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Abstract The receptor for advanced glycation end
products (RAGE) plays a key role in the development of
vascular inflammation and acceleration of atherosclerosis
in type 2 diabetes. We investigated the effect of can-
desartan cilexetil (CDRT) and amlodipine orotate (AMDP)
on the expression of RAGE in the aortic walls of Otsuka
Long-Evans Tokushima Fatty (OLETF) rats and AGE-
treated endothelial cells. Twenty five-week-old OLETF
rats were randomized to 8 week treatments consisting of
CDRT (n = 8), AMDP (n = 8) or saline (control, n = 8).
Immunohistochemical and dihydroethidine staining
revealed reduced RAGE and reactive oxygen species
(ROS) signals in rats treated with CDRT or AMDP com-
pared with control rats. Both CDRT and AMDP suppressed
the expression of p22phox and p47phox NADPH oxidase
subunits. However, only CDRT significantly reduced
expression of phosphorylated extracellular signal regulated
kinase (pERK)1/2 in the aortic wall of OLETF rats. In
addition, both drugs reduced RAGE expression and total
and mitochondrial ROS production in the AGE-treated
endothelial cells. Both ARBs and CCBs reduced RAGE
expression in the aortic walls of OLETF rats, which was
attributed to decreased ROS production through inhibition
of NADPH oxidase. In addition, only CDRT reduced aortic
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expression of RAGE via suppression of the ERK1/2 path-
way unlike AMDP.
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Introduction

Diabetes is a chronic metabolic disorder characterized by
chronic hyperglycemia and the development of vascular
complications (Bierhaus et al. 2001; Fan et al. 2004;
Farmer and Kennedy 2009; Ihm et al. 2009). Among var-
ious mechanisms explaining diabetic complications,
increased formation of advanced glycation end products
(AGEs) have been known to play a central role of in the
pathogenesis of vascular disease (Yamagishi et al. 2008b).
AGEs are reactive derivatives of nonenzymatic glucose-
protein reactions, which have been associated with
increased oxidative stress in vitro and in vivo studies
(Miyata et al. 2002; Fan et al. 2004). The best-character-
ized receptor for AGE, designated as RAGE (receptor for
AGE), is a polypeptide of the immunoglobulin superfamily
that has recently been widely implicated as a mediator of
both acute and chronic vascular inflammation in conditions
such as atherosclerosis and in particular as a complication
of diabetes (Fan et al. 2004; Yamagishi et al. 2008a;
Farmer and Kennedy 2009; Matsui et al. 2010). Accord-
ingly, the development of pharmacological strategies that
specifically target AGE-RAGE axis, appear promising for
the treatment of vascular complications in diabetes (Fan
et al. 2004; Yamagishi et al. 2008b). Furthermore, oxida-
tive stress including excessive production of reactive
oxygen species (ROS) plays a key role in the pathogenesis
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of atherosclerosis, vascular inflammation and endothelial
dysfunction related to AGE-RAGE axis (Schramm et al.
2012).

Activation of RAGEs by AGEs makes nuclear tran-
scription factor produce proinflammatory cytokines,
growth factors and RAGE via multiple signals, such as
NADPH oxidase, the mitogen-activated protein kinases
(MAPKS), extracellular signal-regulated kinase (ERK)1/2
and p38 (Goldin et al. 2006). And some studies demon-
strated that especially RAGE-ERK1/2 pathway had an
important role of diabetic complications (Li et al. 2004,
2012).

Angiotensin-II-receptor blockers (ARB) have been
reported to reduce the formation of AGEs in vitro (Miyata
et al. 2002) Some studies demonstrated that ARBs inhib-
ited AGEs by suppressing RAGE expression in renal
tubular cells, cultured microvascular endothelial cells
in vitro (Yamagishi et al. 2008a; Matsui et al. 2010). In
another study, candesartan, an ARB, reduced AGE accu-
mulation by attenuating RAGE expression and decreasing
the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase in diabetic mouse kidneys (Fan et al.
2004). Several studies have shown that calcium channel
blockers (CCBs) may have anti-atherogenic and antioxi-
dant properties, independent of their effects on vasodilation
(Mason 2002). Interestingly, nifedipine, a long acting
dihydropyridine CCB, also inhibited RAGE expression in
AGE exposed endothelial cells, mesangial cells in vitro
(Matsui et al. 2009). Therefore, these observations suggest
that ARBs and CCBs could play a protective role against
AGE-RAGE pathway in diabetic patients.

