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Abstract Inhibition of the cannabinoid receptor CB1

(CB1-R) exerts numerous positive cardiovascular effects

such as modulation of blood pressure, insulin sensitivity

and serum lipid concentrations. However, direct vascular

effects of CB1-R inhibition remain unclear. CB1-R

expression was validated in vascular smooth muscle cells

(VSMCs) and aortic tissue of mice. Apolipoprotein E-

deficient (ApoE-/-) mice were treated with cholesterol-

rich diet and the selective CB1-R antagonist rimonabant or

vehicle for 7 weeks. CB1-R inhibition had no effect on

atherosclerotic plaque development, collagen content and

macrophage infiltration but led to improved aortic endo-

thelium-dependent vasodilation and decreased aortic reac-

tive oxygen species (ROS) production and NADPH

oxidase activity. Treatment of cultured VSMC with rimo-

nabant resulted in reduced angiotensin II-mediated but not

basal ROS production and NADPH oxidase activity. CB1-

R inhibition with rimonabant and AM251 led to down-

regulation of angiotensin II type 1 receptor (AT1-R)

expression, whereas stimulation with the CB1-R agonist CP

55,940 resulted in AT1-R up-regulation, indicating that

AT1-R expression is directly regulated by the CB1-R. CB2-

R inhibition had no impact on AT1-R expression in VSMC.

Consistently, CB1-R inhibition decreased aortic AT1-R

expression in vivo. CB1-R inhibition leads to decreased

vascular AT1-R expression, NADPH oxidase activity and

ROS production in vitro and in vivo. This antioxidative

effect is associated with improved endothelial function in

ApoE-/- mice, indicating beneficial direct vascular

effects of CB1-R inhibition.

Keywords Rimonabant � AT1 receptor � CB1 receptor �
Oxidative stress � Endothelial function

Introduction

The endocannabinoid system is composed of G-coupled

protein cannabinoid receptors (CB1, CB2), endogenous

ligands (endocannabinoids) and enzymes for ligand bio-

synthesis and inactivation [9, 27, 28]. The CB1 receptor

(CB1-R) is mainly localized in the central nervous system

but is also abundant in peripheral tissues including liver,

skeletal muscle, myocardium, endothelial cells, gastro-

intestinal tract and adipose tissue [2, 3, 8]. The CB2

receptor, on the other hand, is primarily expressed in cells

of the immune system and endothelial cells [23, 49].

Activation of these receptors (CB1, CB2) has numerous

important central and peripheral effects including modu-

lation of blood pressure, heart rate, insulin sensitivity and

serum lipid concentration, and may therefore be important

for the development of atherosclerosis [15, 23, 42]. In fact,
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Bonn, Germany

D. Lütjohann

Institut für Klinische Chemie und Pharmakologie,
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stimulation of the CB2 receptor via low dose oral can-

nabinoid therapy reduces progression of atherosclerosis in

mice [43].

Rimonabant is a selective, centrally active CB1-R anta-

gonist [15, 36]. It suppresses eating behavior and controls

food intake by inhibiting the over-activity of the endocan-

nabinoid system in adipose animals [6, 36]. In recent clinical

trials, treatment of overweight patients with rimonabant

resulted in significant weight loss and improvement of

multiple cardio-metabolic risk factors, such as waist

circumference, systolic blood pressure, HDL-cholesterol,

triglyceride levels and insulin sensitivity [11, 35, 39, 48].

The underlying mechanisms promoting these beneficial

cardio-metabolic effects of CB1-R inhibition, however,

remain unclear and have stimulated significant scientific

interest. Focus of the recent STRADIVARIUS study was to

evaluate the effect of rimonabant treatment in patients with

abdominal obesity and coronary artery disease on the pro-

gression of atherosclerosis [32]. Consistent with the RIO

trials, rimonabant treatment led to improved cardiovascular

risk factors but was inconclusive with respect to atherogen-

esis. The primary endpoint (percent atheroma volume) did

not reach statistical significance but the secondary efficacy

parameter (total atheroma volume) showed a significant

improvement in patients treated with rimonabant [32].

A growing body of evidence suggests that the endo-

cannabinoid system plays a critical role in the pathogenesis

of atherosclerosis [24, 27, 44]. It modulates clinical and

preclinical manifestations, such as oxidative stress, endo-

thelial dysfunction, ischemic heart disease and cerebro-

vascular disease [25, 38]. However, the precise role of the

endocannabinoid system and especially the CB1-R in the

vascular system and atherosclerosis are not fully under-

stood. We have now investigated the effects of CB1-R

inhibition on cardio-metabolic risk factors, oxidative stress,

endothelial function and atherogenesis in a mouse model of

atherosclerosis and examined the underlying molecular

mechanisms in cell culture experiments.

Methods

Materials

Lucigenin, oil red O solution, salts, and other chemicals

were purchased from Sigma Chemical. L-012 was obtained

from Wako Chemicals. MMLV reverse transcriptase,

antibiotics, fetal calf serum, and cell culture medium were

acquired from Invitrogen. AM251 was purchased from

Cayman Chemical and CP 55,940 from BioTrend. Rimo-

nabant and SR 144528 were provided by Sanofi-Aventis.

