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Many studies have aimed to identify anti-atherogenic agents in cardiovascular medicine.  We have recently 
demonstrated that the combination therapy with olmesartan (OLM), an angiotensin II receptor blocker, and 
azelnidipine (AZL), a dihydroprydine calcium-channel blocker, improves endothelial function in diabetic 
Apolipoprotein-deficient (ApoE−/−) mice.  In the present study, we examined whether this combination 
therapy also inhibits atherosclerosis in mice.  We used male control and streptozocin-induced diabetic 
ApoE−/− mice.  Diabetic ApoE−/− mice were orally treated for 5 weeks with vehicle (Untreated), OLM (30 mg/
kg/day), AZL (10 mg/kg/day), their combination (OLM+AZL), or hydralazine (HYD, 5 mg/kg/day) as an 
antihypertensive control.  At 5 weeks, systolic blood pressure was significantly elevated in Untreated but 
was normalized in OLM+AZL and HYD.  The atherosclerosis area in the thoracic aorta, perivascular fibrosis 
and medial thickness of the coronary arteries were increased in Untreated and were ameliorated in 
OLM+AZL but not in HYD.  Staining with a fluorescent probe dihydroethidium showed that production of 
reactive oxygen species was increased in Untreated, and ameliorated in OLM+AZL.  Consistent with these 
findings, macrophage infiltration in the kidney and the expression of receptor for advanced glycation 
end-products in the heart, kidney and liver were increased in Untreated and were all ameliorated in 
OLM+AZL, associated with up-regulation of endothelial NO syntheses (eNOS).  In conclusion, the 
combination therapy with OLM and AZL exerts anti-atherogenic effect in diabetic ApoE−/− mice through 
suppression of oxidative stress and activation of eNOS, independent of its blood pressure-lowering effects.  
Clinically, this combination therapy may be useful for patients with hypertension, hyperlipidemia and 
diabetes.
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Endothelial dysfunction is one of the important mecha-
nisms of atherosclerosis, for which reactive oxygen species 
(ROS) play a major role (Shimokawa 1999; Kawashima 
and Yokoyama 2004; Vanhoutte 2009).  Atherosclerosis is a 
chronic inflammatory disease of the vascular wall, where 
pro-inflammatory cytokines are up-regulated and macro-
phages are activated with a resultant foam cell formation 
and ROS production (Libby et al. 2010).  While many stud-
ies have been performed to identify anti-atherogenic agents, 
olmesartan (OLM), an angiotensin type 1 receptor (AT1R) 
blocker, has been found to decrease the expression of 
monocyte chemoattractant protein-1 (MCP-1), one of the 
major pro-inflammatory cytokines in animals (Jinno et al. 
2004; Sukumaran et al. 2011) and humans (Fliser et al. 
2004).  On the other hand, we found the anti-atherogenic 
effect of azelnidipine (AZL), a dihydropyridine calcium 

channel blocker with potent and long-acting blood pressure 
lowering effects without changing heart rate (Nakano et al. 
2008).  Indeed, we have previously demonstrated that the 
combination therapy with OLM and AZL markedly improve 
endothelium-dependent vasodilation via activation of the 
endothelial Akt-endothelial NO synthase (NOS) pathway in 
diabetic ApoE-deficient (ApoE−/−) mice (Hosoya et al. 
2010).

In diabetic state, advanced glycation end-products 
(AGEs) and its receptor, RAGE, are increased (Schmidt et 
al. 1999).  This up-regulation of the AGEs-RAGE axis acti-
vates NADPH oxidase with a resultant ROS generation 
(Wautier et al. 2001) and atherosclerosis progression 
(Schmidt et al.  1999).  It has been reported that some ARBs 
(including OLM) (Fujita et al. 2006) and nifedipine (a dihy-
dropyridine CCB) reduce RAGE expression (Matsui et al. 
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2009).  Furthermore, it was recently reported that the com-
bination therapy with OLM and AZL reduces ROS produc-
tion via suppression of p22phox and p47phox expression and 
NADPH oxidase activity (Suzuki et al. 2005).

