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A b s t r a c t

Introduction: The angiotensin II type 1 receptor (AT1R) and the peroxisome pro-
liferator-activated receptor γ (PPARγ) have been implicated in the pathogenesis 
of atherosclerosis. A  number of studies have reported that AT1R inhibition or 
genetic AT1R disruption and PPARγ activation inhibit vascular inflammation and 
improve glucose and lipid metabolism, underscoring a molecular interaction of 
AT1R and PPARγ. We here analyzed the hypothesis that vasculoprotective anti- 
inflammatory and metabolic effects of AT1R inhibition are mediated by PPARγ.
Material and methods: Female ApoE–/–/AT1R–/– mice were fedwith a high-fat 
and cholesterol-rich diet and received continuous treatment with the selective 
PPARγ antagonist GW9662 or vehicle at a rate of 700 ng/kg/min for 4 weeks us-
ing subcutaneously implanted osmotic mini-pumps. Additionally, one group of 
female ApoE–/– mice served as a control group. After treatment for 4 weeks mice 
were sacrificed and read-outs (plaque development, vascular inflammation and 
insulinsensitivity) were performed. 
Results: Using AT1R deficient ApoE–/– mice (ApoE–/–/AT1R–/– mice) we found de-
creased cholesterol-induced endothelial dysfunction and atherogenesis com-
pared to ApoE–/– mice. Inhibition of PPARγ by application of the specific PPARγ 
antagonist GW9662 significantly abolished the anti-atherogenic effects of AT1R 
deficiency in ApoE–/–/AT1R–/– mice (plaque area as % of control: ApoE–/–: 39 
±5%; ApoE–/–/AT1R–/–: 17 ±7%, p = 0.044 vs. ApoE–/–; ApoE–/–/AT1R–/– + GW9662:  
31 ±8%, p = 0.047 vs. ApoE–/–/AT1R–/–). Focusing on IL6 as a pro-inflammatory hu-
moral marker we detected significantly increased IL-6 levels in GW9662-treated 
animals (IL-6 in pg/ml: ApoE–/–: 230 ±16; ApoE–/–/AT1R–/–: 117 ±20, p = 0.01 vs. 
ApoE–/–; ApoE–/–/AT1R–/– + GW9662: 199 ±20, p = 0.01 vs. ApoE–/–/AT1R–/–), while 
the anti-inflammatory marker IL-10 was significantly reduced after PPARγ inhibi-
tion in GW9662 animals (IL-10 in pg/ml: ApoE–/–: 18 ±4; ApoE–/–/AT1R–/–: 55 ±12,  
p = 0.03 vs. ApoE–/–; ApoE–/–/AT1R–/– + GW9662: 19 ±4, p = 0.03 vs. ApoE–/–/ 
AT1R–/–). Metabolic parameters of glucose homeostasis (glucose and insulin tol-
erance test) were significantly deteriorated in ApoE–/–/AT1R–/– mice treated with 
GW9662 as compared to vehicle-treated ApoE–/–/AT1R–/– mice. Systolic blood 
pressure and plasma cholesterol levels were similar in all groups.
Conclusions: Genetic disruption of the AT1R attenuates atherosclerosis and 
improves endothelial function in an ApoE–/– mouse model of hypercholesterol-
emia-induced atherosclerosis via PPARγ, indicating a significant role of PPARγ 
in reduced vascular inflammation, improvement of insulin sensitivity and ath-
eroprotection of AT1R deficiency.

