-aptamer, 5'-GTTATCTGTCATAGGAACAGTCAGACTCAGCGTCGCAGT
TCAGGGCACTTTAGCAC-3'. DNA aptamers are susceptible to degradation
by nucleases. This will limit their applications for real samples, such as blood
and tissues. To solve this issue, we modified aptamers with phosphorothioate as
previously described (25).

Binding affinity of AGEs-aptamer to AGEs-HSA or AGEs-HSA to RAGE.
The binding affinity of the selected AGEs-aptamer to AGEs-HSA or AGEs-HSA
to extracellular AGEs-binding V-domain of RAGE (VRAGE) was measured
using sensitive 27-MHz quartz crystal microbalance (QCM) (Affinix Q; Initium,
Tokyo, Japan) according to the method of Okahata et al. (26). In brief, AGEs-
HSA or vRAGE was immobilized on an avidin-bound QCM surface. After
adding Ctr-aptamer or AGEs-aptamer to a reaction vessel in the presence or
absence of 70 ng/mL AGEs-HSA, the time course of the frequency decrease of
bound AGEs-HSA or bound VRAGE on the QCM was monitored. The binding
affinity of AGEs-aptamer to AGEs-HSA or AGEs-HSA to VRAGE was calcu-
lated from curve fitting to the QCM frequency decrease. Human vRAGE
(residues 23-121) was prepared as previously described (27,28). SDS-PAGE
analysis of purified VRAGE proteins revealed a single band, which showed pos-
itive reactivity with polyclonal antibody raised against RAGE (data not shown).
Distribution and kinetics of [y->’P]ATP-labeled AGEs-aptamer. Aptamer
was radioactively labeled by a 5'-end-labeling technique using T4 polynucle-
otide kinase (T4 PNK; Promega, Madison, WI) and [y->P]ATP (PerkinElmer
Japan, Kanagawa, Japan) according to the manufacturer’s protocol. Male
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8-week-old Ctr mice received continuous infusion of [y—égzP]ATP—labeled
AGEs-aptamer (0.136 pg/day i.p.) by an osmotic minipump, and were killed at
0h, 1h, 6h,1 day, 2 days, and 7 days after the infusion. At 0, 3, 7, and 14 days
after stopping the infusion, mice were killed and blood and organs obtained.
The radioactivity of AGEs-aptamer was measured by Cherenkov counting using
an LS-6500 scintillation counter (Beckman Coulter, San Francisco, CA).
Turnover rate of aptamer-bound AGEs by macrophages. Human THP-1
monocytic leukemia cells were differentiated to macrophages as previously
described (29). AGEs-BSA (100 pg/mL) was added to the culture medium in
the presence or absence of 2 pmol/L AGEs-aptamer where differentiated THP-1
macrophages were grown or ungrown. After 4 h, the supernatant was collected,
concentrated with Amicon Urtra centrifugal filter (Millipore, Billerica, MA),
separated by SDS-PAGE, and transferred to polyvinylidene fluoride mem-
brane as previously described (30). Membranes were probed with rabbit
polyclonal antibodies raised against AGEs, and then immune complexes were
visualized with an enhanced chemiluminescence detection system (Amersham
Bioscience, Buckinghamshire, U.K.).

Morphological analysis. Three-micrometer paraffin sections were stained
with periodic acid Schiff and Masson trichrome for light microscopic analysis
as previously described (31).

Measurement of serum AGEs. Measurement of serum AGE levels was
performed with a competitive ELISA as previously described (32).
Immunostaining. Specimens of kidney cortex were fixed with 4% para-
formaldehyde, embedded in paraffin, sectioned at 4-pm intervals, and mounted
on glass slides. The sections were incubated in 0.3% hydrogen peroxide
methanol for 30 min and incubated overnight at 4°C with rabbit polyclonal
antibodies raised against AGEs and synaptopodin (PROGEN Biotechnik,
Heidelberg, Germany) as previously described (32). Immunoreactivity in 10
different fields (X600) in each sample was measured by image-analysis soft-
ware (version 6.57; Optimas, Media Cybernetics, Silver Spring, MD).

