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Introduction: Besides their blood pressure-lowering effects, olmesartan medoxomil and 

amlodipine besylate exhibit additional anti-inflammatory mechanisms in atherosclerosic disease. 

Most of the studies investigating the effects of atherosclerosis focused on early atherosclerotic 

lesions, whereas lesions in human disease, at the time when medical treatment is started, are 

already well established. Therefore, we set up a model of advanced atherosclerosis and inves-

tigated the effects of olmesartan medoxomil, amlodipine besylate, and the combination of both 

on atherosclerotic lesion size and lesion composition.

Materials and methods: Olmesartan medoxomil (1 mg/kg/day), amlodipine besylate 

(1.5 mg/kg/day), and the combination of both was added to chow and was fed to apolipoprotein 

E-deficient (ApoE-/-) mice at 25 weeks of age. Mice were sacrificed after 25 weeks of drug 

administration and perfused with formalin. Innominate arteries were dissected out and paraffin 

embedded. Serial sections were generated, and lesion sizes and their composition – such as 

minimal thickness of the fibrous cap, size of the necrotic core, and presence of calcification – 

were analyzed. Electrophoretic mobility shift assays were used to detect DNA-binding activity 

of the transcription factor nuclear factor-kappa B (NF-κB) in aortic tissue.

Results: Treatment with the combination of olmesartan medoxomil and amlodipine besylate led 

to a significant reduction in atherosclerotic lesion size in ApoE-/- mice (olmesartan medoxomil/

amlodipine besylate: 122,277±6,795 μm2, number [n]=14; versus control: 177,502±10,814 μm2, 

n=9; P,0.001). Treatment with amlodipine besylate (n=5) alone did not reach significance. 

However, a trend toward a decrease in lesion size in the amlodipine besylate-treated animals 

could be observed. In the histological analysis of atherosclerotic lesion composition, sig-

nificantly thicker fibrous caps were found in treatment with amlodipine besylate (amlodipine: 

5.12±0.26 μm, n=6; versus control: 3.98±0.18 μm, n=10; P,0.01). Furthermore, all sections 

revealed morphological signs of calcification, but no difference could be detected. Treatment 

with the combination of olmesartan medoxomil and amlodipine besylate showed no effect 

on lesion composition. Electrophoretic mobility shift assays of nuclear extracts demonstrated 

reduced activity of the transcription factor NF-κB when treated with olmesartan medoxomil, 

amlodipine besylate, or their combination, as compared to controls.

Conclusion: Combined treatment with olmesartan medoxomil and amlodipine besylate 

attenuated atherosclerotic lesion progression, possibly due to anti-inflammatory mechanisms. 

Our data support the hypothesis that even in advanced atherosclerosis anti-inflammatory treat-

ment, using angiotensin II type 1 receptor blockers and calcium channel antagonists of the 

dihydropyridine type can attenuate atherosclerotic lesion progression.
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Introduction
Atherosclerosis is a progressive disease of the arterial wall 