Renal failure is one of the important risk factors of 
cardiovascular diseases (Iwanaga and Miyazaki 2010).  
Because arteriosclerosis in the kidney, which could be 
caused by diabetes mellitus and dyslipidemia, induces isch-
emia and enhances fibrosis in the kidney (Lerman et al. 
2009), it is important to protect renal function when treating 
life-style diseases, such as diabetes mellitus, dyslipidemia 
and hypertension.  Similarly, liver fibrosis is also associated 
with life-style diseases, such as non- alcoholic steatohepati-
tis (NASH) and metabolic syndrome (Perseghin 2010).

In the present study, we thus examined whether the 
combination therapy with OLM and AZL exerts anti-ath-
erogenic effects in diabetic ApoE−/− mice in the heart, kid-
ney and liver, and if so, what mechanisms are involved.

Methods
Animal Preparation

The present study was approved by the Research Committee of 
Tohoku University Graduate School of Medicine.  We used male 
C57Bl/6N (control) and ApoE−/− mice of 8-week-old, which were 
backcrossed to C57Bl/6 at least 10 times.  They were fed a regular 
chow (Labo MR Stock, Nosan Corporation, Yokohama, Japan) 
throughout the experiment.  The ApoE−/− mice were made diabetic by 
3 consecutive intraperitoneal injections of streptozocin (STZ) dis-
solved in citrate buffer, for a total cumulative dose of 210 mg/kg (85, 
70 and 55 mg/kg on days 1, 2 and 3, respectively), while fasting 
(Kennedy and Zochodne 2000; How et al. 2006; Hosoya et al. 2010).  
Control mice received 3 consecutive intraperitoneal injections of the 
citrate buffer alone.  Hyperglycemia was verified in a blood sample 
taken from a tail vein at 2 weeks after STZ injection, where fasting 
glucose levels more than 300 mg/dl were defined as diabetes 
(Morikawa et al. 2005).  The whole-blood glucose test was carried 
out using Glutest-ace R (Sanwa Kagaku Kenkyusho Co, Nagoya, 
Japan).

The diabetic ApoE−/− mice were orally administered either vehi-
cle (Untreated), olmesartan (OLM, 30 mg/kg/day), azelnidipine 
(AZL, 10 mg/kg/day), their combination (OLM+AZL) or a vasodila-
tor agent, hydralazine (HYD, 5 mg/kg/day), as an antihypertensive 
control, in their drinking water for the subsequent 5 weeks (Hosoya et 
al. 2010).  OLM and AZL were suspended in carboxymethyl cellulose 
solution (WAKO).  At the end of each treatment, body weight (BW) 
and systolic blood pressure (SBP, tail-cuff method) were measured. 
The animals were then anesthetized with intraperitoneal pentobarbital 
(50 mg/kg) and the animals were humanely killed.

Drugs
STZ and HYD were obtained from Sigma Chemical Co (St 

Louis, MO, USA).  OLM and AZL were provided by Daiichi-Sankyo 
Pharmaceutical Co (Tokyo, Japan).

Western Blot Analysis
Western blot analyses were performed using antibodies that 

specifically recognize proteins, including eNOS, phospho-eNOS at 
Ser1177 (p-eNOS) and RAGE (Takaki et al. 2008; Tsoporis et al. 

2010).  The extent of eNOS phosphorylation at Ser1177 represents 
the eNOS activity (Bauer et al. 2003; Dudzinski and Michel 2007).  
The heart, kidneys and liver were homogenized and the proteins were 
extracted.  The same amount of extracted protein (10~20 μg) was 
loaded for sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) immunoblot analysis.  The regions containing pro-
teins were visualized using ECL Plus Western blotting detection sys-
tem (Amasham Biosciences, Buckinghamshire, UK).  Each band was 
normalized by corresponding value of β-actin (Hosoya et al. 2010) or 
actin (Wang et al. 2011) as an internal control.