Cells. Human mesangial cells were maintained in basal medium supplemented
with 5% FBS according to the supplier’s instructions (Clonetics, San Diego,
CA). AGE treatment was carried out in a medium containing 0.5% FBS.
Mesangial cells less than six passages were used for the experiments.
Mesangial cells were treated with 100 pg/mL AGEs-BSA or nonglycated BSA
for 4 and 24 h in the presence or absence of 0.2 or 2 pmol/LL AGEs-aptamer.
Real-time RT-PCR. Total RNA (3-6 pg) extracted from each kidney cortex
was used to synthesize cDNA with the Superscript First Strand synthesis
system for RT-PCR (Invitrogen, Carlsbad, CA). Quantitative real-time RT-PCR
was performed using Assay-on-Demand and TagMan 5 fluorogenic nuclease
chemistry (Applied Biosystems, Foster city, CA) according to the supplier’s
recommendation. Identifications of primers and probe for mouse monocyte
chemoattractant protein-1 (MCP-1), tumor necrosis factor-a (TNF-a), con-
nective tissue growth factor (CTGF), type IV collagen, VEGF, AGE-receptor 3
(AGE-R3), and RAGE genes were Mm00441242 ml, Mn00443258_ml,
Mm01192933_gl, Mm01210125_m1, Mm01281449 ml, PN4331348, and
Mm00545815_m1, respectively (Applied Biosystems). TagMan Ribosomal RNA
Control Reagents (18S) was used as an endogenous control (Applied Bio-
systems). Total RNAs were extracted from cultured human mesangial cells
and THP-1 cells with an RNA queous4 PCR kit (Ambion, Austin, TX), and
quantitative real-time RT-PCR was performed. Identifications of primers
and probe for human MCP-1, TNF-a, CTGF, RAGE, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) genes were Hs00234140_m1, Hs00170014_m1,
Hs00174128_m1, Hs001563957_m1, and Hs99999905_m1, respectively (Applied
Biosystems).

Measurement of reactive oxygen species generation. The intracellular
formation of reactive oxygen species (ROS) was detected using the fluorescent
probe CM-HoDCFDA (Molecular Probes, Eugene, OR) as previously described
(33).

Statistical analysis. All data are presented as means = SEM. ANOVA fol-
lowed by the Turkey or Games-Howell post hoc test was performed for all
studied parameters for statistical comparisons; P < 0.05 was considered sig-
nificant. All statistical analyses were performed with the SPSS 19 system.

RESULTS

Isolation and characterization of DNA aptamers
directed against AGE-modified proteins. DNA aptamers
specific for AGEs-HSA were isolated by an in vitro se-
lection process, Systematic Evolution of LiBgands by
EXponential enrichment, from a pool of ~10'° different
nucleic acid sequences as previously described (24). In
this study, 35 clones were sequenced from the pool
of selected single-stranded DNAs to obtain 15 unique
sequences, indicating that some of the sequences among
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the 35 clones were identified and that multiple selection of
the same clone occurred. Structural analysis revealed that all
of the aptamers had a bulge-loop structure with cytosine-
rich sequences. We have previously shown that although all
the clones significantly inhibited the AGEs-induced de-
crease in DNA synthesis in cultured pericytes, a coun-
terpart of mesangial cells in the kidney, clone 1, had the
strongest effect (24). So, we modified clone 1 with phos-
phorothioate for generating nuclease-resistant aptamer and
used it for the following experiments. The structure of
phosphorothioate AGEs-aptamer used here is shown in
Fig. 1A.

