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Mechanical activation of the angiotensin II type 1 receptor

contributes to abdominal aortic aneurysm formation

SarahRose Hall, BA,a Nicholas D. Ward, MD,a Raj Patel, BS,a Armaan Amin-Javaheri, BS,b Hayes Lanford, BS,a
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Jeffrey A. Jones, PhD,b,c and Jean Marie Ruddy, MD,a,c Charleston, SC
ABSTRACT
Objective: The angiotensin II type 1 receptor (AT1R) can be activated under conditions of mechanical stretch in some
cellular systems. Whether this activity influences signaling within the abdominal aorta to promote to abdominal aortic
aneurysm (AAA) development remains unknown. We evaluated the hypothesis that mechanical AT1R activation can
occur under conditions of hypertension (HTN) and contribute to AAA formation.

Methods: BPH/2 mice, which demonstrate spontaneous neurogenic, low-renin HTN, and normotensive BPN/3 mice under-
wentAAA induction via the calciumchloridemodel, with orwithout anosmoticminipumpdelivering 30mg/kg/dof theAT1R
blocker Losartan. Systolic blood pressure (SBP)wasmeasured at baseline andweekly via a tail cuff. The aortic diameter (AoD)
was measured at baseline and terminal surgery at 21 days by digital microscopy. Aortic tissue was harvested for immuno-
blotting (phosphorylated extracellular signal-regulated kinase-1 and -2 [pERK1/2] to ERK1/2 ratio) and expressed as the fold-
change from the BPN/3 control mice. Aortic vascular smooth muscle cells (VSMCs) underwent stretch with or without Los-
artan (1 mM) treatment to assess themechanical stimulation of ERK1/2 activity. Statistical analysis of the blood pressure, AoD,
andVSMCERK1/2 activitywasperformedusing analysis of variance. However, the data distributionwasdetermined to be log-
normal (Shapiro-Wilk test) for ERK1/2 activity. Therefore, it was logarithmically transformed before analysis of variance.

Results: At baseline, the SBP was elevated in the BPH/2 mice relative to the BPN/3 mice (P < .05). Losartan treatment
significantly reduced the SBP in both mouse strains (P < .05). AAA induction did not affect the SBP. At 21 days after in-
duction, the percentage of increase in the AoD frombaselinewas significantly greater in the BPH/2mice than in the BPN/3
mice (101.28%64.19%vs75.59%6 1.67%abovebaseline; P< .05). Losartan treatment significantly attenuatedAAAgrowth in
both BPH/2 andBPN/3mice (33.88%6 2.97% and 43.96%6 3.05% above baseline, respectively; P< .05). ERK1/2 activity was
increased approximately fivefold in the BPH/2 control mice relative to the BPN/3 control mice (P < .05). In the BPH/2 and
BPN/3 mice with AAA, ERK1/2 activity was significantly increased relative to the respective baseline control (P < .05) and
effectively reduced by concomitant Losartan therapy (P< .05). Biaxial stretch of the VSMCs in the absence of angiotensin II
demonstrated increased ERK1/2 activation (P < .05 vs static control), which was significantly inhibited by Losartan.

Conclusions: In BPH/2 mice with spontaneous neurogenic, low-renin HTN, AAA growth was amplified compared with the
normotensive control and was effectively attenuated using Losartan. ERK1/2 activity was significantly elevated in the BPH/2
mice and after AAA induction in the normotensive and hypertensive mice but was attenuated by Losartan treatment. These
data suggest thatAT1Ractivationcontributes toAAAdevelopment. Therefore, further investigation into this signalingpathway
could establish targets for pharmacotherapeutic engineering to slow AAA growth. (JVSeVascular Science 2021;2:194-206.)