The L15 (CB1-R) antibody was a kind gift from Ken

Mackie (Indiana, USA).

Cell culture

Vascular smooth muscle cells (VSMCs) were isolated from

rat (Sprague Dawley) and mouse (C57BL/6J) thoracic

aortas and were cultured over several passages. Experi-

ments were performed with cells from passages 5 to 8.

Stimulation of VSMCs was conducted with angiotensin II

(10-6 M) for 3 h, and rimonabant (10-6/10-7 M), AM251

(10-6 M), CP 55,940 (10-6 M) and SR 144528 (10-6 M)

for 24 h. Rimonabant was dissolved in 0.1% Tween 80

(AppliChem) for in vivo studies. For cell culture experi-

ments, rimonabant, CP 55,940 and SR 144528 were

dissolved in DMSO.

Animals and procedures

Female, 12-week and 9-month-old apolipoprotein E-defi-

cient (ApoE-/-) mice (C57BL/6J genetic background

from Charles River) were used for this study. Tissue from

CB1-R [58] and CB2-R [4] knockout mice was used for

corresponding negative mRNA and protein controls. For

positive mRNA and protein controls, tissue from wild-type

C57BL/6J mice was used. The animals were maintained in

a 22�C room with a 12-h light/dark cycle. ApoE-/- mice

were fed a high-fat, cholesterol-rich diet for 7 weeks that

contained 21% fat, 19.5% casein, and 1.25% cholesterol

(Ssniff, Germany) and were concomitantly treated with

vehicle or rimonabant (10 mg/kg body weight/day) via

drinking water [36]. Plasma cholesterol concentrations

were determined by gas–liquid chromatography–mass

spectrometry. Body weights were measured weekly. Arte-

rial blood pressure was assessed with a computerized tail-

cuff method (CODA 6, Kent Scientific) before and after

treatment. Abdominal fatty tissue was only analyzed in

9-month-old ApoE-/- mice. The mice were killed after

the treatment period, and tissue samples and blood were

collected immediately. All animal experiments were per-

formed in accordance with institutional guidelines and the

German animal protection law.

Aortic ring preparations and tension recording

Vasodilation and vasoconstriction of isolated aortic ring

preparations were determined in organ baths filled with

oxygenated modified Tyrode buffer, as previously descri-

bed [51, 54].

Staining of atherosclerotic lesions and histological

analysis

Hearts with ascending aortas were embedded in Tissue

Tek OCT embedding medium and sectioned on a Leica

cryostat (9 lm), starting at the apex and progressing
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through the aortic valve area into the ascending aorta and

the aortic arch. For the detection of atherosclerotic

lesions, aortic cryosections were fixed with 3.7% form-

aldehyde and stained with oil red O working solution. For

immunohistochemical analysis, cryosections placed on

poly-L-lysine (Sigma)-coated slides were assessed for the

macrophage marker MOMA-2 with an indirect immuno-

enzymatic method. Slides were incubated with acetone for

30 min at -20�C. Then, PBS-washed slides were prein-

cubated with 10% normal goat serum (Sigma) for 30 min.

The primary antibody (monoclonal rat anti-mouse

MOMA-2 antibody, Acris) was applied for 1 h at room

temperature and thereafter at 4�C overnight. Slides were

then incubated with an alkaline phosphatase-conjugated

secondary antibody (goat anti-rat IgG, Sigma) for 1 h at

room temperature. Color reaction was accomplished with

FastRed (Sigma) as a chromogenic substrate. Nuclei were

counterstained with hematoxylin. Isotype-specific anti-

bodies were used for negative controls. Sections were

washed and mounted with Aquatex mounting medium

(Sigma) for light microscopic analysis. All sections were

examined under a Zeiss Axiovert 200M microscope using

AxioVision version 4.5.0 software. For quantification of

atherosclerotic plaque formation in the aortic root, lipid-

staining area and total area of serial histological sections

were measured. Atherosclerosis data are expressed as

lipid-staining area in percent of total surface area. The

investigators who performed the histological analyses

were blinded to the treatment of the respective animal

group.

Measurement of reactive oxygen species (ROS)

Reactive oxygen species release in intact aortic segments

was determined by L-012 chemiluminescence, as previ-

ously described [52]. Intracellular ROS production in

VSMCs was measured by 20,70-dichlorofluorescein (DCF;

10 lmol/l) fluorescence microscopy, as described previ-

ously [53]. The relative fluorescence intensity is the aver-

age value of all experiments.

Measurement of NADPH oxidase activity

Measurement of NADPH oxidase activity was measured by

a lucigenin-enhanced chemiluminescence assay, as previ-

ously described [1]. Aortic tissue was mechanically lysed

using a glass/Teflon potter and cell cultures were lysed

using a Sonorex (Bandelin) in ice-cold buffer B lacking

lucigenin and substrate. Total protein concentration was

adjusted to 1 mg/ml. Aliquots of the protein sample

(100 ll) were measured over 10 min in quadruplicates

using NADPH as substrate in a scintillation counter

(Berthold Lumat LB 9501) in 1-min intervals.