Binding affinity of phosphorothioate AGEs-aptamer
to AGEs-HSA or AGEs-HSA to vVRAGE. We first ex-
amined the binding affinity of phosphorothioate AGEs-
aptamer to AGEs-HSA in vitro. For this, AGEs-HSA was
immobilized on an avidin-bound QCM surface, and then
Ctr- or AGEs-aptamer was added to a reaction vessel. AGEs-
aptamer bound to AGEs-HSA with a dissociation constant
of 1.38 X 10~ mol/L, whereas Ctr-aptamer did not bind to
AGEs-HSA at all (Fig. 1B). Further, as shown in Fig. 1C, the
binding of AGEs-HSA to VRAGE was dose-dependently in-
hibited by the cotreatment with AGEs-aptamer.

Turnover rate of aptamer-bound AGEs-BSA. Com-
pared with unbound AGEs-BSA, turnover rate of aptamer-
bound AGEs by differentiated THP-1 macrophages was
more increased (Fig. 1D). On the contrary, under the
conditions without THP-1 cells, presence of AGEs-aptamer
did not affect the turnover rate of AGEs-BSA (Fig. 1E).
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Distribution and kinetics of infused AGEs-aptamer.
To examine the kinetics of injected AGEs-aptamer, we
labeled the aptamer with [y- 32P)ATP and infused it into the
peritoneal cavity of 8-week-old Ctr mice by an osmotic
pump. As shown in Fig. 24, when AGEs-aptamer was con-
tinuously administrated up to 7 days, it was distributed mainly
in the kidney, aorta, and muscle. The levels of AGEs-aptamer
were increased in the kidney, liver, and blood of 8-week old
Ctr mice for at least 7 days after continuous 0.136 pg/day i.p.
infusion (Fig. 2B). After the injection was stopped, AGEs-
aptamer levels were gradually decreased. But the aptamer
was still detected in the kidney, liver, and blood at day 14 after
the removal of an osmotic pump (Fig. 2B). The elimination
halflives of AGEs-aptamer in the kidney were about 7 days.
Characteristics of animals. Clinical characteristics of
each group are shown in Table 1. Compared with Ctr-Ctr-
aptamer mice, body weight, plasma glucose, HbA,., and
total cholesterol levels were significantly increased in DM-
Ctr-aptamer mice (P < 0.05). Treatment with AGEs-
aptamer did not affect these parameters in mice. Plasma
levels of blood urea nitrogen and creatinine tended to be
higher and kidney-to-body weight ratio was significantly
increased in DM-Ctr-aptamer mice, which were amelio-
rated by the treatment of AGEs-aptamer (P < 0.05). There
were no significant differences of clinical variables be-
tween Ctr-Ctr-aptamer and Ctr-AGEs-aptamer mice.

Effect of AGEs-aptamer on serum and renal levels of
AGEs in mice. We investigated whether treatment with
AGEs-aptamer could reduce serum and renal levels of
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FIG. 1. A: Predicted secondary structure of AGEs-DNA aptamer. AGEs-aptamer was modified with phosphorothioate. A, adenine; C, cytosine;
G, guanine; S, phosphorothioate; T, thymine. B: Binding affinity of Ctr- or AGEs-aptamer to AGEs-HSA. n = 4. C: Binding affinity of AGEs-HSA to
VRAGE. rn = 3. D and E: 100 pg/mL AGEs-BSA was added to the culture medium in the presence or absence of 2 pmol/LL AGEs-aptamer where
differentiated THP-1 macrophages were grown (D) or ungrown (E ). After 4 h, AGE levels in the supernatant were determined with Western blots.
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FIG. 2. A: Biodistribution of [y->>P]ATP-labeled AGEs-DNA aptamer. C57BL/6J mice received continuous intraperitoneal infusion of [y->*P]ATP-
labeled AGEs-aptamer for 7 days. Then, blood, urine, and several organs were obtained. ['y-3ZP]ATP-1abeled AGEs-aptamer was detected by
Cherenkov counting. Results were presented as mole per gram of tissue. n = 3. B: Time course kinetics of [y-32P]ATP-labeled AGEs-aptamer (0.136
rg/day). C57BL/6J mice received continuous intraperitoneal infusion of [7-32P]ATP-labeled AGEs-aptamer for 7 days. Then, blood, liver, and
kidney were obtained. Results are presented as mole per gram of tissue. n = 2. d, day.