Clinical Relevance: Hypertension (HTN) and abdominal aortic aneurysm (AAA) have been epidemiologically linked for de-
cades; however, a biomechanical link has not yet been identified. Using a murine model of spontaneous neurogenic HTN
experimentally demonstrated to have low circulating renin,mechanical activation of the angiotensin II type 1 receptor (AT1R)
was identified with elevated blood pressure and AAA induction. HTN amplified AAA growth. However, more importantly,
blocking the activation of AT1R with the angiotensin receptor blocker Losartan effectively abrogated AAA development.
Although inhibiting theproductionof angiotensin II has previously beenunsuccessful in alteringAAAgrowth, the results from
thepresent study suggest thatblocking theactivationofAT1R throughdirect ligandbindingormechanical stimulationmight
alter aortic wall signaling and warrants further investigation.
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eDivision of Vascular Surgery,a andDivision of Cardiothoracic Surgery,bMed-

niversity of South Carolina; and the Ralph H. Johnson VAMedical Center.c

sent study was supported by a National Institutes of Health T32 Institu-

l Training Grant (grant NIH-HL07260), K08 Mentored Clinical Scientist

r Development Award (grant 1K08HL143169-01A1), and VA Merit Award

t I01BX000904-08A1).

conflict of interest: none.

ted as a poster at the 2019 Vascular Annual Meeting of the Society for

lar Surgery, National Harbor, Md, June 13-15, 2019, and the 2019 Vascular

very Scientific Sessions of the American Heart Association, Boston, Mass,

4-16, 2019.

Correspondence: Jean Marie Ruddy, MD, Division of Vascular Surgery, Medical

University of South Carolina, 30 Courtenay Dr, MSC 295, Charleston, SC

29425 (e-mail: ruddy@musc.edu).

The editors and reviewers of this article have no relevant financial relationships to

disclose per the JVS-Vascular Science policy that requires reviewers to decline

review of any manuscript for which they may have a conflict of interest.

2666-3503

Published by Elsevier Inc. on behalf of the Society for Vascular Surgery. This is

an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.jvssci.2021.07.001

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:ruddy@musc.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jvssci.2021.07.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvssci.2021.07.001&domain=pdf


JVSeVascular Science Hall et al 195

Volume 2, Number C
Despite advances in the surgical management of

ARTICLE HIGHLIGHTS
d Type of Research: An original basic science research
study

d Key Findings: Losartan decreased the systolic blood
pressure in mice with spontaneous neurogenic,
low-renin hypertension (HTN) and normotensive
control mice. Abdominal aortic aneurysm (AAA)
growth was augmented by HTN and abrogated by
Losartan. Amplified extracellular signal-regulated ki-
nase-1 and -2 (ERK1/2) activity observed in HTN and
AAA was inhibited by Losartan therapy.

d Take Home Message: HTN was associated with
increased AAA growth and increased ERK1/2 activity.
Angiotensin II type 1 receptor blockade with Losartan
antagonized both AAA growth and ERK1/2 activa-
tion, suggesting that angiotensin II type 1 receptor
activation, either by direct ligand binding or me-
chanical stimulation, contributed to AAA growth
and could be an effective pharmacotherapeutic
target.
abdominal aortic aneurysms (AAAs), no medical therapy
has been found to be effective in slowing disease pro-
gression.1 An epidemiologic association exists between
AAA development and hypertension (HTN), although a
biomechanical link has not yet been established. Angio-
tensin II (AngII), an endogenous vasoactive peptide
involved in blood pressure autoregulation, has been
shown to be upregulated in human AAAs.2 Antagonism
of AngII signaling, using either angiotensin-converting
enzyme (ACE) inhibitors or angiotensin receptor blockers
(ARBs), has been shown to reduce AAA development in
various animal models.3e6 ARBs attenuated AAA forma-
tion in the AngII-infusion model using ApoE�/� mice
and in the intra-aortic porcine pancreatic elastase model
using C57BL/6 mice.6 AAA development via the porcine
pancreatic elastase model was also inhibited in AT1aR
knockout mice, highlighting the importance of AngII
signaling in this disease process.5 Despite these prom-
ising results in animal studies, disruption of AngII
signaling has been ineffective in slowing AAA progres-
sion in human trials. In the AARDVARK (aortic aneu-
rysmal regression of dilation: value of ACE-inhibition on
risk) trial, no difference in annual AAA growth rate was
observed between patients receiving ACE inhibitors, b-
blockers, and placebo.7