Histological and Immunohistochemical Analysis
Mice were anesthetized with an intraperitoneal injection of pen-

tobarbital (50 mg/kg).  The systemic circulatory system was perfused 
with Krebs buffer containing Na+ 144, K+ 5.9, Mg2+ 1.2, Ca2+ 2.5, 
H2PO4

− 1.2, HCO3
− 24, Cl− 129.7, and glucose 5.5 (mmol/L) via the 

left ventricle.  Then, the aortic arch and the thoracic aorta were cut 
into 10 mm length from the top of the aortic arch, opened longitudi-
nally, and were stained with Oil Red O.  As a parameter of aortic ath-
erosclerosis, the percentage of the plaque area stained by Oil Red O 
to the total luminal surface area was determined (Nakano et al. 2010).  
Histological studies were performed for determination of cardiomyo-
cyte cross-sectional area, medial thickness (the ratio of medial thick-
ness to internal diameter), perivascular fibrosis (the ratio of the fibro-
sis area surrounding the vessel to the total vessel area) and fibrosis 
area of the kidneys and liver (the ratio of fibrosis area to cross-sec-
tional area), as previously reported (Lumeng et al. 2007; Rashid et al. 
2009; Gandhi et al. 2012).  The heart, kidneys and liver were fixed for 
24-30 hours at room temperature in 4% PFA (paraformaldehyde) 
(Sigma Chemical Co) and embedded in paraffin.  The sections were 
mounted on glass slides and depleted of paraffin with xylene.  After 
blocking of endogenous biotin and avidin binding sites, sections were 
subjected to immunohistochemical staining overnight at 4°C with an 
anti-F4/80 monoclonal antibody (Abcam) (Nakajima et al. 2012).  
Immune complexes were detected with biotinylated secondary anti-
bodies, HRP (horseradish peroxidase)-conjugated streptavidin and the 
peroxidase substrate diaminobenzidine.  After staining with hematox-
ylin and eosin, mounting solution and cover slips were added to the 
sections.  Slides were observed with a light microscope.  All images 
were captured with an Olympus microscope equipped with a video 
camera (DP70, Tokyo, Japan) and analyzed using Adobe Photoshop.

Oxidative Fluorescent Microphotography
The heart, kidneys and liver were embedded in OCT without 

fixation, and immediately frozen by dry ice, then stored at −80°C.  
Each tissue was sectioned at 10-μm thickness and stained using fluo-
rescent probe dihydroethidium (DHE; Molecular Probes, Oregon, 
USA) as previously described (Yagi et al. 2010).

Statistical Analysis
Results are expressed as mean ± SEM.  Changes in BW, SBP 

and the plasma levels of glucose were analyzed by one-way ANOVA 
followed by Bonferroni/Dunn’s post-hoc test for multiple compari-
sons.  P < 0.05 was considered to be statistically significant.

Results
Body Weight and Systolic Blood Pressure

At 5 weeks after the treatment, body weight was sig-
nificantly decreased in all ApoE−/− mice groups compared 
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with Control.  In contrast, systolic blood pressure was sig-
nificantly increased in Untreated, which was significantly 
suppressed in OLM, HYD and OLM+AZL, to the same 
extent compared with Control (Table 1).  The tissue weights 
of the heart, kidney and liver were comparable among the 
diabetic ApoE−/− mice groups (Table 1).

Effects of the Drug Treatments on Atherosclerosis
Oil Red O staining demonstrated that the extent of aor-

tic atherosclerosis was significantly increased in Untreated 
compared with Control, but was significantly suppressed in 
OLM and further suppressed in OLM+AZL (Fig. 1).  
Importantly, no significant suppression was detected in AZL 
or HYD.  Atherosclerosis area in OLM+AZL was signifi-
cantly decreased compared with that in AZL or HYD (Fig. 

Table 1.  Characteristics of the 6 Treatment Groups.