AGEs in KKAy/Ta mice. As shown in Fig. 3A, compared
with those in Ctr-Ctr-aptamer mice, serum levels of AGEs
were significantly increased to approximately threefold in
DM-Ctr-aptamer mice (P < 0.05), which were not affected
by the treatment with AGEs-aptamer. However, immuno-
histochemical analysis revealed that AGE levels in the
glomeruli of DM-Ctr-aptamer mice were significantly
higher than those of Ctr-Ctr-aptamer mice, which was
prevented by the treatment with AGEs-aptamer (Fig. 3B-
F). AGEs-aptamer itself did not affect serum or renal levels
of AGEs in Ctr mice.

Treatment with AGEs-aptamer decreased UAE levels
in DM mice. We examined the effect of AGEs-aptamer on
UAE levels in mice. As shown in Fig. 4, UAE levels were
gradually and significantly elevated in DM-Ctr-aptamer
mice compared with Ctr-Ctr-aptamer mice (P < 0.01).
Administration of AGEs-aptamer for 8 weeks significantly
decreased UAE levels in DM mice (P < 0.01). AGEs-
aptamer itself did not affect UAE levels in Ctr mice.
Treatment with AGEs-aptamer prevented glomerular
hypertrophy and ECM protein accumulation in the
kidney of DM mice. Glomerular hypertrophy and ECM
accumulation are characteristic features of diabetic ne-
phropathy (3). So, we investigated whether AGEs-aptamer

treatment could prevent the structural changes in the
kidney of DM mice. As shown in (Fig. bA-F), periodic acid
Schiff staining revealed that diabetes was associated with
glomerular hypertrophy, which was significantly amelio-
rated by the administration of AGEs-aptamer. Further,
ECM accumulation assessed by Masson trichrom staining
was significantly increased in DM-Ctr-aptamer mice, which
was also prevented by the treatment with AGEs-aptamer
(Fig. bF-J). AGEs-aptamer itself did not affect glomerular
hypertrophy or ECM accumulation in Ctr mice. Further,
immunohistochemical analysis revealed that synaptopodin
levels, a marker of podocytes, were reduced in DM-Ctl-
aptamer mice, which were significantly restored by the
treatment with AGEs-aptamer (Fig. 5K-0). There was no
significant difference of renal VEGF expression, tubu-
lointerstitial fibrosis (data not shown), or N-acetyl-B-D-
glucosaminidase levels (Table 1) among the groups.

Treatment with AGEs-aptamer decreased urinary
excretion levels of 8-OHdG in DM mice. We next ex-
amined whether AGEs-aptamer treatment could decrease
urinary excretion levels of 8-OHdG, a marker of oxidative
stress, in DM mice. Compared with those in Ctr-Ctr-aptamer
mice, urinary 8-OHdG levels were significantly increased in
DM-Ctr-aptamer mice to ~2.5-fold (P < 0.05). Administration