Key words: angiotensin II type 1 receptor, peroxisome proliferator-
activated receptor γ, inflammation, atherosclerosis, insulin sensitivity.
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Introduction

The renin-angiotensin-aldosterone system (RAAS)  
and especially the angiotensin II type 1 receptor 
(AT1R) have been implicated in cardiovascular 
pathophysiology [1]. Most known effects of angio-
tensin II are mediated via activation of the AT1R 
[1, 2]. Angiotensin II type 1 receptor activation 
is not only involved in vasoconstriction, salt ho-
moeostasis and control of other neurohumoral 
systems, but also induces reactive oxygen species 
(ROS) production maintaining humoral and cellu-
lar inflammation [3, 4]. Clinically, selective angio-
tensin receptor blockers (ARBs) are widely used 
in the treatment of hypertension and hyperten-
sion-related end-organ damage [5]. In addition to 
their protective role in the cardiovascular system, 
ARBs have been recognized recently as regulators 
of glucose and lipid metabolism in adipocytes and 
adipose tissue. Moreover, AT1R blockade improved 
insulin sensitivity in animal models of insulin re-
sistance [6]. Clinically inhibition of the RAAS by 
administration of ARBs exerts favorable metabolic 
effects that might prevent type 2 diabetes melli-
tus (T2DM) in high-risk individuals [7–10]. Mech-
anistically a number of studies have reported that 
AT1R blockers activate peroxisome proliferator-ac-
tivated receptor γ (PPARγ) in vitro and in vivo [11, 
12]. Peroxisome proliferator-activated receptor γ is 
predominantly detected in adipose tissue, macro-
phages, vascular cells and intestine and plays an 
important role in the regulation of adipogenesis, 
insulin sensitivity and lipid metabolism [13, 14]. 
Furthermore, PPARγ activation has been associated 
with anti-atherosclerotic effects including reduced 
formation of ROS [15]. More recently, PPARγ has 
been shown to be involved in the downregulation 
of several inflammatory cytokines and inhibition 
of inflammation by reduced transcription of in-
flammatory response genes (such as IL-2, IL-6, IL-8,  
TNF-a  and metalloproteases) negatively interfer-
ing with pro-inflammatory activation of NF-kB, 
STAT and AP-1 signaling pathways [16, 17].

A number of in vitro studies have reported a re-
versed molecular regulation of AT1R and PPARγ. In 
vitro studies investigating the interaction of PPARγ 
and the AT1R in vascular smooth muscle cells 
(VSMC) showed that activated PPARγ suppresses 
AT1R gene expression and vice versa, suggesting 
that pharmacological blockade or genetic disrup-
tion of the AT1R leads to enhanced PPARγ activity, 
thereby mediating anti-atherosclerotic effects in 
the vascular compartment [15, 16]. However, the 
relevance of AT1R deficiency upon AT1R and PPARγ 
interaction has not been determined in an in vivo 
model of cholesterol-induced atherosclerosis.

In the present study we hypothesize that ge-
netic disruption of the AT1R leads to improved 
atheroprotection by reduced vascular inflamma-

tion and increased insulin sensitivity via PPARγ. 
Our aim was to determine whether vasculopro-
tection of genetic AT1R deficiency was attenuated 
by selective pharmacological inhibition of PPARγ.

Material and methods

Animals and treatment protocol

Female, 6-week-old homozygous apolipopro-
tein E deficient (ApoE–/–) mice (genetic background: 
C57BL/6J, Charles River, Sulzfeld, Germany) were 
crossed with AT1R- knock-out mice (AT1R–/–) with 
an identical genetic background (kindly provided 
by Dr. Coffmann, University of North Carolina) un-
til homozygous double-knockout (ApoE–/–/AT1R–/–) 
mice were obtained. Female ApoE–/–/AT1R–/– mice 
were fed with a high-fat and cholesterol-rich diet 
that contained 21% fat, 19.5% casein, and 1.25% 
cholesterol (Ssniff, Germany) and received a con-
tinuous treatment with the selective PPARγ antag-
onist GW9662 (Sigma-Aldrich) or vehicle at a rate 
of 700 ng/kg/min for 4 weeks using subcutane-
ously implanted osmotic mini-pumps (Alzet, Ger-
many). Additionally, one group of female ApoE–/–

mice served as the control group treated with 
vehicle through osmotic minipumps. All mice had 
unrestricted access to water and standard mouse 
chow and were maintained in a room with a 12-
hour light/dark cycle and a constant temperature 
of 22°C. After treatment for 4 weeks mice were 
sacrificed and read-outs were performed. All an-
imal experiments were performed in accordance 
with institutional guidelines and the German An-
imal Protection Law. The experimental setting is 
depicted as a flow chart in Figure 1. 