Control
(n = 6)

Untreated
(n = 6)

OLM
(n = 6)

AZL
(n = 6)

HYD
(n = 6)

OLM+AZL
(n = 6)

Body weight (g)
29.4 ± 0.6 20.7 ± 0.9* 22.7 ± 0.7* 20.9 ± 1.4* 21.0 ± 0.7* 23.4 ± 1.2*

Systolic blood pressure (mmHg)
109 ± 3 124 ± 2* 112 ± 5† 119 ± 6 113 ± 6† 108 ± 4†

Fasting glucose (mg/dl)
90 ± 6 477 ± 35* 470 ± 67* 417 ± 22* 439 ± 37* 402 ± 32*

Heart weight / Body weight
  4.45 ± 0.04   4.62 ± 0.09*   4.59 ± 0.21*   4.56 ± 0.14*   4.58 ± 0.18*   4.55 ± 0.19*

Kidney weight / Body weight
12.6 ± 0.3 17.1 ± 0.7*    14.8 ± 0.57*†   15.9 ± 0.89* 18.7 ± 1.4* 15.2 ± 1.3*

Liver weight / Body weight
48.0 ± 0.9 67.9 ± 1.2* 62.9 ± 1.9* 63.0 ± 2.9* 64.4 ± 2.1* 68.0 ± 2.0*

Results are expressed as mean ± SEM.  *P < 0.05 vs. Control, †P < 0.05 vs. Untreated.
Untreated, OLM, AZL, HYD, OLM+AZL; diabetic ApoE–/– mice treated with OLM, AZL, HYD, and OLM plus AZL, respectively.

Fig. 1.  Oil Red O staining of aortic arch and thoracic aorta.
	 (A) Representative photographs of Oil Red O staining of the aorta.  Control, normal mice; Untreated, vehicle-treated di-

abetic ApoE−/− mice; AZL, AZL-treated diabetic ApoE−/− mice; OLM, OLM-treated diabetic ApoE−/− mice; HYD, HYD-
treated diabetic ApoE−/− mice; and OLM+AZL, diabetic ApoE−/− mice treated with AZL plus OLM.  (B) Oil Red O posi-
tive area was significantly increased in Untreated compared with Control, but was normalized in OLM and OLM+AZL.  
Results are mean ± SEM (n = 5 each).  *P < 0.01 vs. Control, †P < 0.05 vs. Untreated, #P < 0.05 vs. OLM+AZL.
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1).

Effects of the Drug Treatments on the Coronary Artery and 
Cardiomyocyte

Compared with Control, the extent of perivascular 
fibrosis of the coronary artery was significantly increased in 
Untreated, but was significantly suppressed in OLM and 
OLM+AZL (Fig. 2A, B).  In contrast, no significant sup-
pression was detected in AZL or HYD.  Furthermore, the 
extent of medial thickening of the coronary artery was sig-
nificantly increased in Untreated compared with Control, 
not significantly suppressed in OLM, AZL or HYD, but was 
significantly suppressed in OLM+AZL (Fig. 2C).  We next 
evaluated cardiomyocyte hypertrophy as it is linked to car-
diac hypertrophy (Rashid et al. 2009).  The extent of car-
diomyocyte cross-sectional area was also increased in 
Untreated and was significantly suppressed only in 
OLM+AZL, whereas systolic blood pressure was unaltered 
(Fig. 2D, E).

Effects of the Drug Treatments on Parenchymal Organ 
Damage

To evaluate the effect of the drug treatments on the 
kidney and liver, we analyzed the extent of fibrosis area.  In 
the kidney, the fibrosis area was increased in Untreated 
compared with Control and was improved in OLM and 
OLM+AZL, but not in HYD despite the same blood pres-
sure level (Fig. 2F, G).  In the liver, the fibrosis area was 
significantly increased in Untreated compared with Control 
and was improved only in OLM+AZL (Fig. 2F, H).