TABLE 1
Characteristics of animals

Ctr-Ctr-aptamer  Ctr-AGEs-aptamer  DM-Ctr-aptamer = DM-AGEs-aptamer
n 8 9 11 10
Body weight (g) 249 = 1.5 25.1 = 1.1 45.5 = 1.2* 43.2 + 1.2%
Systolic blood pressure (mmHg) 99.7 £ 39 107.0 = 2.7 104.5 = 2.5 102.6 = 2.5
Plasma glucose (mg/dL) 177.0 £ 9.9 1854 = 9.8 297.9 * 42.4% 328.2 £ H3.3*
HbA;. (%) 4.0 = 0.05 4.0 = 0.08 6.0 = 0.4% 6.3 = 0.3*
Total cholesterol (mg/dL) 70.6 = 2.8 66.1 = 3.9 103.5 £ 13.9* 88.4 + 5.3*
Blood urea nitrogen (mg/dL) 34.3 = 2.1 314 = 24 33.3 = 1.6 28.0 = 1.2#
Creatinine (mg/dL) 0.14 = 0.01 0.12 = 0.01 0.15 = 0.01 0.10 = 0.02#
Aspartate aminotransferase (IU/L) 158.4 + 60.6 149.8 = 39.9 273.0 = 105.7 99.5 £ 154
Alanine aminotransferase (IU/L) 6.8 = 3.0 6.5 + 1.6 29.4 = 8.0 245 = 119
Kidney-to-body weight ratio 13.6 £ 0.7 13.7 = 04 20.3 = 2.5% 14.8 = 0.7#
Urinary N-acetyl-B-pD-glucosaminidase (units/day) 0.22 = 0.06 0.10 = 0.01 0.34 = 0.06 0.26 = 0.02

Data are means = SEM. *P < 0.05 vs. Ctr-Ctr-aptamer. #P < 0.05 vs. DM-Ctr-aptamer.
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FIG. 3. Serum and renal levels of AGEs in each animal. A: Serum levels of AGEs were measured with ELISA. n = 4-5 per group. Representative
photographs of AGEs immunostaining in the kidney. Ctr-Ctr-aptamer mice (B), Ctr-AGEs-aptamer mice (C), DM-Ctr-aptamer mice (D), DM-AGEs-
aptamer mice (E). F: Quantitative data of glomerular staining for AGEs. n = 4-5 per group. Magnification x600.

of AGEs-aptamer significantly reduced urinary excretion
levels of 8-OHdG in DM mice (P < 0.05) (Fig. 5P).

Treatment with AGEs-aptamer decreased inflammatory
and fibrotic gene expression in the kidney of KKAy/Ta
mice. AGEs induce a variety of inflammatory and fibrotic
gene expression, thus being involved in diabetic nephropathy

OH——  Ctr-Ctr-aptamer
00— Ctr-AGEs-aptamer
O——0O DM-Ctr-aptamer

@®—® DM-AGEs-aptamer
800+

*%

7004

UAE(pg/g creatinine)
.
[ ]
P

3004 H#it
200+
1004

0 S waaks 12 waaks 16 wazks

FIG. 4. Effect of AGEs-aptamer on UAE levels (j1g/g creatinine) in each
animal. n = 8-10 per group. **P < 0.01 vs. Ctr-Ctr-aptamer mice. ##P <
0.01 vs. DM-Ctr-aptamer mice.
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(16,33,34). So, we studied the effects of AGEs-aptamer on
MCP-1, TNF-«, CTGF, type IV collagen, and RAGE gene
expression in KKAy/Ta mice. As shown in Fig. 6A-D, re-
nal MCP-1, TNF-a, CTGF, and type IV collagen gene ex-
pression was significantly increased in DM-Ctr-aptamer
mice, which was prevented by the administration of
AGEs-aptamer. Moreover, although there were no signif-
icant differences in gene expression levels of RAGE and
another AGE-scavenging receptor, AGE-R3, between Ctr-
Ctr-aptamer and DM-Ctr-aptamer mice, treatment with
AGEs-aptamer significantly reduced RAGE and AGE-R3
mRNA levels in the kidney of DM mice (Fig. 6F and F).

AGEs-aptamer decreased ROS generation and
inflammatory and fibrotic gene expression in AGE-
exposed human mesangial cells. We next examined
whether AGEs-aptamer could inhibit AGE-elicited ROS
generation and RAGE, MCP-1, and CTGF gene expression in
human mesangial cells. AGEs-BSA (100 pg/mL) for 4 h sig-
nificantly increased ROS generation (Fig. 7A). RAGE gene
expression was increased at 4 and 24 h after the treatment
with AGEs-BSA, whereas MCP-1 and CTGF mRNA levels
were elevated at 24 h only (Fig. 7B-D). AGEs-aptamer sig-
nificantly prevented these harmful effects of AGEs, although
they did not have any toxic effects on BSA-treated cells.
Furthermore, AGEs-BSA for 4 h increased gene expression
of TNF-a but not RAGE, MCP-1, or CTGF in THP-1 cells,
which was also blocked by AGEs-aptamer (data not shown).