Measurements of metabolic parameters

Systolic blood pressure (SBP), diastolic blood 
pressure and heart rate were measured by a com-
puterized tail-cuff system (CODA 6, Kent Scientific)  
in conscious animals. Mice were trained for 3 con-
secutive days in the pre-warmed tail-cuff device 
to accustom them to the procedure, followed by 
additional measurements of SBP and heart rate on  
3 consecutive days. On each day of blood pressure 
determination, 20 measurements were obtained 
and averaged for each individual animal. The 
mean values of all 3 days were used for compari-
sons. Blood glucose levels were measured using 
Accu-Chek-Sensor (Roche, Mannheim, Germany). 
Plasma cholesterol concentrations were deter-
mined by gas-liquid chromatography-mass spec-
trometry. Blood samples were collected by tail vein 
puncture. Body weights were measured weekly.

Glucose and insulin tolerance test

To determine blood glucose tolerance, an intra-
peritoneal glucose tolerance test (ipGTT) was ex-
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ecuted. 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. Blood glucose 
readings (Accu-Chek-Sensor, Roche, Mannheim, 
Germany) were taken at baseline and after 15, 30 
and 45 min. In addition, an intraperitoneal insulin 
tolerance test (ipITT) was executed after 6 h fast-
ing. Here, the animals were injected with human 
insulin (Actrapid; Novo-Nordisk; 0.75 U/kg body 
weight) intraperitoneally. 

Aortic ring preparations and tension 
recording

After excision of the descending aorta, the 
vessel was immersed in chilled, modified Tyrode 
buffer containing, in mmol/l, NaCl 118.0, CaCl2 
2.5, KCl 4.73, MgCl2 1.2, KH2PO4 1.2, NaHCO3 25.0,  
Na EDTA 0.026, D(+)glucose 5.5, pH 7.4. Three-mil-
limeter rings were mounted in organ baths filled 
with the above-described buffer (37°C; contin-
uously aerated with 95% O2 and 5% CO2) and 
were attached to a force transducer, and isometric 
tension was recorded. The vessel segments were 
gradually stretched over 60 min to a resting ten-
sion of 10 mN. Drugs were added in increasing 
concentrations in order to obtain cumulative con-
centration-response curves: KCl 20 and 40 mmol/l, 
angiotensin II 1 nmol/l to 1 µmol/l, phenylephrine 

1 nmol/l to 10 µmol/l, carbachol 10 nmol/l to 100 
µmol/l, and nitroglycerin 1 nmol/l to 10 µmol/l. 
The drug concentration was increased when va-
soconstriction or relaxation was completed. Drugs 
were washed out before the next substance was 
added.

Staining of atherosclerotic lesions  
and morphometric analysis

Hearts with ascending aortas were embedded 
in Tissue Tek OCT embedding medium and sec-
tioned on a Leica cryostat (9 µm), starting at the 
apex and progressing through the aortic valve 
area into the ascending aorta and the aortic arch 
and placed on poly-L-lysine (Sigma) coated slides. 
At least 15 consecutive sections per animal were 
used for analysis. For detection of atherosclerotic 
lesions, aortic cryosections were fixed with 3.7% 
formaldehyde and stained with oil red O working 
solution. For morphometric analysis, hematoxylin 
staining was performed according to standard 
protocols. Stained samples were examined with 
a Zeiss Axiovert 200 microscope (Carl Zeiss Jena, 
Germany) and an AxioCam MRc5. Images were 
acquired with Zeiss AxioVision software Rel. 4.5.0 
and processed with Corel Graphic Suite X4. For 
quantification of atherosclerotic plaque formation 
in the aortic root, lipid staining area and total area 
of serial histological sections were measured. Ath-

Figure 1. Experimental setting. Female ApoE–/–/AT1R–/– mice were fed with a high-fat and cholesterol-rich diet and 
received continuous treatment with the selective PPARγ antagonist GW9662 or vehicle at a rate of 700 ng/kg/min 
for 4 weeks using subcutaneously implanted osmotic mini-pumps. Additionally, one group of female ApoE–/– mice 
served as a control group and was treated with vehicle through implanted osmotic minipumps. After treatment for 
4 weeks mice were sacrificed and read-outs were performed
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erosclerosis data are expressed as lipid-staining 
area in percent of total surface area. The inves-
tigator who performed the histological analyses 
was unaware of the hypothesis of this study and 
the treatment of the respective animal group.