Oxidative Stress
Because ROS was one of the major causes of athero-

sclerosis, we next evaluated the oxidative stress in each 
group.  In the heart, kidney and liver, DHE staining showed 
that ROS production was significantly increased in 
Untreated compared with Control, but was significantly 
suppressed in OLM and OLM+AZL.  In the kidney and 
liver, ROS production was also significantly inhibited in 
AZL, but not in HYD (Fig. 3A, B).

Macrophage Infiltration
In order to identify the source of ROS production, we 

examined macrophage infiltration by F4/80 staining as a 
marker of matured macrophages (Weisberg et al. 2003).  In 
the kidney, the number of F4/80-positive cells was mark-
edly increased in Untreated compared with Control, but was 
significantly suppressed in OLM and AZL, and was further 
suppressed in OLM+AZL (Fig. 4A, B).  In the aorta, the 
number of F4/80 positive cells was markedly increased as 
in the kidney, but was significantly decreased to the same 
extent in OLM, AZL and OLM+AZL (Fig. 4A, C).  In the 
liver, the infiltration of F4/80-positive cells was observed 
only in Untreated (data not shown).  On the other hand, 
macrophages were not noted in the heart in any groups (data 
not shown).

RAGE Expression
In order to further identify other source of ROS pro-

duction, we examined RAGE expression that is related to 
ROS production (Wautier et al. 2001).  In all the organs 
examined (the heart, kidneys and liver), RAGE expression 
was significantly increased in Untreated compared with 
Control, and was significantly suppressed in AZL and 
OLM+AZL (Fig. 5A, B).

Expression and Activity of eNOS
As compared with Untreated, the expression of total 

eNOS protein was significantly increased in the kidneys 
and liver (but not in the hearts) in OLM+AZL (Fig. 6A, B).  
In contrast, the extent of eNOS phosphorylation, a marker 
of eNOS activation, was significantly increased in the heart 
(but not in the kidney or liver) in OLM+AZL as compared 
with Untreated (Fig. 6C, D).

Discussion
The novel finding of the present study is that the com-

bination therapy with OLM and AZL exerts anti-athero-
genic effects compared to each mono-therapy in diabetic 
ApoE−/− mice through reduction of ROS production via at 
least 3 different effects: the increase in eNOS expression 
and activity, the decrease in RAGE expression, and the 
inhibition of macrophage infiltration (Fig. 7).  On the other 
hand, reduced ROS production may also increase NO avail-
ability, decrease RAGE, and inhibit macrophage infiltration.  
Since HYD, which caused a similar extent of blood pres-
sure-lowering effect as did OLM+AZL, failed to suppress 
the progression of atherosclerosis, the beneficial effects of 
the combination therapy with OLM and AZL appear to be 
independent of its blood pressure-lowering effects.

Pharmacological characteristic of OLM, AZL and HYD
OLM is a specific AT1 receptor antagonist character-

ized by its strong and long-acting blood pressure lowering 
effects (Mire et al. 2005).  AZL is a dihydropyridine cal-
cium channel blocker with potent and long-acting blood 
pressure lowering effects without changing heart rate 
(Kuramoto et al. 2003).  HYD is a vasodilator agent with 
only a few pleiotropic effects besides blood pressure lower-
ing effects (Kandler et al. 2011).  This is why we used HYD 
as a control anti-hypertensive agent in the present study.  
We have previously demonstrated that the combination 
therapy with OLM plus AZL ameliorates endothelial func-
tion (Hosoya et al. 2010); however, it remains to be exam-
ined whether this combination therapy also suppresses ath-
erosclerosis and parenchymal tissue damage such in the 
kidney and the liver.  In the present study, we addressed this 
important point.

It has been reported that some ARBs, including OLM, 
improve endothelial function and reduce the expression of 
RAGE and pro-inflammatory cytokines (e.g. MCP-1) 
(Matsui et al. 2007).  This suggests that the beneficial 
effects of OLM noted in the present study are class effects 
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Fig. 2.  Histological analysis of coronary arteries and cardiomyocytes.
	 (A) Representative microphotographs of the coronary arteries (Masson’s trichrome staining) in the 6 treatment groups.  