Western blotting

After treatment, VSMCs and aortas, respectively, were

homogenized in ice-cold lysis buffer containing additional

leupeptin and aprotinin. Protein aliquots were separated on

SDS/PAGE. Western blotting of proteins was performed in

a semidry blotting chamber (Pharmacia Biotech) and

incubated in 5% non-fat dry milk at 4�C overnight. Blot

membranes were stained with Ponceau red to verify

appropriate protein transfer and equal loading for each

lane. Immunoblotting was performed with an AT1 receptor

rabbit polyclonal IgG antibody (1:500 dilution, sc 1173,

AT1 (N-10), Santa Cruz Biotechnology), the L15 CB1-R

rabbit antibody (1:500 dilution, Mackie Lab, Indiana,

USA) or the CB2-R polyclonal rabbit antibody (1:1,000

dilution, ab3561, Abcam) for 60 min at 37�C. Immuno-

detection was accomplished using a goat anti-rabbit sec-

ondary antibody (1:5,000 dilutions, Sigma Chemical) and

the enhanced chemiluminescence kit (Amersham). Mem-

branes were stripped with Roti-Free (Carl Roth, Germany)

at 56�C for 20 min and then incubated with anti-GAPDH

monoclonal mouse antibody (1:3,000 dilution, Cat 5G4

MAb 6C5, HyTest) for 12 h at 4�C. Immunodetection was

performed with a goat anti-mouse IgG secondary antibody

(peroxidase antibody, 1:4,000 dilution, A5278, Sigma

Chemical). Brain tissue of wild-type and CB1-R-/- mice

was used for positive and negative controls in all CB1-R

Western blots. For positive and negative controls of CB2-R

expression, spleens of wild-type and CB2-R-/- mice were

used. No CB1-R or CB2-R signal was detected in the cor-

responding knockout controls.

Real-time polymerase chain reaction

For the assessment of vascular gene expression, mouse

aortas were excised, quickly frozen in liquid nitrogen, and

homogenized with a motorized homogenizer. For analysis

of gene expression in cultured VSMCs, cells were lysed

using a 10 G needle and homogenized with a motorized

homogenizer. RNA was isolated with peqGOLD RNA-

Pure (peqLAB Biotechnology). RNA concentration and

quality was verified with a spectrophotometer. Then, 1 lg

of the isolated total RNA was reverse transcribed using

random primers and MMLV reverse transcriptase (Invit-

rogen) for 60 min at 42�C and 10 min at 75�C. The single-

stranded cDNA was amplified by real-time quantitative

reverse transcription-polymerase chain reaction (RT-PCR)

with the TaqMan system (ABI-7500 fast PCR System)

using SYBR-Green dye. For AT1 receptor, the primers 50-
GGG TGG ACA ATG GCC AGG TAG-30 and 50-CTC

GCC CTG GCT GAC TTA TGC-30 were used. For 18s

rRNA, the primers 50-TTG ATT AAG TCC CTG CCC

TTT GT-30 and 50-CGA TCC GAG GGC CTC ACT A-30
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were used. For quantification, AT1 receptor mRNA

expression was normalized to endogenous 18s rRNA

according to previously published protocols [26].

For CB1-R and CB2-R RT-PCR, commercially available

Taqman� probes were used (Applied Biosystems) and

implemented according to the manufacturer’s protocols.

CB1-R and CB2-R mRNA expression was normalized to

GAPDH (Taqman� probes, Applied Biosystems). Brain

tissue of wild-type and CB1-R-/- mice was used for

positive and negative controls, respectively. For positive

and negative controls of CB2-R expression, spleens of

wild-type and CB2-R-/- mice were used. No CB1-R or

CB2-R signal was detected in the corresponding knockout

controls.

Glucose and insulin tolerance test

Twelve-week-old and 9-month-old ApoE-/- mice were

used to analyze insulin sensitivity. Glucose and insulin

tolerance tests were conducted after treatment with rimo-

nabant or vehicle. In order to determine blood glucose

levels, an intraperitoneal glucose tolerance test (ipGTT)

was executed. The mice were refrained from eating for

18 h and given glucose (G 20 Glucose solution, B. Braun)

adjusted to their body weight (2 g/kg body weight) by

intraperitoneal injection after a blood sample was collected

from the tail vein. Blood glucose readings were taken after

15, 30, 60, 90 and 120 min. The Ascensia ELITE blood

glucose monitoring system (Bayer) using the sip-in tech-

nology was applied for all measurements. In addition, an

intraperitoneal insulin tolerance test (ipITT) was executed

after 6-h fasting. Here, the animals were injected human

insulin (Actrapid; Novo-Nordisk; 0.75 U/kg body weight)

intraperitoneally after a blood sample was collected from

the tail vein. Blood glucose readings were taken after 15,

30, 60, 90 and 120 min.