Immunohistochemical analysis of the 
monocyte/macrophage marker MOMA-2

For immunohistochemical analysis, cryosec-
tions were assessed for the monocyte/macrophage 
marker MOMA-2 with an indirect immunoenzymat-
ic method. 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 alka-
line phosphatase-conjugated-secondary-antibody 
(goat anti-rat IgG, Sigma) for 1 h at room tempera-
ture. Color reaction was accomplished with FastRed 
(Sigma). Nuclei were counterstained with hematox-
ylin. Isotype-specific antibodies were used for neg-
ative controls. Monocyte recruitment was quan-
tified by expression of MOMA-2 positive staining 
area in percent of total aortic plaque size estimated 
by an average of 5 sections from each animal. Sec-
tions were examined under a Zeiss Axiovert.

Measurements of cytokines

Plasma IL-6 and IL-10 were determined using 
an ELISA kit specific for mouse (Sabioscience, 
a  Qiagen company, Germany). Samples and 2% 
bovine serum albumin buffer were transferred to 
wells pre-coated with antibodies and were incu-
bated for 120 min at room temperature. Detec-
tion antibodies (1 : 20 dilutions) were added for  
60 min at 37°C. Immunodetection was accom-
plished using Avidin-HRP (1 : 1000 dilutions, in-
cubation time 30 min in dark) and a development 
solution. The absorbance was read at 570 nm with 
450 nm as the reference wavelength using a pho-
tometer (Tecan Austria, Austria).

Statistical analysis

Data are presented as mean ± SEM. Statistical 
analysis was performed using the ANOVA test 
followed by the Neuman-Keuls post hoc analysis. 
Value of p < 0.05 indicates statistical significance.

Results

Blood pressure, heart rate and metabolic 
parameters

Mice were treated as described in the method 
section and depicted in Figure 1. Body weight was 
identical in all groups before treatment and slight-
ly but equally increased during the 4 weeks of 
cholesterol-rich diet. Systolic and diastolic blood 
pressure, as assessed by the computerized tail-
cuff method, remained unchanged before and af-
ter treatment. After 4 weeks no significant differ-
ences were determined in total cholesterol levels 
and fasting blood glucose levels. All parameters 
are shown in Table I. In contrast to vehicle-treat-
ed ApoE–/–/AT1R–/– mice, the glucose tolerance 
test was significantly impaired in vehicle-treated 
ApoE–/– mice (Figure 2 A). Consistently, significant 
impaired insulin utilization was detected in vehi-
cle-treated ApoE–/– mice (Figure 2 B). The positive 
effect of AT1R-deficiency in ApoE–/– mice on glu-
cose homeostasis was abolished in GW9662-treat-
ed ApoE–/–/AT1R–/– mice (Figures 2 A, B). 

Endothelial function 

Sections of the ascending aorta were used to 
determine endothelial function in organ chamber 
experiments. Endothelium-dependent vasodilata-
tion was significantly impaired in vehicle-treated 
ApoE–/– mice. AT1R deficiency attenuates endothe-
lial dysfunction in ApoE–/– mice, whereas PPARγ 
inhibition by GW9662 decreased endothelium-de-
pendent vasodilatation in ApoE–/–/AT1R–/– mice. 
Endothelium independent vasorelaxation induced 
by nitroglycerin was similar in all groups (data not 
shown). In addition, vasoconstriction induced by 
phenylephrine or KCL was similar in all groups 
(data not shown).