However, most of studies related to drug effects on
AGE-RAGE pathway were in vitro studies and focused on
kidney in case of in vivo studies. Little is known about the
effects of candesartan cilexetil (CDRT, AstraZeneca, UK
ARB) and amlodipine orotate (AMDP, Dong-A Pharmacy,
Korea: CCB) on AGE-RAGE axis especially in the aortic
wall of type 2 diabetic (T2D) rat model (in vivo). The
purpose of this study was to investigate the effect of CDRT
and AMDP on RAGE expression using Otsuka Long-Evans
Tokushima Fatty (OLETF) rats as a T2D model (in vivo)
and human coronary artery endothelial cells (HCAECs:;
in vitro), focusing on production of ROS and NADPH
oxidase expression.

Materials and methods

This study was in accordance with the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996) and was approved by the Institutional Ani-
mal Care and Utilization Committee of the Department of
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Internal Medicine (CUMC-2009-0089-01), Catholic

University of Korea, Seoul, Republic of Korea.
In vivo studies of OLETF rats

Twenty-four male OLETF rats were used as models for
type 2 diabetes. The Tokushima Research Institute, of
Otsuka Pharmaceuticals (Otsuka Pharmaceutical, Tokush-
ima, Japan), kindly provided all of the OLETF rats. The
starting age of OLETF rats was 6 weeks of age. All rats
were caged individually and received normal rat chow and
tap water in a temperature-controlled environment under a
12-h artificial light and dark cycle. A total 24 OLETF rats
at 25 weeks of age were randomized into three equal
groups consisting of daily treatment by gastric gavage
orally with CDRT (3 mg/kg, n = 8§), AMDP (3 mg/kg,
n = 8) or saline (n = 8) for 8§ weeks.

Measurement of body weight, blood pressure, plasma
glucose

In all 25-week-old rats, body weight, blood pressure, and
heart rate were determined by tail-cuff plethysmography
(BP-2000, Visitech system, Apex, NC, USA) after a 12-h
fasting period at rest immediately prior to drug adminis-
tration. Body weight, blood pressure, and heart rate were
measured again every 4 weeks thereafter for 8 weeks. At
33 weeks, intraperitoneal glucose tolerance test (IP-GTT)
was performed at approximately 8 a.m. after a 12-h fasting
period. Briefly, an intraperitoneal injection of a 25 %
glucose solution at a dose of 2 g/kg was administered.
During fasting states, serum glucose levels were measured
using a Beckman Glucose Analyzer (Beckman Instrument
Co., Palo Alto, CA, USA).

Reverse transcription-polymerase chain reaction
(RT-PCR) for RAGE

Total RNA was extracted from each aortic wall using
TRIZOL reagent (Invitrogen Crop., Carlsbad, CA, USA)
according to the manufacturer’s instructions. Total RNA
was subjected to reverse transcription using the one step
RT kit (Invitrogen Crop., Carlsbad, CA, USA). Expression
of RAGE and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was evaluated by real-time PCR using SYBR
Green dye. The primers used in this study were as follows:
rat RAGE (sense, 50-GAATCCTCCCCAATGGT TCA-30
and antisense 50-CCCGACACCGGAAAGT-30) and rat
GAPDH (sense, 50-GTATGACTCTACCCACGGC AA
GT and antisense, 50-TTCCCGTTGATGACCAGCTT-
30). Results were expressed as relative messenger RNA
(mRNA) content, which was normalized for GAPDH
expression as determined by real-time PCR.
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Immunohistochemical analysis for NADPH oxidases
and RAGE