See Figure 1 for the 6 treatment groups.  Scale bar = 50 μm.  (B) The perivascular fibrosis of the coronary arteries was 
significantly increased in Untreated compared with Control, but ameliorated in OLM and OLM+AZL.  (C) Medial 
thickening of coronary artery was increased in Untreated compared with Control, and ameliorated only in OLM+AZL.  
(D) Representative microphotographs of cardiomyocytes (H&E) in the 6 treatment groups.  Scale bar = 50 μm.  (E) 
Compared with Control, cross-sectional area of cardiomyocyte was increased in Untreated but was ameliorated in 
OLM+AZL.  (F) Representative microphotographs of the kidney and liver (Masson’s trichrome staining) in the 6 treat-
ment groups.  Scale bar = 50 μm.  (G) Fibrosis area was corrected by cross-sectional area of the kidney.  Fibrosis area 
was significantly increased in Untreated and HYD and ameliorated in OLM and OLM+AZL.  (H) Fibrosis area of the 
liver was increased in Untreated compared with Control, and was ameliorated only in OLM+AZL.  Results are mean ± 
SEM (n = 6 each).  *P < 0.05 vs. Control, †P < 0.05 vs. Untreated.
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Fig. 3.  DHE staining of the heart, kidney and liver.
	 (A) Representative DHE staining of the heart, kidney and liver in the 6 treatment groups.  Unfixed frozen tissues were 

cut in 10-µm thickness, and were then dyed using fluorescent probe dihydroethidium (0.5 μM).  (B) Superoxide produc-
tion in the heart, kidney and liver.  As compared with Control, the ROS production was increased in Untreated, and was 
markedly ameliorated by the OLM+AZL treatment.  Results are expressed as mean ± SEM (n = 4 each), *P < 0.05 vs. 
Control, †P < 0.05 vs. Untreated.

Fig. 4.  Immunohistostaining for F4/80, a specific marker for mature macrophages, in the kidney and aorta.
	 (A) Representative immunohistostaining for F4/80 of the kidney and aorta in the 6 treatment groups.  Scale bar = 50 

μm.  (B) In the kidney, the number of F4/80-positive macrophages was markedly increased in Untreated compared with 
Control, and was significantly ameliorated in OLM, AZL and was further ameliorated by OLM+AZL.  (C) In the aorta, 
the number of F4/80-positive cells was markedly increased in Untreated compared with Control, and was significantly 
decreased in OLM, AZL and OLM+AZL.  Results are expressed as mean ± SEM (n = 6 each), *P < 0.05 vs. Control, †P 
< 0.05 vs. Untreated.
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of ARBs.  On the other hands, nifedipine, another dihydro-
pyridine CCB, has previously been reported to maintain 
endothelial function (Luscher et al. 2009) and exert anti-
atherogenic and anti-inflammatory effects (Matsui et al. 
2009).  This also suggests that the beneficial effects of AZL 
noted in the present study are also class effects of dihydrop-
ilidine CCBs.

Anti-atherogenic Effects of OLM plus AZL
OLM and AZL are new ARB and CCB with more 

potent vasodilator effects compared to other drugs in the 
same class (Kuramoto et al. 2003; Mire et al. 2005; Kojima 
et al. 2011).  Furthermore, we have previously demon-
strated that their combination ameliorate endothelial func-
tion to a greater extent than each monotherapy in ApoE−/− 
mice (Hosoya et al. 2010); however, it remains to be 
examined whether this combination therapy also suppresses 
atherosclerosis and parenchymal tissue damage such in the 
kidney and the liver.  In the present study, we addressed this 
important point.  It is well known that enhanced ROS pro-
duction accelerates atherosclerosis and mono-therapy with 
an ARB or a CCB decrease ROS production in animal mod-
els (Tsuda et al. 2005; Yamamoto et al. 2008).  The present 
study further demonstrates that the combination therapy 
with OLM plus AZL exerts additive anti-atherogenic effects 
in diabetic ApoE−/− mice, which could explain, at least in 
part, the beneficial effects of this combination therapy in 