Atherosclerotic lesion formation

Development of atherosclerotic lesions was an-
alyzed using oil red O  staining and macroscopic 
analysis of the aortic root. Figure 3 B shows repre-
sentative aortic root preparations of the different 
groups of animals. In contrast to vehicle-treat-
ed ApoE–/– mice fed a  high-cholesterol diet for  
4 weeks, vehicle-treated ApoE–/–/AT1R–/– mice do 

Table I. Blood pressure, heart rate and metabolic parameters

Parameter Total cholesterol 
[mg/dl]

Fasting blood 
glucose [mg/dl]

Body weight [g] Systolic BP 
[mm Hg]

Heart rate 
[beats/min]

ApoE–/– 1321 ±96 121 ±6 26 ±8 122 ±7 816 ±34

ApoE/AT1–/– 1192 ±96 109 ±12 27 ±1 133 ±4 856 ±54

ApoE/AT1–/– + GW9662 1279 ±82 114 ±3 25 ±2 122 ±5 898 ±46

To determine relevant cardiovascular effects, systolic BP, heart rate, fasting blood glucose levels, body weight and total cholesterol levels 
were assessed in all groups, n = 4–5 per group.
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not develop severe atherosclerotic lesion forma-
tion (ApoE–/– + vehicle: 39.6 ±0.5% of total area vs. 
ApoE–/–/AT1R–/– + vehicle: 14 ±0.4% of total area, 
p = 0.044, Figure 3 B). The profoundly inhibited 
atherogenesis in vehicle-treated ApoE–/–/AT1–/– 
mice was substantially reduced by application of 
GW9662 (ApoE–/–/AT1–/– + GW9662: 31 ±0.7% of 
total area vs. ApoE–/–/AT1R–/– vehicle: 14 ±0.4% 
of total area, p = 0.047, Figure 3 B). Quantitative 
analysis of atherosclerotic lesion formation is 
shown in Figure 3 C.

Monocyte recruitment of atherosclerotic 
lesions and vascular inflammation

For immunohistochemical analysis, cryosections 
were assessed for the monocyte/macrophage 
marker MOMA-2 with an indirect immunoenzy-
matic method. Figure 4 A  shows representative 
aortic root preparations of animal groups and Fig-
ure 4 B quantification of monocyte recruitment 
in percent. In contrast to vehicle-treated ApoE–/–/
AT1–/– mice, GW9662-treated animals showed 
a  non-significant tendency towards more mono-
cyte recruitment in the atherosclerotic lesion of the 
aortic root (ApoE–/–/AT1–/– + GW9662: 2.1 ±0.8% of 
total area vs. ApoE–/–/AT1R–/– + vehicle: 1.8 ±0.6% 
of total area, n.s.). Parameters of humoral pro-in-
flammation (IL-6) were significantly increased in 
GW9662-treated ApoE–/–/AT1–/– mice (ApoE–/–/
AT1–/– + GW9662: 199.5 ±20.5 pg/ml vs. ApoE–/–/
AT1R–/– + vehicle: 117.1 ±19.2  pg/ml, p = 0.01, 

Figure 4 C), while the anti-inflammatory marker 
IL10 (ApoE–/–/AT1–/– + GW9662: 18.8 ±3.9  pg/ml 
vs. ApoE–/–/AT1R–/– + vehicle: 55.2 ±12.3  pg/ml,  
p = 0.03, Figure 4 D) was significantly reduced af-
ter PPARγ inhibition. 

Discussion

Cardiovascular disease (CVD) is the major cause 
of death in the western world [18]. The underlying 
biological mechanisms are complex and only in-
sufficiently understood. The pathogenesis of ath-
erosclerosis involves prolonged exposure to risk 
factors and a poorly understood genetic predispo-
sition [19]. Oxidative stress and inflammation are 
decisively involved in the initiation and progres-
sion of atherosclerosis, leading to enhanced at-
traction, adhesion, and invasion of macrophages 
and lymphocytes, deposition of lipids within the 
vessel wall and plaque formation [20–22].