DISCUSSION

In the current study, we demonstrate for the first time that
although infusion of in vitro—selected DNA-aptamer raised
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FIG. 5. Representative photographs of glomerular hypertrophy. Glomerular hypertrophy was evaluated by measuring glomerular area of cross-
section in the distal cortex. Ctr-Ctr-aptamer mice (A), Ctr-AGEs-aptamer mice (B), DM-Ctr-aptamer mice (C), DM-AGEs-aptamer mice (D). E:
Quantitative data of glomerular area. n = 4-5 per group. Magnification x600. Effect of AGEs-aptamer on glomerular ECM accumulation in each
animal. Glomerular ECM accumulation was evaluated by the intensity of Masson trichrome staining in the glomeruli. Representative photographs
of the kidney in Ctr-Ctr-aptamer mice (F'), Ctr-AGEs-aptamer mice (G), DM-Ctr-aptamer mice (H), and DM-AGEs-aptamer mice (I). J: Quanti-
tative data of ECM accumulation. n = 3-5 per group. Synaptopodin levels in the glomeruli. Representative photographs of the kidney in Ctr-Ctr-
aptamer mice (K), Ctr-AGEs-aptamer mice (L), DM-Ctr-aptamer mice (M), and DM-AGEs-aptamer mice (N). O: Quantitative data of synaptopodin
expression. n = 3-5 per group. Magnification x600. P: Effect of AGEs-aptamer on urinary 8-OHdG levels (ng/day) in each animal group. Urinary
8-OHdG levels were measured by ELISA. n = 8-11 per group.
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FIG. 6. Effect of AGEs-aptamer on cortical MCP-1 (A), TNF-a (B), CTGF (C), type IV collagen (D), RAGE (E ), and AGE-R3 (F) gene expression
in each animal group. Total RNAs were transcribed and amplified by real-time PCR. Data were normalized by the intensity of 18S rRNA-derived
signals and then related to the value obtained with Ctr-Ctr-aptamer mice. n = 10-16 per group.

against AGEs-HSA did not affect glucose, HbA,., or blood
pressure levels, it not only inhibited glomerular hypertro-
phy and ECM protein accumulation but also decreased
urinary excretion levels of albumin and 8-OHdG in DM
mice. In addition, administration of AGEs-aptamer signifi-
cantly decreased plasma levels of blood urea nitrogen and
creatinine, thus preventing renal dysfunction in DM mice.
Moreover, treatment with AGEs-aptamer significantly
suppressed MCP-1, TNF-«, CTGF, type IV collagen, and
RAGE gene expression in the kidney of DM mice, whereas
AGEs-aptamer completely blocked the AGE-induced
upregulation of RAGE, MCP-1, and CTGF mRNA levels in
mesangial cells. In this study, we found that levels of
AGEs-aptamer were increased in the kidney of 8-week-old
Ctr mice for at least 7 days after the continuous intra-
peritoneal infusion. Further, at day 14 after stopping the
injection, AGEs-aptamer was still detected in the kidney.
These findings suggest that phosphorothioate AGEs-
aptamer used in these experiments may be resistant to
nuclease attack and quite stable and therefore suitable as
a therapeutic agent. Given that no toxicities related to
AGEs-aptamer were observed after the intraperitoneal in-
jection, our present observations indicate that continuous
infusion of AGEs-aptamer may be a safe and effective
therapeutic strategy for preventing the development and
progression of diabetic nephropathy. However, this will
have to be affirmed before widespread clinical use of the
AGEs-aptamer is entertained. To compare the efficacy of
AGEs-aptamer with other means of reducing the load of
AGEs would also be interesting because the latter is
mostly delivered orally.