humans (Kojima et al. 2011).  The beneficial effects of the 
combination therapy were also noted in the heart (coronary 
artery and cardiomyocytes), kidney and liver compared 
with each mono-therapy, independent of blood pressure.  
Indeed, it has been previously reported that this combina-
tion therapy is more effective in reducing albuminuria and 
oxidative stress in hypertensive diabetic patients with CKD 
(Abe et al. 2011).  Thus, these lines of evidence support the 
beneficial effects of the combination therapy for the treat-
ment of atherosclerotic cardiovascular diseases.

Anti-oxidant Effects of OLM plus AZL
ROS play a major role in the pathogenesis of athero-

sclerosis and fibrosis of parenchymal organs, where acti-
vated macrophages generate ROS and cause interstitial 
fibrosis (Ricardo et al. 2008).  The present study demon-
strates that the combination therapy with OLM plus AZL 
markedly reduces ROS production.  It has been already 
reported that OLM and AZL decrease the expression of 
cytokines, such as MCP-1 and TNF-α, more than each 
mono-therapy (Inaba et al. 2009), which mechanism may 
be involved for the reduced macrophage infiltration in the 
present study.  In diabetic state, AGEs and its receptor, 
RAGE, are increased though pro-inflammatory cytokines 
such as TNF-α (Tanaka et al. 2000).  The activation of the 
AGEs-RAGE axis generates ROS through activation of 
NADPH oxidase (Wautier et al. 2001).  It has been reported 

Fig. 5.  Protein expression of Receptor for Advanced Glycation End-products (RAGE).
	 (A, B) The protein expressions of RAGE in the heart and kidney were increased in Untreated compared with Control, and was ame-

liorated in OLM+AZL.  Similarly, the protein expressions of RAGE in the liver were increased in Untreated compared with Control, 
and was ameliorated in AZL and OLM+AZL.  From the left, the order of the lanes was control, Untreated, OLM, AZL, HYD, and 
OLM+AZL.  Results are expressed as mean ± SEM (n = 5 each), *P < 0.05 vs. Control, †P < 0.05 vs. Untreated.



K. Noda et al.312

Fig. 6.  Protein expression and phosphorylation of eNOS.
	 (A, B) As compared with the Untreated, the expression of total eNOS protein in the kidney and liver were significantly 

higher in OLM+AZL.  (C, D) In contrast, the extent of eNOS phosphorylation in the heart, a marker of eNOS activa-
tion, was significantly increased in OLM+AZL as compared with the Untreated.  See Figure 1 for the 6 treatment 
groups.  Results are mean ± SEM (n = 5 each), *P < 0.05 vs. Control, †P < 0.05 vs. Untreated.
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that some ARBs (including OLM) (Yoshida et al. 2006; 
Yamagishi et al. 2008) and nifedipine, another dihydropyri-
dine CCB, also suppress the AGEs-RAGE expressions 
(Matsui et al. 2010).  It was previously reported that OLM 
reduces serum levels of the RAGE ligands, such as AGEs 
(Nangaku et al. 2003) and N-(epsilon)-carboxymethyl-
lysine (CML) (Honda et al. 2012), and that AZL also 
reduces AGEs (Nakamura et al. 2011). Indeed, it has been 
recently demonstrated that the combination therapy with 
OLM and AZL reduces ROS production through suppres-
sion of p22phox and p47phox expression and NADPH oxidase 
activity (Suzuki et al. 2005).  In the present study, we were 
able to demonstrate that AZL reduces RAGE expression 
and the combination therapy with OLM exerts additive 
effects, which may be involved in the beneficial effects of 
OLM plus AZL on ROS production in the present study.