and a leading cause of death worldwide.1–3 In our current 

understanding of the pathophysiology of atherosclerosis, the 

concept of inflammation plays a pivotal role and provides 

a common link between risk factors and the cellular and 

molecular alterations.2,4 In this concept, atherosclerosis is 

seen as a lipid-driven inflammatory disease, characterized 

by the accumulation of macrophage-derived foam cells in 

the arterial wall and accompanied by a cascade of proinflam-

matory cytokines and chemokines.4,5 Vascular inflammation 

contributes to the initiation, progression, and even complica-

tions of atherosclerotic lesions. Many of the inflammatory 

genes involved in the pathogenesis of atherosclerosis are 

induced by nuclear factor-kappa B (NF-κB), which acts as 

an important factor during atherogenesis.6 With increasing 

recognition of the role of inflammation in atherosclerosis, 

anti-inflammatory treatment strategies have become more 

important and provide new therapeutic options.7−9 Current 

clinical strategies against atherosclerosis still focus on the 

attenuation of risk factors like hypertension and hyperlipi-

demia, or the prevention of thrombembolic complications, 

but they do not directly address the inflammatory mecha-

nisms of atheroprogression.9 In addition to the effects on 

hypertension, the widely used antihypertensive drug classes 

of angiotensin II type 1 (AT1) receptor blockers and calcium 

channel antagonists have shown additional anti-inflammatory 

properties. Previous studies suggest that these antihyperten-

sive drugs exhibit atheroprotective effects independent of 

lowering blood pressure, leading to a reduction of atheroscle-

rotic lesion progression.10−14 Furthermore, coadministration 

of AT1 receptor blockers and calcium channel antagonists 

have shown antiatherogenic effects.15

The apolipoprotein E-deficient (ApoE-/-) mouse model 

is well established and frequently used to study mechanisms 

of atherosclerosis.14,16 The majority of these experimental 

studies using hyperlipidemic mice have focused on early 

atherosclerotic processes, and so far, there have been only 

limited data relating to the effects on complex advanced 

lesions as they occur in human disease. However, approxi-

mately two-thirds of cardiovascular events, like myocardial 

infarction and stroke, are caused by rupture of a vulnerable 

atherosclerotic plaque, which underlines the enormous rel-

evance of advanced stages of atherosclerosis.17

Despite suggestive evidence of the beneficial effect of 

AT1 receptor blockers and calcium channel antagonists in 

early stages, the role of the drugs in advanced atherosclerosis 

remains vague due to the lack of experimental validation. 

Here, we investigated the effects of the AT1 receptor blocker 

olmesartan medoxomil and the calcium channel antagonist 

amlodipine besylate on atherosclerotic progression and 

vascular inflammation using an ApoE-/- mouse model of 

advanced atherosclerosis.

Materials and methods
animals and treatment
Twenty-five-week-old female ApoE-/--deficient mice 

(number [n]=63) on a C57BL/6 background (Charles 

River Laboratories International, Inc., Sulzfeld, Germany) 

exhibiting advanced atherosclerotic lesions within the 

innominate artery were kept within the animal care facility 

of the University of Heidelberg (Heidelberg, Germany). 

Mice were randomized into four groups and were fed a chow 

supplemented with olmesartan medoxomil (1 mg/kg/day; 

n=15), amlodipine besylate (1.5 mg/kg/day; n=15), or their 

combination (n=17). Sixteen control mice received regular 

chow. We chose the dose of olmesartan medoxomil and 

amlodipine besylate in accordance with a study of Suzuki 

et al13 and Yoshii et al14 in which the authors demonstrated 

significant antiatherosclerotic properties of a single treat-

ment with olmesartan medoxomil or amlodipine besylate 

without affecting systolic blood pressure. All animal pro-

cedures were approved by the Federal Animal Care and 

Use Committee of the Regierungspräsidium Karlsruhe, 

Germany.

The housing and care of animals and all of the procedures 

performed in the study were conducted in accordance with 

the guidelines and regulations of the Animal Care Committee 

of the University of Heidelberg.

Animal sacrifice and preparation of 
tissues
There was no significant loss of animals during treatment 

(n=1). After 25 weeks on the study diet, mice were heav-

ily sedated (n=62; ketamine/xylazine), blood was collected 

from the inferior vena cava, and the animals were sacrificed 

by exsanguination. The animals were perfused via the left 

ventricle with 10 mL of phosphate buffered saline. The 

thoracic and abdominal aorta was removed for subsequent 

electrophoretic mobility shift assays (EMSAs). Followed by 

another perfusion of the heart with 4% buffered formalin for 

paraffin sections, the entire heart and the innominate artery 

from each animal were dissected out. The innominate arter-

ies were embedded in paraffin and serially sectioned (5 μm). 

Every fifth section was stained with a modified Movat’s 

pentachrome stain.18
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Determination of plasma lipid  
concentration
Plasma concentrations of total cholesterol, low-density 

lipoprotein cholesterol, high-density lipoprotein cholesterol, 

and triglycerides were determined enzymatically in heparin-

ized plasma.

evaluation of lesion size and lesion  
composition
The cross-sectional area of each Movat’s pentachrome- 

stained section was determined using computer-assisted 

morphometry (ImageJ, National Institutes of Health, 

Bethesda, MD, USA) and reported as the mean plaque 

area per animal (data expressed in μm2). Furthermore, 

characteristic features of atherosclerotic plaque morphol-

ogy and composition were evaluated. These included 

minimal thickness of the fibrous cap (data given in μm), 

size of the necrotic core (given as the ratio mean size of 

the necrotic core to the mean lesion area, also measured by 

morphometry), and the presence of calcification (detected 

morphologically).