In vascular smooth muscle cells (VSMCs), AngII signals
through the AngII type 1 receptor (AT1R) to activate cas-
cades of intracellular events, which can alter contraction,
cell growth, migration, extracellular matrix deposition,
and production of inflammatory cytokines.8 Several of
these cascades subsequently converge to phosphorylate
and activate members of the mitogen-activated protein
kinases, in particular, the extracellular signal-regulated
kinase-1 and -2 (ERK1/2), which translocates to the nu-
cleus and phosphorylates transcription factors to affect
gene expression.8,9 Mounting evidence has shown that
the AT1R can undergo mechanical activation in the
absence of ligand binding. COS7 cells expressing AT1R
with a mutated ligand-binding site did not respond to
AngII treatment but demonstrated a conformational
shift, mechanical stress-induced AT1R activation, and
ERK1/2 phosphorylation that was inhibited by concomi-
tant treatment with ARBs.10,11 Furthermore, it was
demonstrated that in cardiomyocytes isolated from
angiotensinogen knockout mice, which do not express
detectable levels of AngII, mechanical stretch resulted
in AT1R activation and pretreatment of these cells with
ARBs attenuated ERK1/2 phosphorylation.10,11 Because
mechanical activation occurs independently of ligand
binding, it is unaffected by ACE inhibition, indicating
that ARBs might be more effective at inhibiting this
AT1R signaling trigger.
Mechanical activation of the AT1R has not been evalu-

ated in the healthy abdominal aorta or in AAAs; however,
given the epidemiologic association between HTN and
AAA, mechanical AT1R activation might play a major
role in these disease states. In the present study, we
sought to demonstrate that mechanical activation of
AT1R can occur in HTN, can contribute to murine AAA
formation, and might be attenuated by AT1R blockade.

METHODS
The Medical University of South Carolina institutional

animal care and use committee approved all animal
care and surgical procedures (approval no. 00209).

Murine hypertension model. The commercially avail-
able BPH/2 mouse strain (Jackson Laboratories, Bar Har-
bor, Me) was used because it develops spontaneous
neurogenic HTN, which begins at 5 weeks of age and
peaks at 21 weeks. The normotensive BPN/3 mouse
strain, also commercially available from Jackson Labora-
tories, was used as a control.
Several investigations have demonstrated that the HTN

in BPH/2 mice is mediated by overactivity of the sympa-
thetic nervous system owing to upregulated signaling in
the medial amygdala, a known cardiovascular regulatory
region.12,13 The contribution of the renin-angiotensin sys-
tem (RAS) has remained controversial. Although central
RAS signaling has been effectively eliminated as a major
component,14 the influence of the peripheral RAS con-
tinues to be considered owing to reports of significant
blood pressure decreases in BPH/2 mice treated with
ACE inhibitors.15 However, the investigators could not
conclusively state that the peripheral RAS had caused
the HTN in BPH/2 mice because they had not accounted
for the effect of bradykinin, a potent vasodilator known
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to show increased activity as a result of ACE inhibitor
treatment and to lead to decreased systolic blood
pressure.16e18

Previous studies from our laboratory have demon-
strated differences in regional gene expression and pro-
tease production between mice with AngII-induced
HTN and the spontaneous neurogenic HTN in the BPH/
2 strain, further supporting the fundamental differences
in the RAS contribution to HTN in this mouse strain.19

Moreover, low circulating and tissue concentrations of
angiotensin I in BPH/2 mice have been reported.17,18

