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Abstract

Objective: Previous studies demonstrated that deficiency of angiotensin converting enzyme 2 

(ACE2) augmented angiotensin II-induced atherosclerosis and abdominal aortic aneurysm (AAA) 

formation in hypercholesterolemic mice. Effects of ACE2 deficiency could arise from increased 

concentrations of its substrate, AngII, or decreased concentrations of its product, angiotensin-(1-7) 

(Ang-(1-7)). Infusion of Ang-(1-7), a Mas receptor (MasR) ligand, to hypercholesterolemic male 

mice reduced AngII-induced atherosclerosis, suggesting a protective role of the Ang-(1-7)/MasR 

axis. However, it is unclear if endogenous Ang-(1-7) acts at MasR to influence AngII-induced 

vascular diseases. The purpose of this study was to define the role of MasR deficiency on AngII-

induced atherosclerosis and AAA formation/severity in hypercholesterolemic male mice.

Methods: MasR+/+ and −/− male mice on a low density lipoprotein receptor-deficient (Ldlr−/−) or 

apolipoprotein E-deficient (Apoe−/−) background were infused with AngII at either 600 or 1,000 

ng/kg/min by osmotic minipump for 28 days. Atherosclerosis was quantified at study endpoint as 

percent lesion surface area of the aortic arch in Ldlr−/− mice. Abdominal aortic internal diameters 

were quantified by ultrasound and maximal external AAA diameters were quantified at study 

endpoint. Blood pressure was quantified by either radiotelemetry and a tail-cuff based technique. 

Serum cholesterol concentrations and vascular tissue characterization were examined at study 

endpoint.
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Results: MasR deficiency did not influence body weight, systolic blood pressure at baseline and 

during AngII infusion, or serum cholesterol concentrations in either Apoe−/− or Ldlr−/− mice. 

MasR deficiency increased AngII-induced atherosclerosis in aortic arches of Ldlr−/− mice (P<.05), 

associated with increased oxidative stress and apoptosis in aortic root sections (P<.05). MasR 

deficiency also augmented internal and external AAA diameters and increased aortic ruptures of 

both Ldlr−/− and Apoe−/− mice (P<.05). These effects were associated with increased elastin 

breaks and T-lymphocyte and macrophage accumulation into abdominal aortas of AngII-infused 

MasR-deficient mice (P<.05).

Conclusions: These results demonstrate that MasR deficiency augmented AngII-induced 

atherosclerosis and AAA rupture through mechanisms involving increased oxidative stress, 

inflammation, and apoptosis, suggesting that MasR activation may provide therapeutic efficacy 

against vascular diseases.

TOC Summary:

Mas receptor deficiency significantly increases angiotensin II-induced atherosclerosis and aortic 

aneurysm ruptures in hyperlipidemic male mice. The authors suggest that this receptor plays an 

important role in angiotensin II-induced vascular diseases.
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Introduction

Vascular diseases, including atherosclerosis and abdominal aortic aneurysms (AAAs), are 

prevalent disorders that contribute to significant morbidity and mortality. Unfortunately, 

there are currently no effective medical therapies for AAAs, despite a high risk of rupture 

and death. While statins are widely used to reduce development of atherosclerosis, there are 

limited therapies that regress established atherosclerotic lesions. Infusion of angiotensin II 

(AngII), the primary peptide of the renin angiotensin system (RAS), into 

hypercholesterolemic male mice (low density lipoprotein receptor (Ldlr−/−)-deficient or 

apolipoprotein E (Apoe−/−)-deficient)) augments atherosclerosis and results in the formation 

of AAAs.1, 2 Blockade of the production of AngII through angiotensin converting enzyme 

inhibitors or angiotensin type 1 receptor (AT1R) antagonists have proven effective to reduce 

development of atherosclerosis and AAAs in experimental models.3, 4 However, RAS 

blockade through these conventional pathways has not shown clinical efficacy against 

development or progression of atherosclerosis or AAAs.5–9

The monocarboxypeptidase enzyme angiotensin converting enzyme 2 (ACE2) catabolizes 

AngII to form angiotensin-(1-7) (Ang-(1-7)), a peptide that binds to the G-protein coupled 

receptor, MasR.10–12 The ACE2/Ang-(1-7)/MasR axis has been suggested to counterbalance 

the actions of AngII on angiotensin type 1 receptors (AT1Rs). We demonstrated previously 

that whole body ACE2 deficiency augmented AAA formation in AngII-infused Ldlr−/− 

mice.13 Conversely, pharmacologic activation of ACE2 reduced AngII-induced AAAs.13 

Furthermore, overexpression of ACE2 by adenovirus in Apoe−/− mice lowered the incidence 
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of AngII-induced AAAs.14 These findings were supported by results localizing ACE2 to 

human abdominal aortic tissue.13 Similar protective effects of ACE2 have been implicated in 

experimental atherosclerosis, as ACE2 deficiency augmented development of diet-induced 

atherosclerosis in Ldlr−/− male mice.15 Further, co-infusion of AngII with Ang-(1-7) reduced 

atherosclerosis in Ldlr−/− mice.15 Taken together, these results support an emerging role for 

ACE2 and its product Ang-(1-7) as pathways providing protection from atherosclerosis and 

AAA formation. However, since ACE2 manipulation influences not only production of Ang-

(1-7) but also catabolism of AngII, it is unclear if vascular protective effects result from 

reduced AngII/AT1R or through Ang-(1-7) activation of MasR.