Preparation of nuclear extracts
Aortas were separated from connective tissue and homog-

enized in 400 μL of hypotonic buffer (10 mmol/L HEPES, 

pH 7.9; 10 mmol/L KCl; 0.1 mmol/L EDTA; 0.1 mmol/L 

EGTA; 2 mmol/L dithiothreitol [DTT]) supplemented 

with proteinase and phosphatase inhibitors (5 μg/mL 

E64; 1 mmol/L NaF; 0.2 mmol/L Na
3
VO

4
; and 0.5 mg/L 

Pefabloc), incubated on ice for 15 minutes, and afterward 

supplemented with 25 μL of 10% NP-40. The nuclei were 

recovered by centrifugation (14,000 rpm, 1 minute, 4°C). 

The nuclear pellets were resuspended in 50 μL of buffer 

(20 mmol/L HEPES, pH 7.9; 0.4 mol/L NaCl; 1 mmol/L 

EDTA; 1 mmol/L EGTA; 2 mmol/L DTT supplemented 

with 5 μg/mL E64; 1 mmol/L NaF; 0.2 mmol/L Na
3
VO

4
; 

and 0.5 mg/mL Pefabloc). After centrifugation (14,000 rpm, 

5 minutes, 4°C), the nuclear protein was collected and stored 

at -80°C until used.

electrophoretic mobility shift assay 
Protein concentrations were measured by the Bradford 

method. Nuclear extracts (10 μg of protein in each assay) were 

incubated with labeled oligonucleotide probes. The sequence 

of the oligonucleotide used in the present study was as follows: 

NF-κB, 5′-AGTTGAGGGGACTTTCCCAGGC-3′. The oli-

gonucleotide (1.75 pmol/μL) was labeled with ([gamma]32P)-

adenosine triphosphate using T4 polynucleotide kinase. 

Specific activities used in each assay were approximately 

10,000 cpm. A 100-fold excess of unlabeled oligonucleotides 

was used for cold inhibition. Binding reactions were resolved 

on 4% native polyacrylamide gel and exposed to X-ray film for 

12–24 hours. Gels were analyzed using densitometric analysis 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

statistical analysis
All data were expressed as the mean ± standard error of the 

mean. Differences between means in body weight and plasma 

lipid profiles were tested with the two-tailed unpaired Stu-

dent’s t-test. For the analysis, plaque morphometry (lesion 

size) and morphology (area of necrotic core, thickness of 

fibrous cap), as well as densitometric analysis of the EMSA 

groups were compared using the Mann–Whitney U-test, as 

the data could not be assumed to be normally distributed. 

P-values ,0.05 were considered statistically significant. As 

this was an exploratory analysis, no adjustments for multiple 

testing were performed. Statistical analyses and graphs were 

performed using GraphPad Prism version 6.00 (GraphPad 

Software, Inc., La Jolla, CA, USA).

Results
Plasma lipid levels and body weight
At the time of sacrifice, animals showed no significant 

difference in body weight or lipid profile between the groups 

(Table 1).

Mean lesion area within the innominate  
artery
Morphometric analysis of Movat’s pentachrome staining 

revealed a markedly significant reduction of atherosclerotic 

Table 1 Baseline characteristics

Treatment Body weight (g) Total cholesterol (mg/dL) LDL cholesterol (mg/dL) HDL cholesterol (mg/dL)

control 27±3 246±40 230±37 7±1
Olmesartan 26±3 302±21 287±18 7±2
amlodipine 27±3 256±47 240±47 6±1
Olmesartan/amlodipine 27±2 230±49 235±38 5±1

Notes: Data are shown as the mean ± standard error of the mean. Differences were not significant between the treatment groups.
Abbreviations: lDl, low-density lipoprotein; hDl, high-density lipoprotein.
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lesion size in the group receiving the combination of olmesar-

tan medoxomil and amlodipine besylate after 25 weeks on the 

study diet. Mean lesion area averaged 122,277±6,795 μm2 

(n=14) in the olmesartan medoxomil/amlodipine besylate 

group compared with 177,502±10,814 μm2 (n=9) in the 

control group (P,0.001; Figure 1).