Considering these conflicting descriptions of the factors
influencing HTN in the BPH/2 mouse strain and how
they might influence comparisons with the BPN/3
normotensive control mice, we analyzed our mouse col-
ony regarding AT1R abundance in the infrarenal abdom-
inal aorta, plasma renin level, and plasma bradykinin
level. The method has been described in detail in the
Supplementary Methods, and the data have been
included in Supplementary Figs 1 to 3.
In brief, the abundance of AT1R was not significantly

different between the BPH/2 and BPN/3 mice (P ¼ NS, t
test; Supplementary Fig 1). The baseline aortic diameters
also did not differ between the BPH/2 (n ¼ 28; 404 6

7 mm) and BPN/3 (n ¼ 32; 415 6 5 mm) mice (P ¼ NS, t
test; Supplementary Fig 2). Significantly lower plasma
renin levels were found in the BPH/2 mice (7308.4 6

561.6 pg/mL vs 15,537.2 6 2104.6 pg/mL; P < .05, t test;
Supplementary Fig 3). The bradykinin levels were equiva-
lent (220.7 6 31.7 pg/mL in the BPH/2 mice vs 225.1 6 19.5
pg/mL in the BPN/3 mice; P ¼ NS, t test). Therefore, the
BPH/2 mice can be characterized as having sponta-
neous, neurogenic low-renin HTN, permitting study of
AT1R activation in a physiologic system with negligible
circulating ligand, which can be extrapolated to me-
chanical stimulation.

AAA induction. After inductionofanesthesiawith3%iso-
flurane and subcutaneous injection of 0.05 mg/kg bupre-
norphine, BPN/3 and BPH/2 mice aged 12 to 20 weeks
underwentmidline laparotomy. Intraoperatively, the heart
rate was continuously monitored. The abdominal aorta
was exposed from the left renal vein to the aortic bifurca-
tion, and the baseline aortic diameter (AoD)wasmeasured
using calibrated digital microscopy. A sponge soaked in
0.5 M calcium chloride (CaCl2) was placed directly against
the aortic adventitia for 10 minutes. The sponge was then
removed, and the abdomen was closed. The mice were
allowed to recover in a heated and oxygenated chamber
before being returned to their home cage. In addition,
sham-induced BPN/3 and BPH/2 mice were treated with
a sponge soaked in NaCl in a similar fashion.

Osmotic minipump implantation. Losartan potassium
was dissolved in sterile saline and loaded into Alzet os-
motic minipumps (model 1004; Durect Corp, Cupertino,
Calif) to achieve an infusion rate of 30 mg/kg/d.20 After
induction of anesthesia using 3% isoflurane, the BPH/2
and BPN/3 mice underwent subcutaneous placement of
the Alzet osmotic minipump via a left flank incision. In
the mice undergoing both AAA induction and Losartan
infusion, the osmotic minipump was placed 24 hours
after the AAA induction procedure.

Blood pressure measurement. The mouse blood pres-
sure was measured before and weekly after induction
of AAA and pump implantation using the CODA8 tail-
cuff method (Kent Scientific, Torrington, Conn), as
described previously.19 All systolic blood pressure (SBP)
measurements were conducted between 9 AM and 12 PM

for the duration of the study. The mice were placed in a
restraint corridor and allowed $10 minutes of acclima-
tion. The area was warmed with a heating pad, and a
dark, quiet environment was maintained to facilitate
accurate measurements. Each mouse had three cuff
cycling events at each measurement point, and an
average of the validated values was recorded as the SBP
for that mouse on that day.

Tissue harvest and processing. Terminal procedures
were performed at 21 days. After the induction of anes-
thesia, laparotomy was performed. The AoD was
measured using digital microscopy, and the abdominal
aorta was then harvested from the left renal vein to the
level of the aortic bifurcation. The endothelium was
denuded, and the aorta was snap-frozen in liquid nitro-
gen. The aortic samples were homogenized in extraction
buffer using the Bullet Blender Tissue Homogenizer
(Next Advance, Troy, NY), and the protein concentration
was determined using the Pierce BCA total protein assay
(ThermoFisher Scientific, Waltham, Mass).