Sections (5 um) of thoracic aortas were cut from 4 %
paraformaldehyde-fixed, paraffin embedded tissue blocks
and mounted on poly-lysine coated slides. Antigens were
retrieved by heating the sections in a 10 mM citrate buffer
(60 °C oven overnight). The cooled sections were then
incubated with 3 % H,0, for 10 min to block endogenous
peroxidases. For p22phox immunostaining, the primary
antibody consisted of the anti-p22phox rabbit polyclonal
antibody (Santa Cruz Biotechnology, Dallas, TX, USA)
used at a 1:50 dilution. The secondary antibody was cou-
pled to alexafluor 488 (Invitrogen Crop., Carlsbad, CA,
USA) and was used at a 1:2000 dilution. For p47phox
immunostaining, sections were incubated at 4 °C overnight
with a rabbit polyclonal anti-p47phox antibody (Santa Cruz
Biotechnology, Dallas, TX, USA) at a 1:50 dilution in
0.5 M TBST. The secondary antibody was coupled to
alexafluor 555 (Invitrogen Crop., Carlsbad, CA, USA) used
at a 1:2000 dilution. For RAGE immunostaining, the pri-
mary antibody consisted of the anti-RAGE rabbit poly-
clonal antibody (Santa Cruz Biotechnology, Dallas, TX,
USA), used at a 1:50 dilution. The secondary antibody in
this case was coupled to alexafluor 594 (Invitrogen Crop.,
Carlsbad, CA, USA) used at a 1:2000 dilution. Nuclear
counterstaining was performed with DAPI at a 1:10,000
dilution. Sections were kept in the dark until fluorescence
was analyzed by inverted fluorescence microscope (Zeiss,
Jena, Germany).

Determination of vascular ROS formation in the aortic
walls

The oxidative fluorescent dye dihydroethidine (DHE,
Sigma-Aldrich, Milwaukee, WI, USA) was used to evalu-
ate the in situ formation of ROS as previously detailed
(Miller et al. 1998; IThm et al. 2009). Thoracic aortas from
OLETF were embedded in OCT compound (Tissue-Tek,
Sakura Finetek, Torrance, CA, USA) and frozen in a liquid
nitrogen bath prior to development of cryostat sections.
Unfixed frozen aortic rings were cut into Sects. 5 pm thin
and dihydroethidine (2.5 pM) was applied to all tissue
sections, which were then incubated in a light-protected
humidified chamber for 30 min at 37 °C. The sections were
next examined using a confocal microscope (LSM 510
META Carl Zeiss Inc., Overkochen, Germany) with a
20 x epifluorescence objective. After excitation at
543 nm, the emission signal was recorded with a Zeiss
560-615 nm filter. Mean intensities were expressed as
arbitrary densitometry units.

Western blotting

Frozen aortic tissue of rats were lysed in radioimmuno-
precipitation assay (RIPA) buffer [0.1 % SDS, 1 %
deoxycholate, 1 % Triton X-100, 150 mM NaCl, 5 mM
EDTA, 10 mM Tris pH 7.4, and 10 % protease inhibitor
cocktail (Sigma—Aldrich, Milwaukee, WI, USA)] for
30 min at 4 °C followed by centrifugation at 13,000 rpm at
4 °C for 30 min. The resulting supernatant fluid was col-
lected and the protein content was quantified using Bio-
Rad Protein assay reagent (Bio-Rad, Regents Park, NSW,
Australia). Aortic tissue lysates were resolved on SDS-—
polyacrylamide gel electrophoresis according to standard
protocols. After being transferred to membranes, the sam-
ples were immunoblotted with primary antibodies, fol-
lowed by secondary antibodies conjugated with horseradish
peroxidase. Bands were revealed by the use of an enzyme-
linked chemiluminescence detection kit (Amersham Bio-
sciences, Piscataway, NJ, USA). Western blotting was
performed on aortic tissues to identify phosphorylated
ERK1/2 and ERK1/2. Western blotting was also performed
on cultured HCAECs to identify RAGE, p-ERK1/2 and
ERK1/2.