Computed tomography (CT) scans

Computed tomography scans were used for the quantifi-

cation of abdominal visceral fatty tissue in mice. Before

scanning, the animals were anesthetized with 75 mg/kg

body weight ketaminehydrochloride (Ketanest, Pharmacia)

and 5 mg/kg body weight xylazinehydrochloride (Rompun

2%, Bayer). The mice were placed in rigid PVC tubes to

assure adequate separation and minimal movement. All CT

scans were performed with a 64-detector CT scanner

(Brilliance 64, Philips Medical Systems, Best, The Nether-

lands). Sequential CT scans were obtained with a tube

current of 240 mA and a peak tube voltage of 120 kV. The

scanning direction was craniocaudal, and the entire mouse

was covered by the scan volume. The following CT scan-

ning parameters were used for image acquisition: step-and-

shoot axial scanning direction without overlap, 64 9

0.625-mm collimation, 0.5-s 360� gantry rotation time,

field-of-view 194 mm, matrix 768 9 768 pixels, in-plane

resolution 0.26 9 0.26 mm. The automated quantification

of the abdominal visceral fat distribution was performed

using Adobe Photoshop CS3 software (Adobe Systems).

Best depiction ratios of abdominal fat areas were estab-

lished at the CT abdominal level (W = 350; L = 60).

‘‘Fatty tissue pixels’’ were selected according to their

luminance on a calibrated scale equivalent to 50–100 HU

(Hounsfield units). This number was expressed as a ratio to

the total number of pixels (the cross-sectional area of one

mouse). 20 slices per mouse were analyzed.

Statistical analysis

Data are presented as mean ± standard error of mean

(SEM). For statistical analysis, two-tailed, unpaired Stu-

dent’s t test and ANOVA for multiple comparisons were

employed where applicable. p \ 0.05 indicates statistical

significance.

Results

CB1 receptor expression

It has been reported that the cannabinoid receptors CB1 and

CB2 are expressed in cardiovascular cells, including

endothelial cells, the myocardium, adipose tissue and cells

of the immune system [34]. We have confirmed, by real-

time RT-PCR and Western analysis, that the CB1-R is

expressed in cultured rat aortic VSMCs (Fig. 1a) and aortic

tissue of ApoE-/- mice (Fig. 1b) and in cultured mouse

aortic VSMCs and aortic tissue of wild-type mice (data not

shown). Stimulation or inhibition of a receptor may regu-

late its expression. We, therefore, analyzed the effects of

CB1-R inhibition on CB1-R expression. First, VSMCs were

incubated with rimonabant for 24 h, and CB1-R protein and

mRNA expression were then measured from cell lysates.

Rimonabant incubation did not significantly change CB1-R

expression (protein: 100 ± 22% of control for vehicle vs.

94 ± 11% of control for rimonabant, Fig. 1a, left; mRNA:

1.00 ± 0.03 2-DDCt for vehicle vs. 0.89 ± 0.11 2-DDCt for

rimonabant, Fig. 1a, right). Next, we studied CB1-R

expression in aortic tissue of ApoE-/- mice that received

cholesterol-rich diet and rimonabant or vehicle for

7 weeks. Consistent with the in vitro findings, CB1-R

expression was also not significantly affected in vivo

(protein: 100 ± 32% of control for vehicle vs. 87 ± 16%

of control for rimonabant, Fig. 1b, left; mRNA:

1.00 ± 0.15 2-DDCt for vehicle vs. 0.68 ± 0.12 2-DDCt for

rimonabant, Fig. 1b, right).
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Cardio-metabolic effects of rimonabant treatment

To analyze the vascular in vivo effects of CB1-R inhibition,

we fed 12-week-old ApoE-/- mice a high-fat, choles-

terol-rich diet for 7 weeks and concomitantly treated them

with the CB1-R antagonist rimonabant (10 mg/kg body -

weight/day) or vehicle via drinking water. Subsequently,

we measured the cardio-metabolic parameters body weight,

serum cholesterol, blood pressure, abdominal fatty tissue

and glucose/insulin tolerance. Body weight was identical in

both groups before treatment and only slightly but equally

increased during the 7 weeks of cholesterol-rich diet

(Table 1). There was no significant difference in serum

cholesterol levels between the groups (Table 1). Systolic

and diastolic blood pressure, as assessed by computerized

tail-cuff method, remained unchanged before and after

treatment (Table 1). The glucose and insulin tolerance tests

showed no difference in 12-week-old ApoE-/- mice that

were fed a cholesterol- and fat-rich diet and treated with

rimonabant or vehicle for 7 weeks (data not shown).

Because ApoE-/- mice develop insulin resistance and

glucose intolerance with older age, we next treated 9-

month-old ApoE-/- mice with the same diet and rimo-

nabant concentrations. In the insulin tolerance test,

ApoE-/- mice treated with rimonabant became signifi-

cantly more hypoglycemic 120 min after insulin injection

(Fig. 2a). We also found a significant difference in the

glucose tolerance test after 15 and 30 min (Fig. 2b), in

favor of rimonabant-treated mice. Area under the curve

(AUC) analyses confirmed the results of individual time

points. Rimonabant treatment improved insulin sensitivity

and glucose tolerance (ipITT: 261 ± 34 mg min/dl for

vehicle vs. 161 ± 12 mg min/dl for rimonabant; ipGTT:

Fig. 1 a CB1-R protein and

mRNA expression in cultured

rat aortic VSMCs after 24-h

incubation with vehicle or

rimonabant. Mean ± SEM,

n = 5–6. b Aortic CB1-R

expression in ApoE-/- mice

after a cholesterol-rich diet and

treatment with either vehicle or

rimonabant for 7 weeks.