Immunoblot analysis. The relative abundance of phos-
phorylated ERK1/2 (pERK1/2), total ERK1/2, and b-actin
was determined by immunoblotting. In brief, 15 mg of
aortic tissue homogenate was loaded into each well of
a 4% to 12% Bis-Tris gradient gel (Invitrogen Corp, Carls-
bad, Calif) and fractionated by electrophoresis. The frac-
tionated proteins were transferred to nitrocellulose
membranes (0.45 mm; Bio-Rad, Hercules, Calif) and
blocked with 5% bovine serum albumin (BSA) in Tris-
buffered saline for 1 hour at room temperature (RT).
The membranes were incubated in antiserum specific
for pERK1/2 (1:5000 in 5% BSA), ERK1/2 (1:5000 in 5%
BSA), and b-actin (1:500 in 5% BSA) for an additional
75 minutes at RT. After incubation with the primary
antibody, the membranes were repeatedly washed to
reduce nonspecific antibody interactions. Secondary
peroxidase-conjugated antibodies were then applied
(1:10,000; 5% BSA) and allowed to incubate for 1 hour at
RT. The membrane was again washed before imaging.
Immunoreactive signals were detected using a chemi-
luminescent substrate (Western Lightning
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Chemiluminescence Reagent Plus; Perkin Elmer, Akron,
Ohio) and imaged using the Amersham Imager 600 se-
ries (GE Healthcare, Chicago, Ill). Between immunoblot-
ting for each protein of interest, the membranes were
stripped using the Blot Restore Membrane Rejuvenation
Kit (EMD Millipore, Burlington, Mass). The images were
converted to TIFF format, and the band intensity was
quantified using Gel-Pro Analyzer, version 3.1.14 (Media
Cybernetics, Silver Spring, Md).

FlexCell analysis of VSMCs. Primary VSMC lines from
murine aortic biopsies were established using an
accepted outgrowth technique, as previously
described.21 The isolated VSMCs were maintained in
smooth muscle cellespecific growth media with an
added supplement pack (SMC Growth Medium 2; C-
22062; PromoCell, Heidelberg, Germany) at 37�C in 5%
carbon dioxide. Confluent VSMCs from culture passages
2 to 10 were seeded at a density of 5000 cells/cm2 into
amino acidecoated BioFlex-6 well plates (BF-3001A;
FlexCell International Corp, Burlington NC) and allowed
to adhere overnight. Complete VSMC media were then
replaced with serum-free media (no AngII). After 6 hours
of serum starving, the media were replaced with fresh
serum-free media with and without Losartan (1 mM). The
plates were held under static conditions or subjected to
12% biaxial cyclic tension for 3 hours using a FlexCell
culture system (FlexCell International Corp). The cell
lysate was harvested to quantify the ratio of pERK1/2 to
ERK1/2.

Assay to quantify ERK1/2 activation. Immediately after
completion of FlexCell treatment with or without Losar-
tan, the cells were washed with phosphate-buffered sa-
line and lysed. Collected cell lysates were plated on
InstantOne enzyme-linked immunosorbent assay 96 well
plates (ThermoFisher Scientific). Two wells per sample
were treated with pERK1/2 antiserum and the remaining
two wells with ERK1/2 antiserum. After 1 hour of incu-
bation shaking at RT, the wells were washed with a
washing buffer. The TMB (3,30,5,50-tetramethylbenzidine)
detection reagent was added to each sample and un-
derwent react shaking at RT in the dark for 30 minutes.
At exactly 30 minutes, the reaction was stopped, and the
plates were read three times at 450 nm using a Spec-
traMax M3 plate reader (Molecular Devices LLC, San Jose,
Calif). Duplicate wells from each sample were averaged
and analyzed for the ratio of pERK1/2 to ERK1/2.