In vitro studies

Advanced glycation end product-modified bovine serum
albumin (AGE-BSA) was purchased from BioVision
(Milpitas, CA, USA). HCAECs were purchased from
Cambrex Bioscience (Walkersville, MD, USA). Cells were
used between passages 4 to 5 for experiments to avoid the
effects of in vitro cell aging. Cells were grown in
endothelial growth media-2 (EGM-2; Cambrex Bioscience,
Walkersville, MD, USA) supplemented with growth fac-
tors and 5 % (v/v) fetal bovine serum (FBS) to 70-80 %
confluency. Cells were cultured in a humidified incubator
at 37 °Cin a5 % CO, atmosphere, and the culture medium
was changed every other day. Before the experiments,
HCAECs were cultured in low serum medium (0.1 % FBS)
for 24 h and incubated with 100 pg/ml AGE-BSA or non-
glycated BSA in the presence or absence of CDRT or
AMDP at 100 nM, 1 pM, and 10 uM for 24 h, followed by
determination of expression of RAGE, relative total ROS,
mitochondrial ROS and phosphorylated & total ERK 1/2.

Mitochondrial ROS
Production of ROS was measured using the oxidation-
sensitive fluorescence probe 2',7'-dichlorodihydrofluo-

rescin diacetate (H2DFF-DA, Molecular probes). HCAECs
were seeded into 96-well plates and incubated for 24 h at
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37 °C. Cell cultures were preincubated with 10 pl DFFH-
DA for 30 min at 37 °C. The fluorescence of DCFs was
measured using a microplate reader at an excitation
wavelength of 485 nm and emission wavelength of
530 nm.

The production of Mitochondrial ROS was measured
using MitoSOX (Molecular probes). Briefly, HCAECs
were seeded into each well of a 6-well plate and incubated
for 24 h at 37 °C. After treatment, cells were preincubated
with 5 pl MitoSOX for 10 min at 37 °C. After removal of
excess stains, cells were imaged by fluorescence micro-
scopy (Zeiss, Jena, Germany).

Statistical analysis

Statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS) software version
15.0 (SPSS Inc., Chicago, IL, USA). All values were
reported as the mean + SEM. Differences in measured
values among multiple groups were analyzed by ANOVA
with Bonferroni correction for multiple comparisons. For
all statistical analyses, p values less than 0.05 were con-
sidered statistically significant.

Results

Both CDRT and AMDP lower blood pressure
in the OLETF rats

There was no difference in body weight between 25 and
33 weeks of age in control and treatment groups. However,
while systolic BP was similar in both groups at 25 weeks

of age, which represented the beginning of treatment,
systolic BP was significantly lower at 33 weeks of age in
the treatment group, whereas no such decrease was
observed in the control group. Likewise, plasma fasting
glucose levels were similar among the three groups at
33 weeks of age. CDRT-treated group exhibited lower
plasma fasting glucose and postprandial 30-min and 1 h
glucose levels compared with the control group. AMDP-
treated group showed lower only 30-min glucose levels
compared with the control group. However, there was no
significant difference in any glucose levels between CDRT
and AMDP groups (Table 1).

Both CDRT and AMDP decrease RAGE expression
in the HCAECs and aortic walls of the OLETF rats

In HCAECs, AGE stimulated endothelial RAGE protein
expression. The endothelial expression of RAGE
decreased as the dose of study drugs was titrated from
100 nM to 10 uM in the AGE-stimulated HCAECs with
AMDP and CDRT compared with the AGE-stimulated
HCAECs without drug (Fig. la). To compare RAGE
expression in the aortic wall of OLETF rats, expression at
both the protein levels and mRNA was examined. Sup-
pression of RAGE expression in the media was observed
in CDRT & AMDP groups compared with the control
group as determined by immunohistochemical staining
(Fig. 1b). Thus, compared with the control group, mRNA
levels of RAGE were significantly lower in the CDRT
and AMDP groups, while the AMDP group exhibited a
significant decrease of RAGE mRNA compared with the
CDRT group (Fig. 1c).