Treatment with amlodipine besylate (n=5) alone did not 

reach levels of significance (Figure 1). However, a trend toward 

a decrease in lesion size in the amlodipine besylate-treated 

animals could be observed (amlodipine: 138,885±7,118 μm2, 

n=5; versus control: 177,502±10,814 μm2, n=9; P=0.06). Due 

to the small number of high-quality slides in the olmesartan 

medoxomil group (n=2), we could not perform a statistical 

analysis.

lesion composition
Evaluation of plaque morphology showed significantly 

thicker fibrous caps within the amlodipine besylate group 

compared to controls (amlodipine: 5.12±0.26 μm, n=6; 

versus control: 3.98±0.18 μm, n=10; P=0.006; Figure 2A). 

Furthermore, all sections revealed morphological signs of 

calcification, but no difference could be detected (Figures 2B 

and 3). Treatment with the combination of olmesartan 

medoxomil and amlodipine besylate showed no significant 

effect on lesion composition. Due to the small number of 

high-quality slides in the olmesartan medoxomil group (n=2), 

we could not perform statistical analyses.

eMsa
EMSAs of nuclear extracts (n=7/group) and subsequent 

densitometric evaluation showed a significant reduction of 

DNA-binding activity of the transcription factor NF-κB in 

the aortic tissue of mice treated with olmesartan medoxomil 

(P,0.05) or amlodipine besylate (P,0.05), as well as the 

combined treatment (P,0.05). There was a trend to a more 

intense downregulation of NF-κB in the combined treatment 

group compared to monotherapy with olmesartan medoxomil 

or amlodipine besylate, but this effect did not reach signifi-

cance (Figure 4).

Discussion
The present study shows that combined treatment with 

olmesartan medoxomil and amlodipine besylate attenuates 

atherosclerotic progression in a mouse model of advanced 

atherosclerosis. Furthermore, EMSAs of nuclear extracts 

demonstrate that the combination of olmesartan medoxomil 

and amlodipine besylate leads to a significant downregulation 

of the transcription factor NF-κB in aortic tissue. However, 

in our present study, effects on plaque composition seem to 

be poor in very advanced stages of atherosclerosis.

Most of the pharmacological intervention studies using 

hyperlipidemic mouse models have focused their investiga-

tions on early atherosclerotic processes describing the effects 

and mechanisms of disease initiation and early progression.19 

So far, there have been only very limited data concerning the 

effects on complex advanced lesions as they occur in human 

disease. However, clinical manifestations of atherosclerosis 

are caused by progressive arterial occlusion (stenosis) or 

plaque rupture and thrombosis,4,9 which typically occur in 

advanced stages. Advanced atherosclerotic lesions are char-

acterized by the presence of a lipid-rich necrotic core, which 

is separated from the vessel lumen by a protective fibrous 

cap. Rupture of this fragile cap of an advanced atherosclerotic 

plaque is the main underlying cause of cardiovascular events 

like myocardial infarction and stroke.17,20 These conditions 

illustrate the enormous relevance of advanced and vulnerable 

stages. Due to the fact that early atherosclerotic lesions do 

not represent the point of interest for clinical investigations, 

as already established lesions do, our studies focused on the 

evaluation of effects on advanced atherosclerosis, which is 

more relevant in human disease.

Previous mouse models of atherosclerosis predominately 

concentrated on quantification of early lesions in the aortic 

sinus, and in the thoracic or abdominal aorta. The complex 

morphology of advanced lesions, such as thinning of the 

fibrous cap and plaque hemorrhage, is not addressed in 

these studies. In contrast, the model of advanced lesions 

in the innominate artery of hyperlipidemic ApoE-/- mice, 

as described by Rosenfeld et al,19 enables the assessment 

Figure 1 Morphometric analysis of mean lesion size in the innominate artery of 
apoe-/- mice.
Notes: Effects of the different treatment groups with a significant reduction in 
lesion size with combined treatment with olmesartan medoxomil and amlodipine 
besylate. Data are shown as the mean ± standard error of the mean; *P,0.001.
Abbreviations: n, number; apoe-/-, apolipoprotein E-deficient.
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of features such as plaque destabilization, plaque hemor-

rhage, and plaque rupture. ApoE-/- mice develop advanced 

atherosclerotic lesions in the innominate arteries that have 

many of the morphological features of advanced athero-

sclerotic lesions in humans.19,21 Using older ApoE-/- mice 

and analyzing the plaque morphology in the innominate 

artery, we were able to explore such features of advanced 

atheroprogression.