The MasR was described originally as an AngII receptor since the peptide induced calcium 

transients in a MasR-transfected neural cell line.16 Fourteen years later, Ang-(1-7) was 

identified to bind MasR and elicit relaxation of endothelium-containing aortic rings.10 Ang-

(1-7) mediated MasR activation resulted in improvement of vascular function by increasing 

nitric oxide bioavailability and reducing reactive oxygen species generation.17, 18 

Conversely, MasR-deficient mice exhibit endothelial dysfunction and increased vascular 

ROS production.19 In this study, we defined effects of MasR deficiency on AngII-induced 

atherosclerosis and AAA formation. We hypothesized that MasR deficiency increases 

AngII-induced atherosclerosis and augments formation and severity of AngII-induced 

AAAs.

Methods

Mice.—The MasR was deleted by insertion of a lacZ gene into exon 1 of the MasR gene 

(Knockout Mouse Project, UC Davis). Clones were made through neomycin selection and 

embryos were injected into pseudo-pregnant females (C57B1/6N, Taconic). Mouse 

genotyping was performed on DNA extracted from tail or ear clips by PCR using the 

presence and/or absence of the MasR and lacZ genes (MasR forward, 5’-

GTCCTCTACTTGCTGTACTACGAG-3’; reverse, 5’-GTTGGCGCTGCTGTTGATC-3’; 

LacZ forward, 5’-GGTAAACTGGCTCGGATTAGGG-3’; reverse, 5’-

TTGACTGTAGCGGCTGATGTTG-3’). All studies were performed in wildtype or MasR-

deficient litter mate mice bred to either an Ldlr- or Apoe-deficient background (The Jackson 

Laboratory, Bar Harbor, ME). Males (Ldlr−/−, 5-6 months of age; Apoe−/−, 2 months of age) 

were fed either standard mouse laboratory diet (Apoe−/−, Teklad, TD.2918) or a Western diet 

(Ldlr−/−, Teklad, TD.88137) beginning 1 week prior to implantation of osmotic minipumps 

and throughout the remainder of each study. Body weights were quantified weekly. Osmotic 

micropumps (Alzet, Model 1004) were implanted subcutaneously to infuse AngII at either 

600 (Ldlr−/−) or 1,000 (Apoe−/−) ng/kg/min to MasR+/+ and −/− mice on each background 

strain for 28 days. At study endpoint, mice were anesthetized (ketamine/xylazine, 100:10 

mg/kg, ip) and blood was obtained by cardiac puncture to quantify serum cholesterol and 

plasma Ang-(1-7) concentrations. Aortas were harvested for quantification of atherosclerosis 

and AAAs. All experiments involving mice conformed to the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals and were approved by Institutional 

Animal Care and Use Committees at the University of Kentucky or the University of 

Dusseldorf (AZ. 8.87-50.10.34.08.216 and AZ 84–02.04.2012.A250).

Stegbauer et al. Page 3

J Vasc Surg. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Quantification of blood pressure by a tail-cuff based technique.—Systolic blood 

pressures (SBP) were quantified in MasR+/+ (n=11) and MasR−/− mice (n=9) on an Ldlr−/− 

background for 4 consecutive days using a Visitech blood pressure monitoring system before 

(day 0) and during (week 3) AngII infusions. Blood pressure data were averaged over the 

days of recording for each genotype.

Quantification of blood pressure by radiotelemetry.—Radiotelemetry was used to 

quantify blood pressure in conscious, unrestrained Apoe−/− and Apoe−/− Mas−/− mice. Prior 

to implantation of osmotic minipumps, mice were anesthetized and pressure-sensing 

catheters (PA-C10, Data Sciences International, s’Hertogenbosch, the Netherlands) were 

implanted via the left common carotid artery as described previously.20 After a recovery 

period of 7 days, blood pressure was monitored continuously to collect baseline (5 days) 

pressures and following infusion of AngII. Blood pressure data were averaged over the days 

of recording for each mouse within each genotype.

Quantification of serum and plasma components.—Serum was collected using 

serum separator tubes (BD Microtainers, 20,000g for 4 min). Cholesterol concentrations in 

sera were quantified as described previously15 using a Wako Cholesterol E kit (Wako 

Diagnostics). Complete blood (20 μl) counts were quantified using MiniCollect tubes 

(Greiner bio-one) followed by analysis using a Hemavet 950FS (Erba Diagnostics). Plasma 

(50 μl) Ang-(1-7) concentrations were quantified as described previously13 using a 

commercial ELISA (Pennisula Labs, San Carlos, CA) according to the manufacturer’s 

instructions.