Table 1 Body weight, blood
pressure and glucose levels

Characteristics Control (n = 8) CDRT (n = 8) AMDP (n = 8)
Body weight (g)
Initial (25 wks) 540.0 + 28.4 573.6 £ 47.0 549.9 £ 39.0
Final (33 wks) 640.8 £ 22.2 648.3 £+ 31.8 635.1 £ 21.6
Blood pressure (mmHg)
Initial (25 wks) 133.0 £ 9.6 132.1 £ 6.5 133.4 +£ 134
Final (33 wks) 137.0 £ 8.0 107.3 £ 5.4* 112.7 £ 5.3*
Blood glucose level (mg/dL, 33 weeks)
Fasting glucose 158.8 £ 17.2 122.9 + 8.8* 143.1 £ 30.7
pp 30 min glucose 417.8 £ 219 316.9 £ 42.1* 304.5 £ 53.7*
pp 1 h glucose 3353 £ 10.1 273.3 £ 46.0% 2779 £ 56.3
pp 2 h glucose 171.0 £ 6.0 151.5 £ 33.6 159.2 £ 514

wks weeks, pp post prandial, CDRT candesartan, AMDP amlodipine, data are expressed as mean £+ SD

* p < 0.05 versus control rats
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Fig. 1 The levels of RAGE expression in the HCAECs and aortic walls of OLETF rats. a RAGE expression decreased as the dose was escalated
in CDRT or AMDP treated group in HCAECs. Upper panel showed the RAGE expression according to AGE and CDRT or AMDP, lower panel
showed relative RAGE expression ratio. Results are shown as mean + SD. (n = 5) *p < 0.05 versus AGE (4+) & CDRT (—) or AMDP (—).
b The aortic RAGE expression decreased significantly in the CDRT or AMDP treated group compared to the control group. Upper panel showed
Immunohistochemical stain for RAGE protein expression, lower panel showed analysis of relative intensity in IHC stain of OLETF rats. (n = 8
different rats) *p < 0.05 versus control. ¢ RT PCR for RAGE m-RNA expression in the aortic wall of OLETF rats. (n = 8 different rats)
*p < 0.05 versus control
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Both CDRT and AMDP decrease total

and mitochondrial ROSs in HCAECs and prevent
excessive vascular formation of ROS by inhibiting
NADPH oxidase activity in the OLETF rats

In HCAECs, AGE increased ROS production. However,
in vitro analysis of HCAECs treated CDRT & AMDP
groups revealed a reduced abundance of ROS production
compared with the AGE_BSA group (Fig. 2a). Specifi-
cally, immunofluorescence staining of mitochondrial ROS
production revealed reduced fluorescence in the CDRT &

Fig. 2 Total and mitochondrial
ROS expressions in the
HCAECs. a Total ROS in
HCAECs. HCAECs were
incubated with 100 pg/ml non-
glycated BSA (control), H,O,
or 100 pg/ml AGE-BSA. And
HCAECs were incubated with
100 pg/ml AGE-BSA in the
presence or absence of CDRT or
AMDP at 100 nM (+), 1 M
(++), and 10 pM (+++). All
doses of CDRT and AMDP
treated group showed
significantly reduced total ROS
compared to AGE-BSA group.
(n =5). *p < 0.05 versus
AGE-BSA group.

b Mitochondrial ROS in
HCAECGCs, upper panel showed
control group (incubated with
100 pg/ml AGE-BSA), middle
panel showed CRDT treated
group (100 nM, coincubated
with 100 pg/ml AGE-BSA),
lower panel AMDP group

(100 nM, coincubated with B)
100 pg/ml AGE-BSA).
Immunofluorescence stain of
mitochondrial ROS production
showed reduced fluorescence
signal in CDRT or AMDP
treated group compared to
control group

(A) 41

Relative ROS

control H202

Control

CDRT

AMDP
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AMDP groups (Fig. 2b). Furthermore, we performed
in vivo studies to evaluate whether the effect of CDRT
and AMDP in OLETF rats is associated with a reduced
vascular pro-oxidant response as assessed using the redox-
sensitive fluorescent probe dihydroethidine (DHE). In the
control group, a marked fluorescence signal throughout
the entire aortic wall was observed, whereas intake of
CDRT and AMDP significantly reduced the fluorescent
signal in OLETF groups (Fig. 3). In addition, low fluo-
rescent signals for p22phox and p47phox (green fluores-
cence) were detected throughout the aortic wall in the

AGE_BSA + ++ +++ + ++ +++

CDRT AMDP
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Fig. 3 The vascular formation of reactive oxygen species in the aorta of OLEFT rats. Upper panel showed the oxidative fluorescent dye
dihydroethidine (DHE) staining, lower panel showed analysis of relative intensity in DHE stain in the OLETF rats. A marked fluorescence signal
throughout the entire aortic wall was observed, whereas only a slight signal was observed in CDRT or AMDP treated groups. DHE intensity
graph showed that both drugs significantly reduced the DHE intensity. (n = 8 different rats) *p < 0.05 versus control

CDRT & AMDP group compared with the control group
(Fig. 4a, b).