Mean ± SEM, n = 5.

Quantitative protein analysis

(left) with representative blot

and relative change in mRNA

(right)

Table 1 Cardio-metabolic effects of rimonabant in ApoE-/- mice

Vehicle Rimonabants

Body weight (g) 24.7 ± 0.5 24.2 ± 0.5

Total cholesterol (mg/dl) 1,505 ± 65 1,554 ± 88

Systolic/diastolic blood pressure

(mmHg)

124/93 ± 1/2 125/89 ± 2/3

Abdominal fatty tissue (% area) 21.6 ± 1.2 17.0 ± 0.9 *

ApoE-/- mice were fed a cholesterol-rich diet for 7 weeks and were

concomitantly treated with vehicle or rimonabant. To determine

cardio-metabolic effects, body weight, serum cholesterol concentra-

tions, systolic and diastolic blood pressure and abdominal fatty tissue

was assessed. Mean ± SEM, n = 10

*p \ 0.05 versus vehicle
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909 ± 88 mg min/dl for vehicle vs. 685 ± 35 mg min/dl

for rimonabant). To quantify abdominal fatty tissue, CT

scans of the 9-month-old ApoE-/- mice were conducted.

Mice treated with rimonabant displayed significantly less

abdominal fatty tissue compared to controls (Table 1).

Endothelial function

Next, we investigated endothelial function of intact iso-

lated aortic ring preparations in organ chamber experi-

ments. As shown in Fig. 3a, ApoE-/- mice developed

endothelial dysfunction after 7 weeks of cholesterol-rich

diet. Concomitant CB1-R inhibition, however, significantly

improved endothelium-dependent, carbachol-exerted

vasodilation. Endothelium-independent vasodilation, as

measured by nitroglycerin-induced vasorelaxation, was not

significantly affected by the CB1-R antagonist. Further-

more, rimonabant did not modulate phenylephrine or KCl-

induced vasoconstriction (data not shown).

Atherosclerotic lesions

Atherosclerotic plaque formation (oil red O staining),

collagen content (van Gieson) and macrophage infiltration

(MOMA-2) of plaques were quantified after 7 weeks of

cholesterol-rich diet in the aortic root and ascending aorta.

Figure 3b shows representative cross-sections of the aortic

root of both groups with atherosclerotic plaques. Cross-

sectional lesion area analysis showed no significant dif-

ference between the groups (27.2 ± 3.5% plaque area for

vehicle vs. 26.1 ± 2.3% plaque area for rimonabant,

Fig. 3c). Furthermore, no significant difference was

detected in collagen content and macrophage infiltration of

the plaques (Fig. 3b).

Oxidative stress in vivo

An important cause of endothelial dysfunction is vascular

oxidative stress, and the NADPH oxidase is a major source

of ROS in the vessel wall [30, 31]. The improved endo-

thelial function after rimonabant treatment could, therefore,

be mediated by reduced NADPH oxidase-caused produc-

tion of ROS. We assessed vascular ROS formation and

NADPH oxidase activity in isolated aortic segments after

the indicated treatments. CB1-R inhibition with rimonabant

significantly decreased ROS production in the vessel wall

(vehicle: 100 ± 8% of control vs. rimonabant: 64 ± 9% of

control, p \ 0.05, Fig. 4a). In addition, NADPH oxidase

activity was significantly reduced in aortas of rimonabant-

treated mice (67 ± 7% of control, p \ 0.05 vs. vehicle,

Fig. 4b).

Oxidative stress in vitro

To further investigate the mechanisms by which in vivo

CB1-R inhibition improves endothelial function and

decreases vascular oxidative stress, we next examined the

effects of CB1-R inhibition in vitro. Cultured VSMCs were

incubated with the CB1-R antagonist rimonabant and/or

angiotensin II, and intracellular ROS production was

measured by DCF fluorescence microscopy. As expected,

stimulation with angiotensin II led to a significant increase

in ROS production (137 ± 8% of control, p \ 0.05 vs.

vehicle, Fig. 4c). Incubation with rimonabant (10-6 M)

alone did not affect basal cellular ROS formation

(92 ± 9% of control), but CB1-R inhibition significantly

inhibited angiotensin II-mediated ROS production

(98 ± 9% of control, p \ 0.05 vs. angiotensin II). Con-

sistently, the angiotensin II-induced increase in NADPH

oxidase activity was inhibited by rimonabant in VSMCs

(146 ± 43% of control vs. 44 ± 7% of control, p \ 0.05,

Fig. 4d).