Quantification of AAAs by in vivo ultrasound and ex vivo maximal AAA 
diameter.—In vivo internal abdominal aortic diameters were quantified by ultrasound 

using the B-mode of a VisualSonics ultrasound imaging system (Vevo 2100) with a 55-MHz 

probe. Ultrasound was performed on anesthetized mice at day 0 and 27 of AngII infusion. 

Images were analyzed by observers who were blinded to the study design. At study 

endpoint, aortas from anesthetized mice were anterograde perfused (PBS, 5 ml) through the 

left ventricle and placed in 10% (wt/vol) formalin. After fixation (24-48 hours), aortas were 

cleaned of adherent tissue and mounted on black wax and imaged using a dissecting 

microscope (Nikon, Model SMZ800) with camera attachment (Nikon, Model DS-Fi1) and 

image analysis software (Nikon Elements, V.3.1) for measurement of maximal external 

abdominal aortic diameters.

Quantification of immune cell infiltration and elastin fragmentation

To quantify abdominal aortic immune cell infiltration and elastin fragmentation, abdominal 

aortas were fixed with 4% (wt/vol) paraformaldehyde, paraffin-embedded, and sectioned at 5 

μm. Cross sections of maximum diameter and adjacent sections (three preceding and three 

succeeding sections at 30 μm intervals in each direction) were used for Movat staining, as 

well as for F4/80 and CD3 immunohistochemistry. For F4/80 staining, slides were incubated 

with Proteinase K (S3020, Dako, Glostrup, Denmark) for 3 minutes. For CD3 staining, 

slides were incubated with antigen retrieval buffer (pH 9) (S2367, Dako, Carpinteria, CA, 

USA, pH 9; for 20 minutes at 98°C) and then at room temperature for 30 minutes. 
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Afterwards, all slides were incubated with 3% (vol/vol) H2O2 (10 minutes) and then with 

horse serum (Vector, MP-7401 Burlingame, CA, USA; 20 minutes). Slides were incubated 

with rat anti-F4/80 antibody (1:100, MCA497RT, Bio-Rad, Oxford, UK) or rabbit anti-CD3 

antibody (IS503, Dako, Glostrup, Denmark) overnight (4°C). After washing (Dako, S0809, 

Glostrup, Denemark), slides were incubated either with ImmPRESS anti-rabbit IgG HRP 

(Vector, MP-7401, Burlingame, CA, USA) or with ImmPRESS anti-rat IgG HRP (Vector, 

MP-7444, Burlingame, CA, USA) for 30 minutes (room temperature). Immunostaining was 

visualized using 3,3’-diaminobenzidine (DM827, Agilent, Ratingen, Germany). After 

washing (10 minutes), slides were dried and mounted (Roti©-Mount HP68.1, Karlsuhe, 

Germany) with coverslips.

To identify elastin fragmentation, Movat staining was performed on paraffin-embedded 

aortic sections. Slides were fixed in Bouin’s solution (No.10132 Sigma-Aldrich; 50°C, 10 

minutes) and stained with 5% (vol/vol) sodium thiosulfate (No.217263 Sigma-Aldrich; 5 

minutes), 1% (vol/vol) alcian blue (No.5268 Sigma-Aldrich; 15 minutes), and alkaline 

alcohol (No.6899 Sigma-Aldrich; 10 minutes). Then, slides were incubated (20 minutes) 

with Movat Weigert’s solution which was prepared from a 2% (wt/vol) alcohol hematoxylin, 

ferric chloride and iodine stock solution in ratios of 3:2:1. Afterwards, slides were incubated 

with crocein scarlet-acid/fuchsin solution (Crocein Scarlett, No.0531 Chempur; Acid 

Fuchsin, No.8129 Sigma-Aldrich; 1 minute), 5% (vol/vol) phosphotungstic acid (No.4006 

Sigma-Aldrich; 5 minutes) and 1% (vol/vol) acetic acid (5 minutes). Slides were washed in 

between each of these steps, and then dehydrated in 95% ethanol, followed by 100% ethanol 

(1 minute). Slides were immersed in alcohol saffron (8 minutes), 100% ethanol (1 minute, 

twice), and then xylol (5 minutes, twice). Finally, tissue sections were mounted in mounting 

medium (Roti-Mount HP68.1) and covered. Chemicals were purchased from Sigma, 

Chempur, Microm and Carl-Roth. Images were acquired at 100× and 400× magnification 

and quantification was performed using analysis software (ImageJ 1.37v software, NIH). 

CD3 or F4/80 positive cells were calculated as a percentage of positive staining per cross 

section area and elastic fragmentation was quantified as elastin breaks per cross section. 

Quantification of the results were performed by two observers blinded to the experimental 

design.