Only CDRT significantly reduce expression
of pERK1/2 in the HCAECs and aortic walls
of OLETF rats

To determine whether ERK1/2 signaling pathway was
activated or suppressed by CDRT or AMDP, the extent of
ERK1/2 phosphorylation was measured by Western blot. In
HCAEC, AGE stimulated endothelial pERK1/2 protein
expression. The endothelial expression of pERK 1/2 sig-
nificantly decreased as the dose of CDRT was titrated
100 nM in the AGE-stimulated HCAECs compared with
the AGE-stimulated HCAECs without drug. However, the
endothelial expression of pERK 1/2 did not significantly
decrease as the dose of AMDP was titrated 100 nM in the
AGE-stimulated HCAECs compared with the AGE-stim-
ulated HCAECs without drug (Fig. 5a). Treatment with
CDRT suppressed enhancement of ERK 1/2 phosphoryla-
tion while pERK 1/2 expression was not significantly
decreased in the AMDP group compared with the control

group in the aortic walls of the OLETF rats (Fig. 5b). Both
CDRT and AMDP decrease RAGE expression in the aortic
walls of the OLETF rats.

Discussion

In the present study, we demonstrated for the first time the
ability of CDRT and AMDP to inhibit the expression of
RAGE in the aortic walls of OLETF rats in vivo and AGE-
stimulated HCAECs in vitro simultaneously. We assessed
the effects of CDRT and AMDP on markers for RAGE in
OLETF rats (a model for T2D) and AGE treated HCAECs
(endothelial cell). We showed that both CDRT and AMDP
significantly downregulate the markers for RAGE (total
and mitochondrial ROS and NADPH oxidase subunits
(p22phox & p47phox)) in the aortic wall of the OLETF rats
as well as in AGE-treated endothelial cells. Moreover we
demonstrated that the downregulation was associated with
a decrease in phospho-ERK1/2. However only CDRT was
found to significantly suppress phosphorylation of ERK1/2
in contrast to AMDP.
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Control p22phox

--

CDRT

AMDP

Fig. 4 NADPH oxidase expression in the aorta of OLEFT rats. Expression of NADPH oxidase subunit (p22P"°* or p47°"°%) using a purified
polyclonal antibody and a fluorescence-tagged secondary antibody by confocal microscopy in the aortic wall of OLETF rats. Left, middle and
right figures represent p22P"* or p47P"°* immunoreactivity (red), cell nuclei (blue) and merged images, respectively. Upper panels show
Immunofluorescence labeling of p22P™* or p47°"* in control group, middle panels in CDRT-treated group, lower panels in AMDP-treated
group, middle and lower panels show decreased immunofluorescence labeling of p22P"* or p47P"°* rather than control group. a p22P"°%,

b p 47ph0x

The OLETF rat is a distinct model of T2D and has
several unique characteristics such as late onset of hyper-
glycemia, hyperinsulinemia, and obesity (Ihm et al. 2009,
2010). Considering the fact that diabetes is a major public
health issue due to its increasing prevalence and the
severity of its secondary vascular complications, OLETF
rats are regarded as an important animal model in the
understanding of human T2D (Ihm et al. 2009, 2010).
Especially we chose 25 week old OLEFT rats, because that
age of OLETF rats have overt diabetes with obesity and
hypertension. We recently showed that RAGE proteins are
expressed at significantly higher levels in endothelial cells
of OLETF rats compared with a nondiabetic control animal
model (IThm et al. 2010). Likewise, in the present study, we
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demonstrated increased RAGE expression in the aortic
wall of untreated OLETF rats, and decreased expression of
RAGE at both the mRNA and protein level in CDRT and
AMDP treated OLETF rats.