Beneficial Effects of OLM plus AZL on Endothelial 
Function

NO produced by eNOS is a major substance that main-

tains endothelial functions, inhibiting leukocyte adhesion, 
vascular smooth muscle migration and proliferation, and 
platelet aggregation.  We have previously demonstrated that 
the eNOS system has diverse vasodilator functions for 
NO-generating system in large arteries and EDHF/H2O2-
generating system in microvessels (Takaki et al. 2008; 
Ohashi et al. 2012).  Cardiovascular risk factors, such as 
diabetes mellitus, hypertension and hyperlipidemia impair 
endothelial function and suppress eNOS activity, thus pro-
moting atherosclerosis and cardiovascular diseases 
(Shimokawa 1999; Vanhoutte 2009).  In the present study, 
we were able to demonstrate that the combination therapy 
with OLM plus AZL increases the expression and activity 
of eNOS in the heart, kidney and liver.

The crosstalk among ROS, RAGE and eNOS
Although the combination therapy with OLM plus 

AZL exerted anti-atheroenic effects via suppression of 
ROS, the detailed mechanism(s) remains to be elucidated.  
It is, however, conceivable that the combination therapy 
with OLM and AZL decreases ROS production probably 
through eNOS activation and inhibition of RAGE and mac-
rophage infiltration, while reduced ROS simultaneously 
increase NO availability, decrease RAGE and inhibit mac-
rophage infiltration via suppression of pro-inflammatory 
cytokines (Fig. 7) (Tanaka et al. 2000; Charo and Taubman 
2004).  NO scavenges superoxide and causes up-regulation 
of superoxide dismutase (SOD) expression (Shimokawa 
1999; Kawashima and Yokoyama 2004; Vanhoutte 2009).  
Thus, up-regulation of eNOS increases NO bioavailability, 
contributing to the maintenance of endothelial function   
and reduction of ROS.  Conversely, reduced ROS produc-
tion suppresses the RhoA/Rho-kinase signaling pathway 
(Knock and Ward 2011) that is known to decrease eNOS 
expression (Ming et al. 2002), thereby leading to eNOS up-
regulation.  Thus, the combination therapy is likely to 
inhibit the vicious cycle mentioned above.

Study Limitations
Several limitations should be mentioned for the pres-

ent study.  First, the present diabetic ApoE−/− mouse model 
is an extreme animal model of atherosclerosis and relatively 
higher doses of OLM and AZL were used as compared with 
the clinical setting.  Thus, the present findings remain to be 
confirmed in patients with diabetes and dyslipidemia in 
future studies with the clinical doses of the drugs.  Second, 
although we examined several factors related to oxidative 
stress, including ROS production, RAGE expression, mac-
rophage infiltration, and eNOS down-regulation, many 
other factors related to oxidative stress remain to be exam-
ined.  Third, it remains to be examined whether the benefi-
cial effects of the combination therapy with OLM and AZL 
actually ameliorates the long-term prognosis in diabetic 
ApoE−/− mice.  Fourth, we did not examine insulin secretion 
or insulin sensitivity in the present study in the present 
mouse model of type 1 diabetes mellitus.

Fig. 7.  Mechanisms for the beneficial effects of the combina-
tion therapy with OLM and AZL.

	 The combination therapy with OLM and AZL exerts at 
least 3 different effects, including increase in eNOS  
expression and activity and inhibition of RAGE expres-
sion and macrophage infiltration with a resultant decrease 
in ROS production.  Reduced ROS production may also 
increase NO availability, decrease RAGE and inhibit 
macrophage infiltration.  The arrowheads indicate stimu-
lation and the bar heads inhibition.
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Conclusion
The combination therapy with OLM plus AZL exerts 

anti-atherogenic effects compared to each mono-therapy in 
diabetic ApoE−/− mice probably via reduction of oxidative 
stress and eNOS up-regulation, independent of its blood 
pressure lowering effects.
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