En face quantification of atherosclerotic lesion surface area in aortic arch.—
Aortic arches from Apoe−/− and Ldlr−/− mice infused with AngII were pinned on black wax 

and a 3-mm line was drawn from the left subclavian artery. Aortic lesions were then outlined 

using image analysis software (Nikon Elements, V3.1) and lesion areas were determined for 

the entire arch. Lesion surface area (sum of all lesions) was expressed as a percentage of the 

aortic arch.

Characterization of aortic root sections.—Aortic roots were sectioned as described 

previously21 and sections were stained with Oil Red O for neutral lipids within 

atherosclerotic lesions. Apoptosis of smooth muscle cells was quantified in aortic root tissue 

sections using a terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) kit 

(Roche, Inc.). Two to three tissue sections were averaged from each mouse (n = 3 mice/

group) from the midpoint of the aortic semilunar valves. TUNEL positive cells were counted 
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and expressed as a percentage of cell number (DAPI-stained). Oxidative stress was 

quantified in aortic root sections (2-3 sections averaged from n = 3 mice/group) using 

dihydroethidium (DHE) staining. Images were obtained at exposures of 150 milliseconds 

with a gain of 1.4×, and then analyzed by intensity-frequency histogram (intensities of 

250-2500) expressed as area under the curve (AUC). Quantification of results were 

performed by two observers blinded to the experimental design.

Statistics

Data are reported as mean ± standard error (SEM). Data were tested for normal distribution 

and equal variance. For Table 1 and Figures 1 and 2, data were analyzed by unpaired 

Student’s t-tests. For Figure 3, Student’s t-tests were performed, except for AAA incidence 

(Figures 3C,D), a Fischer’s exact test was performed. Also, for survival curves (Figures 

3G,H), a Gehan-Breslow-Wilcoxon test was performed. For Figure 4, Student’s t-tests were 

performed. P ≤ 0.05 was considered statistically significant. Statistical analyses were 

performed using Graphpad Prism v.5.0 (Graphpad Software).

Results

MasR deficiency had no effect on body weight, systolic blood pressure, or serum 
cholesterol concentrations in hypercholesterolemic male mice

MasR deficiency had no effect on body weight, baseline blood pressure, blood pressure 

during infusion of AngII, blood cell counts, or plasma concentrations of Ang-(1-7)(Table I). 

Similarly, MasR deficiency did not influence serum cholesterol concentrations in Apoe−/− or 

Ldlr−/− AngII-infused mice; however, serum cholesterol concentrations were markedly 

higher in Ldlr−/− compared to Apoe−/− mice, regardless of genotype (Table I).

MasR deficiency augmented AngII-induced atherosclerosis in Ldlr−/− and Apoe−/− male 
mice

To investigate the effect of MasR on atherosclerosis, we quantified atherosclerotic lesion 

surface area on intimal surfaces of the aortic arches of AngII infused MasR−//− Ldlr−/−, 

MasR+/+/Ldlr−/−, MasR−/−/Apoe−/− and Mas+/+/Apoe−/−. Atherosclerotic lesion surface area 

was increased significantly in AngII-infused MasR−/− compared to MasR+/+/Ldlr−/− mice 

(Figure 1A,B; P<0.05). There was a trend for increased atherosclerotic lesion surface area of 

MasR−/−/Apoe−/− mice compared to control; however, the effect was not significant (Figure 

1A,C; P=0.07). To delineate potential mechanisms for effects of MasR deficiency, we 

quantified DHE staining in aortic sinus tissue sections which was increased significantly in 

MasR−/− compared to MasR+/+//Ldlr−/− mice (Figure 2A,B; P<0.05). Similarly, TUNEL 

apoptotic staining was increased markedly in aortic sinus tissue sections from MasR−/− 

compared to MasR+/+/Ldlr−/− mice (Figure 2A,C; P<0.05). In contrast to aortic arch 

atherosclerosis, there was no difference in lesion area (quantified by Oil Red O staining) of 

aortic sinus sections from MasR+/+ compared to MasR−/−/Ldlr−/− mice (MasR+/+, 26,459 

± 7717 μm2; MasR−/−, 24,281 ± 9659 μm2, P=.61).
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MasR deficiency promoted the formation and severity of AngII-induced AAAs in Ldlr−/− and 
Apoe−/− male mice

Abdominal aortic lumen diameters (day 27 of AngII infusion) were increased significantly 

in Apoe−/−, but not in Ldlr−/− MasR-deficient mice infused with AngII (Figure 3A,B; 

Supplemental Figure 1; P<0.05), potentially due to the small number of AngII-infused Ldlr
−/− mice (n=3) that survived the study protocol, or due to the lower dose of AngII infusion in 

Ldlr−/− mice. AAA incidence increased (by 31%) in both Ldlr−/− and Apoe−/− MasR-

deficient mice compared to wildtype mice (Figure 3C,D). AAA severity was augmented by 

MasR deficiency, as evidenced by significant increases in external abdominal aortic 

diameters of Apoe−/− but not Ldlr−/−/MasR-deficient mice (Figure 3E,F; P<0.05). Percent 

survival was significantly lower in both Apoe−/− and Ldlr−/− MasR-deficient mice infused 

with AngII (Figure 3G,H; P<0.05). The incidence of aneurysm rupture was higher in MasR-

deficient mice on an Ldlr−/− (MasR+/+, 36%; MasR−/−, 67%) compared to Apoe−/− (MasR
+/+, 39%; MasR−/−, 42%) background.