HCAECs are the preferred model for studies related to
coronary atherosclerotic disease in humans because of
differences in production of angiotensin-converting
enzymes and response to cytokine stimulation compared to
veins (Miller et al. 2001; Goldin et al. 2006; Morita et al.
2013). Indeed, previous studies have demonstrated that
AGEs stimulate ROS production in human aortic wall
endothelial cells (HAoEC) (Morita et al. 2013). Similarly,
Yamagishi and Takeuchi (2004) reported that nifedipine
downregulates RAGE mRNA expression in AGE-induced
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Control

CDRT

AMDP

Fig. 4 continued

human umbilical vein endothelial cells (HUVECS) in vitro.
However, it is not yet to be demonstrated the AGE-RAGE
interactions and subsequent responses to therapeutic
intervention in the human coronary artery endothelial cells.
In the present study, treatment of HCAECs with AGE
increased RAGE expression which was decreased after
treatment with either CDRT or AMDP.

AGEs contribute to the progression of a variety of
vascular diabetic complications via increased ROS pro-
duction (Goldin et al. 2006; Barlovic et al. 2011; Yamag-
ishi et al. 2012; Morita et al. 2013). Specifically, AGEs are
capable of activating multiple signal transduction pathways
through AGE-RAGE axis, including NADPH oxidase and
mitogenic pathways involving protein kinase ERK1/2 (Li
et al. 2004; Coughlan et al. 2009; Li et al. 2012; Morita
et al. 2013). AGE-RAGE interaction can increase the

p47phox

activity of NADPH oxidase and evoke the generation of
oxidative stress in numerous cell types (Yamagishi et al.
2008b; Barlovic et al. 2011; Yamagishi et al. 2012). In
addition, the AGE-RAGE interaction paradigm in
endothelial cells has been reported to stimulate the mito-
chondrial electron transport system (Bierhaus et al. 2001;
Coughlan et al. 2009; Barlovic et al. 2011; Morita et al.
2013). Thus, overproduction of ROS by NADPH oxidases
induces mitochondrial oxidative damage and disturbs the
electron transport chain, resulting in enhanced ROS pro-
duction (Nakamura et al. 2005; Ray and Shah 2005;
Yamagishi et al. 2008a; Matsui et al. 2009, 2010; Schramm
et al. 2012). Binding of AGEs to RAGE can also trigger
activation of NF-kB through stimulation of NADPH oxi-
dase and ERK1/2 MAP kinase pathways in various type of
cells (Li et al. 2004; Yamagishi et al. 2008b; Barlovic et al.
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Fig. 5 Phosphorylated ERK
172 (pERK 1/2) expression in
the AGE stimulated HCAECs
and aortic walls of diabetic rats.
The pERK 1/2 expression
measured by Western blotting
was significantly lower in the
CDRT group compared with the
control group in vitro, whereas
there was no significant change
between the control and AMDP
group (a). Activation of ERK
1/2 in isolated aortic ring from
control, CDRT- and AMDP
treated OLETF rats. Upper
panel showed representative
immunoblots of pERK 1/2 and
total ERK 1/2 proteins. Lower
panel showed densinometric
analysis of ERK 1/2
phosphorylation. Data are
expressed the phosphorylated:
total ERK 1/2 protein ratios.
Results are shown as

mean + SD of 8 different rats.
*p < 0.05 versus control

group (b)
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2011). Interestingly, AGE-RAGE interactions have been
reported to cause a positive feed-forward loop, in which
inflammatory stimuli activates NF-xB, which in turn
induces RAGE expression and reinforces NF-kB activation
(Bierhaus et al. 2001; Li et al. 2004; Barlovic et al. 2011).
In present study, we showed that CDRT and AMDP
decrease ROS and NADPH oxidase expression in aortic
walls of OLETF rats. In addition, both drugs reduce both
total and mitochondrial ROS production in AGE treated
HCAECs simultaneously. These findings have been
reported in previous studies indicating that RAGE
expression and ROS generation can be suppressed by
treatment with ARBs in human renal tubular epithelial
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cells, human adult skin microvascular endothelial cells, and
human mesangial cells in vitro (Miyata et al. 2002;
Nakamura et al. 2005; Yamagishi et al. 2008a; Matsui et al.
2010). Likewise, AMDP has been demonstrated to
decrease NADPH oxidase expression in intramyocardial
arteries by restoring copper/zinc containing superoxide
dismutase (Cu/Zn SOD) expression in stroke-prone spon-
taneously hypertensive rats (SPSHR) model in vivo
(Umemoto et al. 2004).