CB1 receptor inhibition and AT1 receptor expression

Because rimonabant inhibited angiotensin II-induced but

not basal ROS production, and angiotensin II activates the

NADPH oxidase through angiotensin II type 1 receptor

(AT1-R) stimulation, we analyzed AT1-R expression in rat

aortic VSMC. Similar to the effect of angiotensin II incu-

bation, CB1-R inhibition led to a significant down-regula-

tion of AT1-R protein expression (Ang II: 24 ± 4% of

Fig. 2 Intraperitoneal glucose

(a) and insulin tolerance tests

(b) (ipITT and ipGTT) were

conducted after treatment with

rimonabant or vehicle in 9-

month-old ApoE-/- mice that

were concomitantly fed a high-

fat, cholesterol-rich diet for

7 weeks. Mean ± SEM,

n = 10, *p \ 0.05 versus

vehicle
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control, p \ 0.05; rimonabant: 46 ± 6% of control,

p \ 0.05; Ang II and rimonabant: 46 ± 13% of control,

p \ 0.05, Fig. 5a). This interaction between CB1-R inhi-

bition and the AT1-R might be responsible for the

reduced ROS production, but to exclude other contribut-

ing factors, we additionally investigated rac1 and man-

ganese superoxide dismutase (MnSOD) protein

expression. Neither rac1, the activating cytosolic subunit

of the NADPH oxidase, nor the antioxidant enzyme

MnSOD was affected by CB1-R inhibition (data not

shown). To investigate whether AT1-R down-regulation is

directly controlled by the CB1-R, we incubated VSMC

with the synthetic CB1-R antagonist AM251 (a biarylpy-

razole structurally very close to rimonabant, only the

p-chloro group attached to the phenyl substituent at C-5

of the pyrazole ring is replaced with a p-iodo group) and

the competitive CB1-R agonist CP 55,940. Like rimona-

bant, AM251 led to significant down-regulation of

the AT1-R. CP 55,940 on the other hand, caused an

up-regulation of the AT1-R. Co-incubation of CP 55,940

with rimonabant abolished rimonabant-induced AT1-R

down-regulation (rimonabant: 37 ± 16% of control,

p\0.05 vs. control; AM251: 74 ± 6% of control, p\0.05

vs. control; CP 55,940: 169 ± 26% of control, p \0.05 vs.

control; rimonabant and CP 55,940: 136 ± 16% of con-

trol, p \ 0.05 vs. rimonabant, Fig. 5b). To confirm the

effect of CB1-R inhibition on AT1-R expression found in

rat aortic VSMCs in murine cells, we performed addi-

tional experiments in cultured mouse aortic VSMCs.

Consistently, stimulation with rimonabant led to a sig-

nificant down-regulation of AT1-R mRNA expression

compared to control in these cells (data not shown),

indicating that the observed effect is not rat-specific.

Together, these results suggest that down-regulation of the

AT1-R by rimonabant is regulated by CB1-R activity.

To evaluate whether AT1-R expression is also affected

by CB1-R inhibition in vivo, we next studied AT1-R

expression in the aortic wall of ApoE-/- mice that

received cholesterol-rich diet and rimonabant for 7 weeks.

Consistent with the in vitro findings, both AT1-R protein

Fig. 3 a Aortic segments of ApoE-/- mice were isolated after

7 weeks of cholesterol-rich diet and treatment with either vehicle or

rimonabant. Endothelial function was assessed in organ chamber

experiments. Endothelium-dependent vasodilation induced by carba-

chol is shown. Mean ± SEM, n = 10, *p \ 0.05 versus vehicle.

b Representative histological cross-sections of the aortic root stained

with oil red O, van Gieson and MOMA-2 to display atherosclerotic

plaque development, collagen content and macrophage infiltration.

c Quantitative analysis of atherosclerotic lesion formation indicated

as plaque area in % of total area. Mean ± SEM, n = 10
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(24 ± 3% of control, p \ 0.05, Fig. 5c, left) and mRNA

(control: 1.0 ± 0.03 2-DDCt; rimonabant: 0.49 ± 0.13

2-DDCt, p \ 0.05, Fig. 5c, right) levels were significantly

decreased in mice that received rimonabant treatment.

CB2 receptor inhibition and AT1 receptor expression

A functional interaction between CB1 and CB2 receptors

has been postulated previously. We, therefore, studied

CB2-R expression in cultured aortic VSMC of C57Bl6

mice and Sprague Dawley rats, but did not detect CB2

receptor protein (Western analysis) or mRNA (real-time

RT-PCR) under basal conditions (data not shown). Fur-

thermore, CB2-R mRNA and protein expression were still

not detectable after incubation with rimonabant, AM251,

CP 55,940 or the specific CB2-R antagonist SR 144528

(data not shown). Nevertheless, to further study the

interplay between the endocannabinoid system and AT1-R

expression, we analyzed AT1-R expression after CB2-R

inhibition with SR 144528. There was no change in AT1-R

expression after CB2-R inhibition on both mRNA (vehicle:

1.0 ± 0.23 2-DDCt; SR 144528: 1.17 ± 0.21 2-DDCt,

Fig. 5d, right) and protein level (vehicle: 100 ± 8.7%; SR

144528: 82.4 ± 11.1%, Fig. 5d, left).