Aptamers have the following advantages over antibodies
for blocking the function of targeted proteins: 1) pro-
duction of aptamers does not rely on biological systems

diabetes.diabetesjournals.org

and can easily be selected and constructed from the oli-
gonucleotide library with low cost and time savings in
vitro, 2) aptamers are quite thermally stable and can be
denatured and renatured multiple times without loss of
activity and specificity, 3) aptamers do not have immu-
nogenicity over antibodies, and 4) small size allows more
efficient entry into biological compartments (35,36). There
is accumulating evidence that AGEs play a role in various
disorders such as Alzheimer disease, cancers, and car-
diovascular disease (37-39). Increased formation and ac-
cumulation of AGEs could link the increased risks for
these disorders to diabetes (37-39). Since feasibility and
efficacy of insulin pump therapy have already been
established in diabetic patients (40) and because various
clinical trials with AGEs inhibitors have been terminated
because of the safety concern (41), continuous pump in-
fusion of insulin plus AGEs-aptamer may be promising for
preventing various life-threatening AGE-related disorders
in diabetes.

In the current study, we demonstrated that continuous
infusion of AGEs-aptamer for 8 weeks dramatically de-
creased AGE levels in the glomeruli of DM mice to basal
levels. Engagement of RAGE with AGEs stimulates ROS
generation in a variety of cells, which could in turn pro-
mote the formation and accumulation of AGEs, thus
forming a positive feedback loop between RAGE down-
stream signaling and AGE generation (16,42). Indeed,
aortic AGE accumulation has been suppressed in RAGE-
deficient diabetic apolipoprotein E knockout mice (42). In
the current study, AGEs-aptamer directly bound to AGEs
and resultantly blocked the binding of AGEs to RAGE (Fig.
1B and C). These observations suggest that AGEs-aptamer
could decrease the glomerular accumulation of AGEs via
the blockade of AGEs binding to RAGE in the kidney.
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FIG. 7. Effect of AGEs-aptamer on ROS generation (A) and RAGE (B),

MCP-1 (C), and CTGF (D) gene expression in human mesangial cells.

Mesangial cells were treated with 100 pg/mL AGEs-BSA or nonglycated BSA for 4 and 24 h in the presence or absence of 0.2 or 2 pmol/L AGEs-
aptamer. Total RNAs were transcribed and amplified by real-time PCR. Data were normalized by the intensity of GAPDH mRNA-derived signals and
then related to the value obtained with nonglycated BSA. n = 3 per group. h, hour.

Further, we found here that turnover rate of aptamer-
bound AGEs by THP-1 macrophages was increased com-
pared with that of unbound AGEs (Fig. 1D). This is another
possible mechanism by which AGEs-aptamer decreased
the glomerular accumulation of AGEs. Since treatment
with AGEs-aptamer did not affect serum AGE levels in DM
mice, AGEs-aptamer may be preferentially distributed and
accumulated in the kidney and vessels, locally suppress
the actions of AGEs, and finally be eliminated from the
body via the increased turnover by macrophages. Under
nondiabetic normal conditions, oxidative stress, RAGE

3248 DIABETES, VOL. 62, SEPTEMBER 2013

expression, and AGEs accumulation are largely sup-
pressed. This is a possible reason why AGEs-aptamer did
not reduce renal AGEs levels of Ctr mice.