Since aneurysm rupture was increased in MasR-deficient mice, we quantified elastin 

fragmentation in AAA tissue sections from AngII-infused Apoe−/−/MasR+/+ and −/− mice. 

Elastin fragmentation within the aortic media increased significantly in AAA sections from 

MasR−/− compared to MasR+/+ mice (Figure 4A,B; P<0.05). Moreover, immunostaining for 

T-lymphocytes (CD3) and macrophages (F4/80) increased significantly in AAA tissue 

sections from AngII-infused MasR−/− compared to MasR+/+ mice (Figure 4C-F; P<0.05).

Discussion and Conclusion

Results from this study demonstrate that deficiency of MasR augments AngII-induced 

atherosclerosis and AAA formation and severity in hypercholesterolemic male mice (Figure 

5). Effects of MasR deficiency to augment AngII-induced vascular diseases were observed 

without the need for exogenous infusion of its ligand, Ang-(1-7). These results suggest that 

endogenous Ang-(1-7), acting at MasR, protects against AngII-induced vascular diseases. 

Similar effects of MasR deficiency were observed in two different hypercholesterolemic 

murine strains, albeit with differences in the severity of effect. For example, compared to 

Apoe−/− MasR-deficient mice, Ldlr−/− mice with MasR deficiency had 5-fold higher serum 

cholesterol concentrations and more pronounced aneurysm rupture. Increased oxidative 

stress, inflammation, apoptosis, and elastin fragmentation may contribute to effects of MasR 

deficiency to augment AngII-induced vascular diseases. These results suggest that activation 

of the MasR axis may provide an alternative mode of intervening within the RAS for 

treatment of vascular diseases.

In this study, blood pressure did not appear to be a variable that contributed to effects of 

MasR deficiency to promote AngII-induced atherosclerosis and AAAs, as there was no 

effect of MasR deficiency on baseline or AngII-induced hypertension. A lack of effect of 

MasR deficiency on baseline blood pressures in the present study is consistent with previous 

reports.22 However, others have reported that MasR deficiency augmented baseline blood 

pressure when mice are bred on an FVB/N background.23 Similar conflicting results have 

been reported for effects of ACE2 deficiency on baseline blood pressure in experimental 

mice.15, 24, 25 Taken together, it is unclear whether Ang-(1-7) regulates baseline blood 
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pressure through a MasR-dependent mechanism. Moreover, results from this study do not 

support a role for MasR in the regulation of hypertension induced by infusion of exogenous 

AngII to male hypercholesterolemic mice. Notably, since augmented AngII-induced 

atherosclerosis and AAAs were observed in MasR-deficient mice that had similar blood 

pressures as wildtype controls, these results suggest that blood pressure is not a primary 

mechanism for effects of MasR deficiency to promote AngII-induced vascular diseases.

Previous studies demonstrated that deletion of components of the traditional RAS, such as 

AT1R, reduced diet-induced atherosclerosis in experimental mice.1–3, 26, 27 Conversely, 

whole body deletion of ACE2 promoted diet-induced atherosclerosis in Ldlr−/− male mice15; 

however, it is unclear whether effects of ACE2 deficiency to promote atherosclerosis arose 

from increased AngII concentrations, or from reductions in Ang-(1-7). We and others have 

demonstrated that infusion of exogenous Ang-(1-7) reduced diet- and AngII-induced 

atherosclerosis in experimental mice.15, 28–32 In this study, whole body deficiency of MasR 

augmented AngII-induced atherosclerosis in Ldlr−/− and Apoe−/− mice, suggesting that 

previous studies using exogenous Ang-(1-7) infusion to reduce atherosclerosis resulted from 

activation of MasR. Moreover, our results extend previous findings since augmented 

atherosclerosis was observed in MasR-deficient mice that were not infused with exogenous 

Ang-(1-7), suggesting protective effects from endogenous Ang-(1-7) activation of MasR. 

Moreover, similar to our findings, recent studies demonstrated that MasR deficiency 

augmented atherosclerosis when Apoe−/− mice were fed a high fat diet.32, 33 Similar to 

observations from the present study, oxidative stress and impaired endothelial function were 

observed in aortas from MasR-deficient mice.32 Taken together, these results suggest a 

protective role for endogenous Ang-(1-7) through MasR activation in development of AngII-

induced atherosclerosis.