Activation of the AT1R is associated with many 
molecular and cellular events, such as increase of 
reactive oxygen species release and increased ex-
pression of pathophysiologically important genes, 
such as adhesion molecules, chemotaxis factors 
and proinflammatory cytokines [23]. In addition 
to molecular and cellular events, activation of the 
RAAS has a major impact on metabolic changes. 
Several newer signaling concepts with implica-
tions for cardiovascular physiology have emerged 
recently, adding substantial complexity to the 
physiological effects of receptor crosstalk in tar-
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get tissues [24, 25]. One concept posits that AT1R 
inhibition or deficiency upregulates PPARγ, which 
also governs molecular, cellular and metabolic 
pathways directly relevant to CVD [11, 12, 15]. 

The present study was undertaken to test the 
hypothesis that PPARγ mediates atheroprotection 
in AT1R-deficient animals via its anti-inflammato-
ry and beneficial metabolic actions. We and oth-
ers have shown previously that genetic disruption 
of the AT1R or AT1R inhibition by ARBs leads to 

inhibition of vascular oxidative stress, inflamma-
tion and atherogenesis [14, 26]. However, the rel-
evance of PPARγ in AT1R-deficiency mediated vas-
cular protection has not been analyzed in a mouse 
model of genetic AT1R deficiency so far. 

Here we show that PPARγ inhibition using 
a  pharmacological approach abolished anti-ath-
erogenic effects of genetic AT1R deficiency, lead-
ing to increased endothelial dysfunction and ac-
celerated atherosclerosis in hypercholesterolemic 
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ApoE–/– mice. In addition, we show that the an-
ti-inflammatory effects of AT1R deficiency are, at 
least in part, mediated via PPARγ in vivo. Systemic 
PPARγ inhibition by GW9662 treatment of ApoE–/–/
AT1R–/– mice resulted in decreased transcription of 
the anti-inflammatory IL-10 gene and increased 

transcription of the pro-inflammatory IL-6 gene, 
thus favoring inflammation and deterioration of 
vascular function and morphology.

In addition to the influence on the inflammato-
ry state by genetic perturbations of IL-6 and IL-10,  
PPARγ inhibition by GW9662 caused metabolic 
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cryosections were assessed for the monocyte/
macrophage marker MOMA-2 with an indirect im-
munoenzymatic method. Figure 4 A  shows repre-
sentative aortic root preparations of MOMA-2 stain-
ing from all animal groups and Figure 4 B shows 
quantification of monocyte recruitment in percent. 
In contrast to vehicle-treated ApoE–/–/AT1R–/– mice, 
monocyte content in atherosclerotic plaques had 
a  tendency to more monocyte recruitment in 
GW9662-treated animals. Plasma IL-6 (C) and IL-10  
levels (D) were determined using an ELISA kit specif-
ic for mouse. The pro-inflammatory marker IL-6 was 
significantly increased in GW9662-treated animals 
(ApoE–/–/AT1R–/– + vehicle vs. ApoE–/– + vehicle, *p = 
0.01, ApoE–/–/AT1R–/– + vehicle vs. ApoE–/–/AT1R–/– + 
GW9662, *p = 0.01), while the anti-inflammatory 
marker IL-10 was significantly reduced after PPARγ 
inhibition (ApoE–/–/AT1R–/– + vehicle vs. ApoE–/– + ve-
hicle, *p = 0.03, ApoE–/–/AT1R–/– + vehicle vs. ApoE–/–/
AT1R–/– + GW9662, *p = 0.03). Mean ± SEM, n = 4–5 
per group