AGEs-RAGE interaction elicits inflammatory and fibrotic
reactions in the kidney cells via oxidative stress generation
(13). In this study, we found that treatment with AGEs-
aptamer decreased urinary 8-OHdG and albumin levels and
reduced inflammatory and fibrotic gene expression (MCP-1,
TNF-a, CTGF, and type IV collagen) in the kidney of DM
mice. MCP-1 is a specific chemokine that recruits and
activates monocytes from circulation to inflammatory sites
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(43). Increased MCP-1 expression associated with mono-
cyte infiltration in mesangial areas has been observed in an
early phase of diabetic nephropathy (44). Plasma MCP-1
level was found to be positively correlated with UAE in
type 1 diabetic patients (44). Further, administration of
AGEs has been shown to cause glomerular hypertrophy
and ECM accumulation in the rat kidney via induction of
CTGF and type IV collagen expression (45). Since AGEs-
aptamer completely blocked the AGE-induced upregula-
tion of RAGE, MCP-1, and CTGF mRNA levels in human
mesangial cells, the present findings suggest that blockade
of the AGEs-RAGE axis by AGEs-aptamer could decrease
albuminuria and fibrotic reactions in the diabetic kidney
via suppression of ROS. It would be interesting to examine
the effects of AGEs-aptamer on nitrotyrosine levels, an-
other marker of oxidative stress in the diabetic kidney.
Further, although decreased synaptopodin levels were re-
stored by AGEs-aptamer, to examine the effects of aptamer
on podocyte apoptosis and injury using a cell culture sys-
tem may be more helpful.

If we assume that volume of distribution for the aptamer
is extracellular fluid and that total body water is ~60% of
body weight, the concentration of aptamer in mice is es-
timated to be 1.59 X 10~ ? moV/L. Therefore, the estimated
delivered dose of aptamer seems to be 880 times less than
the measured KD of AGEs-aptamer (1.38 X 10~ ® mol/L) at
a glance. We may not be able to reconcile the large dis-
crepancy in the delivered dose of AGEs-aptamer and the
KD. However, in this study AGEs-aptamer was more ac-
cumulated in the kidney compared with the circulating
blood; after a 7-day continuous injection, levels of AGEs-
aptamer in the kidney were approximately eightfold higher
than those in the blood (Fig. 24 and B). Furthermore,
AGEs-aptamer was continuously administrated for 8
weeks. So, although the cumulative effect of dosing may
plateau or increase in a nonlinear fashion after several
weeks of dosing and we did not measure the kidney con-
centration of the AGEs-aptamer after 8 weeks of treat-
ment, it could be estimated that there is a 64-fold (8 X 8)
preferential distribution of AGEs-aptamer in the glomeruli
compared with the blood. In addition, AGEs-aptamer dra-
matically suppressed the glomerular accumulation of
AGEs; the levels in the kidney were decreased to ap-
proximately one-twentieth those of Ctr-aptamer—treated
DM mice (Fig. 3F). These findings suggest that the de-
livered dose of AGEs-aptamer used here (0.136 pg/day)
may not necessarily be insufficient for suppressing the
actions of AGEs. We have found in the preliminary animal
experiments that intravenous administration of ~70 times
higher dose of AGEs-aptamer every other day up to 2
months causes severe diarrhea. This is a rationale for why
we chose the original relatively lower dose of AGEs-
aptamer in the present experiments.

In the current study, AGEs-aptamer not only inhibited
the inflammatory and fibrotic gene expression in both
kidney and mesangial cells but also prevented the de-
velopment of histologic and physiologic parameters asso-
ciated with experimental diabetic nephropathy. Further,
Ctr-aptamer alone did not have any specific actions in ei-
ther the kidney or mesangial cells. These observations
suggest the biological relevance of changes in gene ex-
pression, although the differences among the groups are
modest. In this study, there were no significant differences
in gene expression levels of RAGE and AGE-R3 between
Ctr-Ctr-aptamer and DM-Ctr-aptamer mice. However, we
performed RT-PCR analysis for RAGE and AGE-R3 genes
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using whole kidney. So, the gene expression in response to
AGEs may be differently regulated in mesangial cells and
whole kidney because the latter is mainly composed of
tubular cells. Moreover, it would be helpful to determine
whether a long-term administration of AGEs-aptamer
could stabilize the excretion of albuminuria and resultantly
prevent the progression of diabetic nephropathy.
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