In addition to AngII-induced atherosclerosis, AAAs were more severe in MasR-deficient 

mice, with aneurysm ruptures occurring in 67% of MasR-deficient Ldlr−/− mice. Previous 

studies from our laboratory demonstrated that deficiency of ACE2, the enzyme responsible 

for formation of Ang-(1-7), also augmented AngII-induced AAAs, while pharmacologic 

activation of ACE2 reduced AAA formation and severity.13 It was unclear whether effects of 

ACE2 manipulation resulted from alterations in AngII or Ang-(1-7). Results from the 

present study extend these findings by demonstrating that MasR deficiency augmented the 

severity of AngII-induced AAAs, suggesting that ACE2-mediated production of Ang-(1-7) 

results in MasR activation to protect against AAA formation and severity. The underlying 

mechanisms how MasR activation mediates these effects are unclear. AAA formation is a 

multi-factorial disease that can be influenced by inflammation 34–36. In the present study, 

markers for oxidative stress, inflammation, apoptosis and elastin fragmentation were 

increased in aortas of MasR deficient mice suggesting a direct link between MasR 

activation, inflammation and vascular injury in the development of AAA. In this regard, it 

has been shown that the MasR expressed on macrophages and the vasculature influence 

polarization and migration of macrophages as well as macrophage-mediated T-cell activation 

and vascular inflammation.18, 33, 37. In line with this observation, other studies have also 

shown that the Ang-(1-7) receptor agonist, AVE 0991, also lowers pro-inflammatory 

macrophages within atherosclerotic lesions and perivascular adipose tissue of Apoe−/− mice.
38, 39
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In conclusion, MasR deficiency promotes AngII-induced atherosclerosis and AAA 

formation and severity. These studies suggest that activation of the MasR pathway may have 

efficacy against vascular pathologies associated with elevations in AngII.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical relevance paragraph

Results from this study suggest a novel mode of intervening in the RAS to treat vascular 

diseases, namely by activating MasR as the protective arm of the system. Our results 

demonstrate that when Mas receptors are absent, AngII-induced atherosclerosis and 

AAAs are exacerbated. These results suggest that the endogenous ligand of MasR, Ang-

(1-7), acts at MasR to counterbalance vascular disease-promoting effects of AngII. Since 

the development of atherosclerosis and severity of AAAs were augmented by MasR 

deficiency, then these results suggest that activation of the MasR pathway may reduce the 

progressive growth of these dangerous vascular diseases.
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Type of Research:

Experimental study using an angiotensin-II induced atherosclerosis model in mice

Key Findings:

Mas receptor deficiency increased angiotensin-II-induced atherosclerosis as well as 

increased aortic rupture.

Take Home Message:

Mas receptor activation may be a new therapeutic target to prevent or treat vascular 

disease.
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Figure 1. 
MasR deficiency increased AngII-induced atherosclerosis in Ldlr−/− and Apoe−/−male 

mice. En face analysis of aortic arches of MasR+/+ and MasR−/−/Ldlr−/− and Apoe−/− 

mice. Figure 1A, Representative images of the aortic arch from mice of each genotype (scale 

bar represents 5 mm). Figure 1B and 1C, Percent atherosclerosis lesion surface area in Ldlr
−/− and Apoe−/− mice. Data are mean ± SEM from n=3-7 mice/group; *, P<0.05.
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Figure 2. 
Elevations in oxidative stress and apoptosis in aortic sinus tissue sections from MasR-

deficient Ldlr−/− mice infused with AngII. Figure 2: Representative DHE staining (red, A) 

with quantification (B) from 2-3 aortic sinus tissue sections from n = 3 mice/genotype. 

Representative TUNEL staining (green, A) with quantification (C) of percent TUNEL 

positive cells in aortic sinus sections from mice of each genotype. Scale bar represents 50 

microns. Data are mean ± SEM from n=3 sections/mouse, n=3 mice/genotype; *, P<0.05.

Stegbauer et al. Page 15

J Vasc Surg. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
MasR deficiency augmented formation and severity of AngII-induced AAAs. A,B: In vivo 
ultrasound abdominal aortic lumen diameters on day 27 of AngII infusion in Ldlr−/− (A; 

n=3-7 mice/group) and Apoe−/− (B, n=7-11 mice/group) mice. C,D: AAA incidence in 

AngII-infused Ldlr−/− (C) and Apoe−/− (D) mice. Numbers of mice/genotype are illustrated 

within columns for each group, while percent incidence is illustrated above each column. 

E,F: Maximal external AAA diameters of AngII-infused Ldlr−/− (E) and Apoe−/− (F) mice. 

G,H: Percent survival over days of AngII infusion in Ldlr−/− (G) and Apoe−/− (H) mice. 