The reduction of atherosclerotic progression in the early 

stages of atherosclerosis by AT1 receptor blockers and cal-

cium channel antagonists has been documented in several 

hyperlipidemic mouse models.10–14 However, the impact on 

already established advanced atherosclerosis has not yet 

been sufficiently evaluated. Our data show that combined 

treatment with olmesartan medoxomil and amlodipine 

besylate leads to a significant reduction in lesion size in the 

innominate artery in comparison to controls, indicating a 

therapeutic effect even in advanced stages. This observa-

tion is consistent with studies that have shown a beneficial 

effect on lesion size in early stages using a combination of 

AT1 receptor blockers and calcium channel antagonists.13,15 

To exclude a possible confounding effect of blood pressure 

and lipid levels on lesion progression, we chose the dose 

of olmesartan medoxomil and amlodipine besylate based 

on a study of Suzuki et al13 and Yoshii et al14 where the 

authors demonstrated significant antiatherosclerotic prop-

erties of olmesartan medoxomil and amlodipine besylate 

without affecting systolic blood pressure. Furthermore, we 

Figure 2 Morphometric analysis of advanced lesions in the innominate artery of apoe-/- mice.
Notes: (A) Thickness of the fibrous cap. (B) ratio of the necrotic core to the lesion area. Data are shown as the mean ± standard error of the mean; **P,0.01.
Abbreviations: n, number; apoe-/-, apolipoprotein E-deficient.

Figure 3 Morphology of advanced atherosclerotic lesions in the innominate artery of apoe-/- mice.
Notes: Movat pentachrome-stained sections showing advanced atherosclerotic plaques with calcifications and large necrotic cores (large arrows), separated from the lumen 
by a thin fibrous cap (small arrow). (A) a representative section of a control mouse shows an advanced lesion with severe luminal narrowing. (B) in contrast, a section of a 
mouse with combined treatment and a significantly smaller lesion size is presented.
Abbreviation: apoe-/-, apolipoprotein E-deficient.
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obtained blood samples to determine plasma lipid levels in 

ApoE-/- mice, which did not show significant differences in 

the lipid profile after 25 weeks on the diet, when the mice 

were 50 weeks old.

A trend toward a decrease in lesion size in the amlodipine 

besylate-treated animals could be observed. However, 

likely due to the small number, the data did not reach levels 

of significance. Statistical analyses of monotherapy with 

olmesartan medoxomil could not be performed, due to 

the small number of high-quality slides. Nevertheless, the 

reduction in lesion size with combined treatment suggests 

an additive effect of olmesartan medoxomil and amlodipine 

besylate, which underlines a possible influence of olmesartan 

medoxomil.

The histological analysis of atherosclerotic lesion 

composition widely revealed hypocellular, fibrotic, and 

calcified lesions covered by thin fibrous caps, which are 

typical features of advanced stages.22 However, we could not 

detect relevant beneficial effects on plaque composition in 

any of the groups, although significantly thicker fibrous caps 

were found following treatment with amlodipine besylate. 

The risk of plaque rupture and thrombosis depends more 

on plaque composition than on lesion size.23,24 Although 

the degree of luminal obstruction correlates with the mor-

phometric stage of disease, the lesion size is not the major 

determinant leading to acute cardiovascular complications. 

Our data show that combined treatment with olmesartan 

medoxomil and amlodipine besylate significantly reduces 

lesion size, but we did not observe significant effects on 

plaque composition. These results strongly suggest an 

influence of AT1 receptor blockers and calcium channel 

antagonists on atheroprogression, even in advanced stages 

of atherosclerosis, and the decrease in lesion size may result 

in a reduction of flow-limiting stenoses and tissue ischemia. 

However, plaque composition, which is linked to atheroscle-

rotic lesion destabilization and cardiovascular complications, 

was unaffected.