Discussion

The data presented in this study confirm that the CB1-R is

expressed in rat and mouse aortic VSMCs and in aortic

tissue of mice and demonstrate that oral administration of

the selective CB1-R antagonist rimonabant has atheropro-

tective effects by down-regulation of the AT1 receptor,

reduced NADPH oxidase activity, decreased vascular

Fig. 4 ROS production and NADPH oxidase activity in isolated

aortic segments of vehicle and rimonabant-treated ApoE-/- mice

after 7 weeks of cholesterol-rich diet. a Relative vascular ROS

formation was assessed by L-012 chemiluminescence. Mean ± SEM,

n = 8, *p \ 0.05 versus vehicle. b Lucigenin-enhanced chemilumi-

nescence assays were used to assess vascular NADPH oxidase

activity. Mean ± SEM, n = 8, *p \ 0.05 versus vehicle. c Cultured

rat aortic VSMCs were incubated with vehicle, rimonabant (10-6 or

10-7 M) for 24 h, angiotensin II for 3 h, or a combination of

rimonabant and angiotensin II. Intracellular ROS production was

visualized by DCF fluorescence microscopy. Mean ± SEM, n = 4,

*p \ 0.05. d Lucigenin-enhanced chemiluminescence assays were

used to assess NADPH oxidase activity in cultured rat aortic VSMCs

incubated with vehicle, rimonabant for 24 h, angiotensin II for 3 h, or

a combination of rimonabant and angiotensin II. Mean ± SEM,

n = 4, *p \ 0.05
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oxidative stress and thus improved endothelial function in

hypercholesterolemic ApoE-/- mice.

Large clinical trials with rimonabant have shown sig-

nificant improvements in cardio-metabolic risk factors

including waist circumference, systolic blood pressure,

HDL-cholesterol, triglyceride levels and insulin sensitivity

[11, 35, 39, 48]. Because these risk factors are associated

with the development of atherosclerosis [18], it was pro-

posed that rimonabant may be beneficial in preventing or

protracting atherogenesis. However, the results of the

recent STRADIVARIUS trial that evaluated the effect of

rimonabant treatment on the progression of coronary ath-

erosclerosis were inconclusive [32]. The aim of the pre-

sented study was, therefore, to analyze the metabolic and

vascular effects of rimonabant in a mouse model of ath-

erosclerosis and to investigate the underlying molecular

mechanisms involved.

The mouse model of atherosclerosis used in our study

(ApoE-/-) has been described in numerous publications

and is well-established [5, 14, 33]. When apolipoprotein E

is absent or has binding defects, atherosclerotic plaques and

endothelial dysfunction may develop. When homozygous

animals are fed with a high-fat and cholesterol-rich diet,

plasma cholesterol levels increase several fold compared to

wild-type and heterozygous animals. The main finding in

the model of ApoE-/- mice is that these animals develop

spontaneous atherosclerotic lesions even when on a normal

diet. When ApoE-/- mice were treated for 4 weeks with a

high-fat diet, plasma cholesterol levels and atherosclerotic

lesion area were three times higher than in ApoE-/- mice

on a normal diet. Between 5–6 weeks of age, monocytes

begin to adhere to endothelial cells, lipids begin to interact

with matrix filaments and lipid particles begin to aggregate.

It is well known that apolipoprotein E exerts anti-athero-

sclerotic effects by its antioxidant, anti-proliferative, anti-

inflammatory, anti-platelet and NO protecting properties

[5, 14, 33].

Several studies have shown the proinflammatory status

of ApoE-/- mice. Judkins et al. [20] demonstrated

increased superoxide production, reduced nitric oxide

bioavailability and an early atherosclerotic plaque forma-

tion. We have previously shown that ApoE-/- mice dis-

play significantly higher levels of aortic superoxide

production [51]. Continuous treatment with rimonabant

over the entire course of the diet led to a marked

improvement of endothelial function, but was not sufficient

to significantly alter atherosclerotic plaque formation,

collagen content or macrophage infiltration. The combined

effect of apolipoprotein E deficiency and cholesterol

challenge may have been too great of a burden to be suf-

ficiently inhibited by CB1 receptor antagonism in our

experimental setting. This may be due to the duration,

timing and dosage of the treatment. Recently, Dol-Gleizes

et al. [13] demonstrated that rimonabant treatment of LDL-

R-/- mice resulted in a dose-dependent inhibition of

atherosclerotic lesions and inflammation. Their study dif-

fered in three main aspects from our investigation. First,

the model of LDL receptor knockout mice was used which

differs from the model of ApoE-/- mice used in our

study. Second, fivefold higher rimonabant doses were used

(50 mg/kg/day rimonabant for the most pronounced effects

vs. 10 mg/kg/day in our study). Third, mice were treated

for 3 months as compared to 7 weeks in our study. Nev-

ertheless, the data from our study demonstrate vasculo-

protective effects with the rimonabant dose used.

Wild-type mice and especially ApoE-/- mice that

receive a high-fat, cholesterol-rich diet are known to gain

body weight due to increased adipose tissue within days to

weeks [5]. Treatment with rimonabant in a diet-induced

obesity mouse model modulates food intake and thus

results in moderate weight loss [7, 12, 36, 56]. Interest-

ingly, we registered a slight increase in body weight in both

the rimonabant and vehicle-treated groups although

abdominal fatty tissue decreased in the rimonabant group.