n.s.
p = 0.01

p = 0.03

p = 0.01

p = 0.03

ApoE–/–/AT1R–/– + GW9662ApoE–/–/AT1R–/– + vehicleApoE–/– + vehicle
Bar: 100 µm
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changes of glucose metabolism leading to insulin 
resistance, which maintains increased cardiovas-
cular risk by promoting endothelial dysfunction 
and atherogenesis. Thus our data support the 
notion that inhibition of PPARγ in AT1R-deficient 
animals revealed multifactorial deterioration of 
parameters relevant for vascular homeostasis. 
Takeda et al. investigated this issue in vascular 
smooth muscle cells and reported downregula-
tion of AT1R expression at the transcriptional lev-
el following stimulation of PPARγ [27]. Regarding 
vascular inflammation, Ji et al. [28] found that 
PPARγ agonist treatment of vascular cells in vitro 
and in vivo significantly reduced pro-inflamma-
tory effects of Ang II. The modulatory effects of 
PPARγ were related to diminished activation of 
the pro-inflammatory toll-like receptor 4 (TLR4). 
TLR4 in turn has been attributed with consecutive 
activation of the IP10/PKC/NF-kB pathway. Many 
stimuli associated with the development of vas-
cular disease, including Ang II activation AT1R, are 
capable of inducing pro-inflammatory transcrip-
tional factors such as IL-6 [29].

Once activated, the transcription factor NF-kB 
binds to recognition elements in the promoter re-
gion of other pro-inflammatory genes and they act 
as dominant regulators of transcription of these 
genes to maintain inflammation [30]. In contrast, 
PPARγ and its agonists have been recognized as 
cardiovascular protective transcription factors. In 
many studies, the protective role of PPARγ in the 
pathogenesis of inflammatory diseases has been 
shown to be partly mediated through an NF-kB 
inhibition and IL-10-dependent mechanism [31–
34]. The present study demonstrates that anti- 
inflammatory gene regulation of decreased IL-6 
and increased IL-10 gene transcription in AT1R de-
ficiency was significantly reversed after PPARγ in-
hibition within the vascular compartment, thereby 
abolishing atheroprotective properties of AT1R de-
ficiency. However, the here demonstrated ability 
of GW9662 to inhibit PPARγ-mediated effects of 
AT1R deficiency does not rule out occurrence of 
a  mechanism independent of PPARγ inhibition, 
although GW9662 has not been associated with 
pleiotropic pharmacological effects independent 
of PPARγ inhibition.

Clinical observations in patients with metabolic 
syndrome defined by the coincidence of arterial 
hypertension and impaired glucose homeostasis 
treated with ARBs have revealed cardiovascu-
lar, cerebral, and renal protective effects beyond 
blood pressure control [35–37]. In addition to di-
rect end-organ protection, pleiotropic effects have 
been suggested to be mediated by PPARγ ago-
nism, thereby improving abnormalities of glucose 
and lipid metabolism, resulting in an anti-athero-
sclerotic effect in patients with hypertension and 

type 2 diabetes [10]. In several clinical trials, the 
effects of a certain subgroup of ARBs such as tel-
misartan on inflammation, glucose and lipid me-
tabolism have been demonstrated, emphasizing 
the hypothesis of underlying molecular receptor 
interactions preventing vascular damage by reg-
ulating atheroprotective anti-inflammatory tran-
scription factors. 

In conclusion, we here show that indirect met-
abolic and direct molecular anti-inflammatory 
effects of AT1R deficiency are, at least in part, 
mediated by PPARγ regulation. Interlocking regu-
lation of PPARγ and the AT1R might explain why 
the use of Ang II blockers is associated with the 
improvement of anti-inflammation and glucose 
and lipid metabolism even without intrinsic PPARγ 
agonism. However, the role of the RAAS in mediat-
ing vascular protective effects by PPARγ regulation 
is presently not fully understood, particular not in 
the metabolic conditions of hypercholesterolemia 
and type 2 diabetes. Moreover, whether combined 
AT1R blockage and PPARγ activation results in 
a synergistic clinical benefit remains an unsolved 
question.

However, the role of an AT1R-PPARγ crosstalk 
favorably affecting metabolic, genetic and oxida-
tive parameters promoting anti-atherogenesis is 
a promising area for future research. The prospect 
of this study relies on further mechanistic analy-
sis of the vascular effects of receptor interactions, 
and the identification of modulators thereby en-
hancing the use of atheroprotective modifications 
in cardiovascular disease.
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