Chronic inflammation plays a fundamental role in the 

pathogenesis of atherosclerosis and is mediated by a cascade 

of proinflammatory cytokines and chemokines. Experimen-

tal data have shown a critical role of the NF-κB signaling 

pathway in the development of atherosclerosis. NF-κB 

induces the expression of several genes involved in the 

initiation and progression of vascular inflammation, includ-

ing proinflammatory cytokines, adhesion molecules, and 

chemokines.6 Because of its role in regulating the transcrip-

tional expression of different genes involved in atherogen-

esis, inhibition of NF-κB has become an attractive target for 

therapeutic intervention.25,26 The EMSAs of nuclear extracts 

demonstrated that combination of olmesartan medoxomil 

and amlodipine besylate, as well as amlodipine besylate and 

olmesartan medoxomil monotherapy, leads to a significant 

downregulation of the transcription factor NF-κB in aortic 

tissue when compared to controls. Furthermore, there was a 

trend toward a more intense downregulation in the combined 

treatment group compared to monotherapy, which supports 

our in vivo data. This observation provides a possible 

anti-inflammatory mechanism by which the combination 

of olmesartan medoxomil and amlodipine besylate could 

influence atheroprogression; it also underlines the antiath-

erosclerotic property of the drugs, independent of the blood 

pressure-lowering effect. These potential pleiotropic effects 

have been reported for both drugs. Several studies illustrated 

that angiotensin II activates the NF-κB, and that this activa-

tion can be inhibited by AT1 receptor blockers.27,28 Similar 

effects of the inhibition of NF-κB activation have been 

identified by interventions with dihydropyridine calcium 

channel antagonists.29 In our study, we could also observe 

a significant reduction of the DNA-binding activity of the 

transcription factor NF-κB in aortic tissue with olmesartan 

medoxomil or amlodipine besylate monotherapy. Despite 

the apparent inhibitory property of olmesartan medoxomil 

and amlodipine besylate on NF-κB, the underlying molecu-

lar mechanisms are widely unclear.

There are several limitations to our study. The advanced 

atherosclerotic lesions in ApoE-/- mice were highly calcified, 

which made tissue preparation susceptible to damage by 

microtome. The amount of high-quality slides for staining was 

therefore lower than expected. Furthermore, we focused on the 

more important quantitative evaluation of lesions and plaque 

composition (necrotic core and fibrous caps; hemorrhage 

κ

Figure 4 electrophoretic mobility shift assay of nuclear extracts and subsequent 
densitometric evaluation showing a significant reduction in the DNA-binding 
activity of the transcription factor nF-κB in aortic tissue from olmesartan-treated, 
amlodipine-treated, and olmesartan + amlodipine-treated mice, as compared to 
control mice.
Notes: Data are shown as the mean ± standard error of the mean. *P,0.05 versus 
the control group.
Abbreviation: nF-κB, nuclear factor-kappa B.
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and medial erosions are not sufficiently detectable when the 

artery/plaque is damaged). Due to the small number of high-

quality slides in the olmesartan medoxomil group, we could 

not perform statistical analysis within this group. Although 

we chose the dose of olmesartan medoxomil and amlodipine 

besylate in accordance with studies that demonstrated antiath-

erosclerotic properties without affecting blood pressure,13,14 

we cannot completely exclude that antiatherosclerotic effects 

might be related to a reduction in blood pressure. Moreover, 

most of the blood samples had to be used in order to detect 

lipid levels, which is important to rule out any confounding 

effects on atherosclerotic lesion development.

Conclusion
In conclusion, our study demonstrates that combined treatment 

with olmesartan medoxomil and amlodipine besylate attenu-

ates atherosclerotic progression in an ApoE-/- mouse model 

of advanced atherosclerosis. Furthermore, the combination 

of olmesartan medoxomil and amlodipine besylate leads to a 

significant downregulation of the transcription factor NF-κB 

in aortic tissue, thereby providing a possible anti-inflammatory 

mechanism influencing atheroprogression. The underlying 

mechanisms by which olmesartan medoxomil and amlodipine 

besylate contribute to the inhibition of atheroprogression are 

still unclear, but the NF-κB pathway might be a convergence 

point for the two different classes of antihypertensive drugs. 

These findings suggest that combined treatment with olmesar-

tan medoxomil and amlodipine besylate could be a potentially 

important drug combination in advanced atherosclerosis. Future 

studies will be needed to understand the underlying mechanism 

behind the atheroprotective effects of this drug combination, 

and even to evaluate its beneficial clinical effects.
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