Data are mean ± SEM. *, P<0.05.
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Figure 4. 
MasR deficiency increased elastin fragmentation and immune cell accumulation in AAA 

tissue sections. A, Representative Movat staining in AAA tissue sections from MasR+/+ or 

MasR−/− (KO) Apoe−/− mice infused with AngII. Nuclei and elastin stain black, smooth 

muscle cells stain red, blue staining indicates ground substance, and yellow staining 

indicates collagen. Boxes at lower magnification (100×) are magnified at 400× to illustrate 

fragmentation of elastin. B, Quantification of elastin fragmentation in AAA tissue sections 

from n=5-7 mice/genotype. C, Representative T-lymphocyte (CD3) immunostaining in AAA 
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tissue sections from mice of each genotype. D, Quantification of CD3 positive T-lymphocyte 

staining per section. E, Representative macrophage (F4/80) immunostaining in AAA tissue 

sections from mice of each genotype. F, Quantification of F4/80 positive macrophage 

staining per section. Scale bar represents 100 microns. Data are mean ± SEM. *, P<0.05.
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Figure 5. 
MasR deficiency increases atherosclerosis and AAAs in hyperlipidemic male mice. 

Summary of findings in both atherosclerosis and AAAs with MasR-deficient mice. With 

MasR deficiency, the balance of angiotensin peptides favors a pro-inflammatory, pro-

apoptotic, pro-atherogenic environment with increased AAA formation and rupture.

Stegbauer et al. Page 19

J Vasc Surg. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Stegbauer et al. Page 20

Ta
b

le
 I.

B
od

y 
w

ei
gh

ts
, b

as
el

in
e 

an
d 

en
dp

oi
nt

 s
ys

to
lic

 a
nd

 d
ia

st
ol

ic
 b

lo
od

 p
re

ss
ur

e,
 s

er
um

 c
ho

le
st

er
ol

 c
on

ce
nt

ra
tio

ns
, p

la
sm

a 
A

ng
-(

1-
7)

 c
on

ce
nt

ra
tio

ns
, a

nd
 

co
m

pl
et

e 
bl

oo
d 

co
un

ts
 in

 M
as

R
+

/+
 a

nd
 M

as
R

−
/−

 m
al

e 
m

ic
e.

 S
ys

to
lic

 b
lo

od
 p

re
ss

ur
es

 o
f 

A
po

e−
/−

 m
ic

e 
w

er
e 

qu
an

tif
ie

d 
by

 r
ad

io
te

le
m

et
ry

. S
ys

to
lic

 b
lo

od
 

pr
es

su
re

s 
of

 L
dl

r−
/−

 m
ic

e 
w

er
e 

qu
an

tif
ie

d 
by

 ta
il-

cu
ff

. N
D

 in
di

ca
te

s 
no

t d
et

er
m

in
ed

.

M
as

R
+/

+  
L

dl
r−/

−
M

as
R

−/
−  

L
dl

r−/
−

M
as

R
+/

+  
A

po
e−/

−
M

as
R

−/
−  

A
po

e−/
−

B
od

y 
w

ei
gh

t (
g)

34
 ±

 0
.8

31
 ±

 1
.3

28
 ±

 0
.7

31
 ±

 0
.6

B
as

el
in

e 
sy

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
(m

m
H

g)
11

2 
±

 4
11

0 
±

 4
12

9 
±

 8
12

4 
±

 7

E
nd

po
in

t s
ys

to
lic

 b
lo

od
 p

re
ss

ur
e 

(m
m

H
g)

14
1 

±
 6

14
3 

±
 2

15
8 

±
 1

3
16

2 
±

 8

B
as

el
in

e 
di

as
to

lic
 b

lo
od

 p
re

ss
ur

e 
(m

m
H

g)
90

 ±
 2

84
 ±

 6
99

 ±
 3

95
 ±

 4

E
nd

po
in

t d
ia

st
ol

ic
 b

lo
od

 p
re

ss
ur

e 
(m

m
H

g)
11

2 
±

 7
11

0 
±

 1
13

3 
±

 8
13

3 
±

 5

Se
ru

m
 c

ho
le

st
er

ol
 (

m
g/

dl
)

16
24

 ±
 1

30
22

04
 ±

 4
18

32
6 

±
 2

1
34

9 
±

 2
5

Pl
as

m
a 

A
ng

-(
1-

7)
 (

ng
/m

L
)

0.
1 

±
 0

.0
1

0.
1 

±
 0

.0
2

N
D

N
D

W
B

C
s 

(K
/μ

L
)

4.
0 

±
 0

.5
3.

7 
±

 0
.2

N
D

N
D

Pl
at

el
et

s 
(K

/μ
L

)
60

6 
±

 3
5

60
4 

±
 4

0
N

D
N

D

H
em

at
oc

ri
t (

%
)

38
 ±

 0
.7

35
 ±

 1
.5

N
D

N
D

J Vasc Surg. Author manuscript; available in PMC 2020 November 01.