This effect is probably due to a weight redistribution and/or

different metabolism of serum glucose [57], but further

analysis is required to reveal the underlying mechanisms.

Thus far, it is known that glucose uptake by muscle and

brown adipose tissue is improved in mice lacking ApoE

when fed a diabetogenic diet [19]. The improved insulin

sensitivity observed in our rimonabant-treated animals may

have caused better muscle metabolism and thus increased

muscle mass.

In general, ApoE-/- mice exhibit lower body weight

and insulin levels than ApoE?/? mice when fed a diabe-

togenic diet [19]. Furthermore, insulin sensitivity and

fasting glucose levels are age-dependent [16, 19]. We

found significant differences between 9-month-old and

12-week-old ApoE-/- mice. Rimonabant treatment

improved insulin sensitivity only in the older mice. It is

known that CB1-R-/- mice have lower plasma insulin

levels and do not develop diet-induced insulin resistance

[37]. The inhibition of CB1 receptors via rimonabant may

prevent the impaired insulin sensitivity induced by high-

energy feeding observed in wild-type animals. This finding

may be related to the low adiposity of rimonabant-treated

mice fed the high-energy diet, as insulin sensitivity was

shown to correlate with the level of fat storage [22, 41].

ROS such as superoxide are involved in the pathogen-

esis of atherosclerosis, and the NADPH oxidase is one

major source of ROS formation in vascular cells [17, 50].

An important effect of AT1 receptor stimulation by

angiotensin II is the activation of NADPH oxidase [30, 31].

In conjunction with this, our findings show that rimonabant

reduces angiotensin II-mediated NADPH oxidase activity

in vivo and in vitro. Importantly, we demonstrate that
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rimonabant decreases AT1 receptor expression in the aortic

wall and cultured VSMCs. It may be speculated that ri-

monabant leads to improved endothelial function by down-

regulation of the AT1 receptor and thus decreased vascular

oxidative stress. Other studies have also shown interactions

between AT1 receptor and CB1 receptor functions. Turu

et al. [47] recently highlighted that the CB1 receptor is

activated following AT1 receptor stimulation. To exclude

other relevant mechanisms affected by CB1-R inhibition,

we analyzed rac1 and MnSOD. Physiologically, both are

involved in generation and inactivation, respectively of

ROS and oxidative stress [21, 55]. Neither rac1 nor

MnSOD protein expression was modified by CB1

inhibition.

Interaction between the endocannabinoid system and

atherosclerosis is not only attributed to the CB1 receptor,

but the CB2 receptor is also involved. Steffens et al. [43]

have demonstrated that low dose oral cannabinoid therapy

reduces atherosclerosis via the CB2 receptor in ApoE-/-

mice. One can speculate that CB1 receptor antagonism may

lead to increased endocannabinoid levels via a negative

feedback mechanism. These endocannabinoids could then

stimulate the CB2 receptor and thus attenuate atheroscle-

rosis. The precise cells and pathways involved in this CB2-

R-mediated atheroprotection are not known, but the

immuno-modulatory actions of CB2-R stimulation are

currently a prime target [27]. Our data suggest that in

contrast to the CB1-R, the CB2-R is not expressed in

VSMCs under basal conditions and does not have a direct

effect on AT1-R expression in these cells in an in vitro

setting. However, this does not exclude a systemic inter-

play between CB2-R action and aortic cells in vivo.

Several signaling pathways are involved and have been

described after activation of CB1-R [10, 29]. CB1-R acti-

vation modulates adenylate cyclase activity in most tissues

and regulates calcium and potassium channels [46]. Recent

evidence suggests that cannabinoids can activate mitogen-

activated protein kinases (MAPK), e.g., p42/p44 MAPK,

p38 MAPK and c-Jun N-terminal kinase (JNK) through

specific phosphorylation [46]. These signaling pathways

play an important role and have an impact on cardiac and

vascular function [40, 45]. Recently, Sugamura et al.

demonstrated a greater CB1-R expression in lipid-rich

atherosclerotic plaques compared to fibrous plaques.

Interestingly, they showed after CB1-R antagonism, a sig-

nificant increase in cytosolic cAMP levels, inhibited

phosphorylation of c-Jun N-terminal kinase and a signifi-

cant decrease in the production of proinflammatory medi-

ators such as IL1b, IL6, IL8, TNF alpha and MMP-9 in

macrophages. The authors summarized a benefit for the

progression of atherosclerosis through an anti-inflamma-

tory process by CB1-R blockade [44]. Liu et al. [25] allu-

ded that CB1-R located in endothelial cells are coupled to

the MAP kinase cascade, so that this modulation is

involved in cell growth and proliferation with a consecu-

tive important role in atherosclerosis. The precise cross-

link between CB1-R signal transduction and vascular

function remains to be investigated in further studies.

The presented data provide an important framework for

the molecular mechanisms of CB1 receptors in the devel-

opment of atherosclerosis. CB1-R inhibition promotes AT1

receptor down-regulation, reduces NADPH oxidase activity

and vascular ROS burden, and improves endothelial func-

tion in vivo, indicating beneficial direct vascular effects.
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