AGE-RAGE interactions are capable of activating the
ERK1/2 MAP kinase pathway (Li et al. 2004). As such, it
is important to note that ERK1/2 activation induces altered
vascular function, which in turn accelerates the progression
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of atherosclerosis in diabetic human patients as well as
animal models (Brownlee 2001; Thm et al. 2009; Li et al.
2012). Similarly, AGEs can upregulate key components of
the renin-angiotensin system (RAS) in the vasculature,
which can be inhibited by specific inhibitors (Yamagishi
et al. 2008b; Barlovic et al. 2011). Likewise, recent studies
have shown that ARB suppresses ERK-1 protein expres-
sion in a spontaneously hypertensive rat (SHR) model
(Wang et al. 2004). The results of the present study
revealed that pERK1/2 expression can be altered by the
presence of AGEs in the HCAECsS, and that CDRTs, unlike
AMDPs, can significantly reduce the function of pERK1/2
in the aortic wall of OLETF rats. Therefore, while AGE-
RAGE interactions may induce up-regulation of the ERK1/
2 pathways, this effect can be significantly blocked only by
CDRTs, but not AMDPs.

Both drugs lowered post-prandial 30 min blood glucose
levels and CDRT lowered fasting and postprandial 1 h
blood glucose levels. There are reciprocal relationships
between endothelial dysfunction and insulin resistance
(Kim et al. 2006). Therefore the improvements in
endothelial dysfunction would be accompanied by simul-
taneous improvement in metabolic parameters. In general,
ACE inhibitors, ARBs and CCBs improve endothelial
dysfunction (Koh et al. 2010). Furthermore CDRT have
direct effects to augment insulin-stimulated glucose uptake
and induce peroxisome proliferator-activated receptor
(PPAR)-7 activity (Sharma et al. 2002; Schupp et al. 2004).
Therefore we suggested that CDRT may affect glucose
metabolism by improving insulin resistance and PPAR-r
activity. On the other hand, AMDP does not improve
insulin sensitivity in some studies, but AMDP improves
insulin resistance and adiponectin levels in other studies
(Koh et al. 2010). So we concluded here that AMDP may
have a minor effect on glucose metabolism by those
mechanisms.

The strength of our study was the parallel experimental
approach to address our goal using a rat model of type 2
diabetes (in vivo) and human coronary endothelial cells
(in vitro). However there are some limitations to the pre-
sent study. First, although CDRT reduced RAGE expres-
sion through its known anti-atherogenic properties, the
relationship among NADPH oxidase, ERK1/2 pathway-
related proteins, and NF-kB remains unclear. For this
reason, we did not provide an exact mechanism of how
CDRT exerts its anti-atherogenic properties in either
HCAEC: or in aortic walls of OLETF rats. We suggest that
CDRT may suppress NF-xB by down-regulating expres-
sion of ERK1/2 pathway, NADPH oxidase and subse-
quently modulating oxidative stress to attenuate the
expression of RAGE. Therefore further studies including
in vitro will be needed for evaluation of exact mechanism.
Second, we did not measure plasma insulin and other lipid

levels, because we focused on the effects of antihyperten-
sive drugs on RAGE and oxidative stress. In general, ACE
inhibitors, ARBs and CCBs improve endothelial dysfunc-
tion and insulin resistance. Therefor we inferred that CDRT
and AMDP could affect insulin and lipid metabolism.

In conclusion, CDRT may reduce aortic expression of
RAGE via suppression of aortic wall oxidative stress and
the ERK1/2 signaling pathway. Likewise, AMDP may
reduce aortic RAGE via suppression of aortic wall oxida-
tive stress, but not the ERK1/2 pathway. Together, these
results suggest that both CDRT and AMDP may have anti-
atherosclerotic effects relevant to diabetes through differ-
ent pathways.
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