	Abstract
	TOC Summary:
	Introduction
	Methods
	Mice.—The MasR was deleted by insertion of a lacZ gene into exon 1 of the MasR gene (Knockout Mouse Project, UC Davis). Clones were made through neomycin selection and embryos were injected into pseudo-pregnant females (C57B1/6N, Taconic). Mouse genotyping was performed on DNA extracted from tail or ear clips by PCR using the presence and/or absence of the MasR and lacZ genes (MasR forward, 5’-GTCCTCTACTTGCTGTACTACGAG-3’; reverse, 5’-GTTGGCGCTGCTGTTGATC-3’; LacZ forward, 5’-GGTAAACTGGCTCGGATTAGGG-3’; reverse, 5’-TTGACTGTAGCGGCTGATGTTG-3’). All studies were performed in wildtype or MasR-deficient litter mate mice bred to either an Ldlr- or Apoe-deficient background (The Jackson Laboratory, Bar Harbor, ME). Males (Ldlr−/−, 5-6 months of age; Apoe−/−, 2 months of age) were fed either standard mouse laboratory diet (Apoe−/−, Teklad, TD.2918) or a Western diet (Ldlr−/−, Teklad, TD.88137) beginning 1 week prior to implantation of osmotic minipumps and throughout the remainder of each study. Body weights were quantified weekly. Osmotic micropumps (Alzet, Model 1004) were implanted subcutaneously to infuse AngII at either 600 (Ldlr−/−) or 1,000 (Apoe−/−) ng/kg/min to MasR+/+ and −/− mice on each background strain for 28 days. At study endpoint, mice were anesthetized (ketamine/xylazine, 100:10 mg/kg, ip) and blood was obtained by cardiac puncture to quantify serum cholesterol and plasma Ang-(1-7) concentrations. Aortas were harvested for quantification of atherosclerosis and AAAs. All experiments involving mice conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by Institutional Animal Care and Use Committees at the University of Kentucky or the University of Dusseldorf (AZ. 8.87-50.10.34.08.216 and AZ 84–02.04.2012.A250).Quantification of blood pressure by a tail-cuff based technique.—Systolic blood pressures (SBP) were quantified in MasR+/+ (n=11) and MasR−/− mice (n=9) on an Ldlr−/− background for 4 consecutive days using a Visitech blood pressure monitoring system before (day 0) and during (week 3) AngII infusions. Blood pressure data were averaged over the days of recording for each genotype.Quantification of blood pressure by radiotelemetry.—Radiotelemetry was used to quantify blood pressure in conscious, unrestrained Apoe−/− and Apoe−/− Mas−/− mice. Prior to implantation of osmotic minipumps, mice were anesthetized and pressure-sensing catheters (PA-C10, Data Sciences International, s’Hertogenbosch, the Netherlands) were implanted via the left common carotid artery as described previously.20 After a recovery period of 7 days, blood pressure was monitored continuously to collect baseline (5 days) pressures and following infusion of AngII. Blood pressure data were averaged over the days of recording for each mouse within each genotype.Quantification of serum and plasma components.—Serum was collected using serum separator tubes (BD Microtainers,
20,000g for 4 min). Cholesterol concentrations in sera were quantified as
described previously15
using a Wako Cholesterol E kit (Wako Diagnostics). Complete blood (20
μl) counts were quantified using MiniCollect tubes (Greiner bio-one)
followed by analysis using a Hemavet 950FS (Erba Diagnostics). Plasma (50
μl) Ang-(1-7) concentrations were quantified as described
previously13 using
a commercial ELISA (Pennisula Labs, San Carlos, CA) according to the
manufacturer’s instructions.Quantification of AAAs by in vivo ultrasound and ex vivo maximal AAA
diameter.—In vivo internal abdominal aortic diameters were
quantified by ultrasound using the B-mode of a VisualSonics ultrasound
imaging system (Vevo 2100) with a 55-MHz probe. Ultrasound was performed on
anesthetized mice at day 0 and 27 of AngII infusion. Images were analyzed by
observers who were blinded to the study design. At study endpoint, aortas
from anesthetized mice were anterograde perfused (PBS, 5 ml) through the
left ventricle and placed in 10% (wt/vol) formalin. After fixation (24-48
hours), aortas were cleaned of adherent tissue and mounted on black wax and
imaged using a dissecting microscope (Nikon, Model SMZ800) with camera
attachment (Nikon, Model DS-Fi1) and image analysis software (Nikon
Elements, V.3.1) for measurement of maximal external abdominal aortic
diameters.
	Mice.
	Quantification of blood pressure by a tail-cuff based technique.
	Quantification of blood pressure by radiotelemetry.
	Quantification of serum and plasma components.
	Quantification of AAAs by in vivo ultrasound and ex vivo maximal AAA
diameter.

	Quantification of immune cell infiltration and elastin fragmentation
	En face quantification of atherosclerotic lesion surface area in aortic
arch.
	Characterization of aortic root sections.

	Statistics

	Results
	MasR deficiency had no effect on body weight, systolic blood pressure, or
serum cholesterol concentrations in hypercholesterolemic male mice
	MasR deficiency augmented AngII-induced atherosclerosis in
Ldlr−/− and Apoe−/− male
mice
	MasR deficiency promoted the formation and severity of AngII-induced AAAs in
Ldlr−/− and Apoe−/− male
mice

	Discussion and Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table I.