Statistical analysis. The SBP was compared among
treatment groups at each measurement point using
repeated measures analysis of variance (ANOVA). The
proportion of increase in AoD was calculated as previ-
ously described [(terminal AoD � baseline AoD)/baseline
AoD � 100] for each individual mouse, with the baseline
control AoD represented as 100% and differences be-
tween groups compared using ANOVA.22 The data are
presented as the mean 6 standard error of the mean.
The pERK1/2 to ERK1/2 ratio was calculated for each
sample and compared among the groups. The normality
of the data was determined using the Shapiro-Wilk test,
and non-normally distributed results were logarithmi-
cally transformed before ANOVA. Summary statistics
were performed on the transformed data and reported
as the geometric mean x/geometric standard error of the
mean.23 Statistical tests were performed using STATA,
version 15 (StataCorp, College Station, Tex). A power
analysis was conducted using the preliminary data from
our laboratory regarding the extent of aortic dilation with
periadventitial CaCl2 application. A sample size of five
mice per group was determined to provide $80% power
(a ¼ .05) to detect global differences.

RESULTS
Losartan decreased SBP in BPN/3 and BPH/2 mice. The

baseline (day 0) SBP measurements were significantly
elevated in all BPH/2 mice relative to the BPN/3 controls
(P < .05; Fig 1, A). In the absence of intervention, the blood
pressure of the BPH/2 and BPN/3 mice remained stable
during the 21-day treatment period (Fig 1, B-D). In the
BPH/2 þ Losartan group, the SBP was significantly
decreased on days 7, 14, and 21 (P < .05 vs BPH/2) but
remained elevated compared with that of the normo-
tensive BPN/3 controls (Fig 1, B-D). Thus, although Los-
artan produced a decrease in SBP in the hypertensive
BPH/2 mice, these mice continued to demonstrate
significantly elevated SBP compared with the normo-
tensive controls. In the BPH/2 þ AAA group, the SBP was
not altered by the development of AAA at any time point
(Fig 1, B-D). Finally, in the BPH/2 þ AAA þ Losartan group,
the SBP was significantly decreased on days 7, 14, and 21
(P < .05; Fig 1, B-D). The SBP in the latter group had
decreased and was consistent with that of the BPN/3
controls at 7 and 14 days (Fig 1, B and C) but had
rebounded to be significantly elevated by 21 days (P <

.05; Fig 1, D).
The BPN/3 mice responded to Losartan treatment in a

similar fashion. The BPN/3 þ Losartan treatment group
had had a significant decrease in SBP on days 7, 14,
and 21 (P < .05; Fig 1, B-D). Similarly, in the BPN/3 þ
AAA þ Losartan group, the SBP was significantly
decreased at all time points after AAA induction (P <

.05 vs BPN/3; Fig 1, B-D). AAA induction alone did not
significantly affect the SBP.

CaCl2-induced AAA formation was augmented in BPH/
2 mice and attenuated by Losartan. All changes in AoD
are presented as the percentage of change from the
baseline measurement for each individual mouse
(Fig 2). The overall baseline AoD for the BPN/3 and
BPH/2 mice was not significantly different (P ¼ NS;
Supplementary Fig 3). In the sham procedures, applica-
tion of the NaCl-soaked sponge did not produce a



Fig 1. Systolic blood pressure (SBP 6standard error) readings via Coda tail cuff system at days 0 (A), 7 (B), 14 (C),
and 21 (D). *P < .05 vs BPN3 control; þP < .05 vs BPH2 control; analysis of variance (ANOVA) for both. AAA,
Abdominal aortic aneurysm; Los, Losartan.
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significant increase in the AoD in either the BPN/3 or
BPH/2 mice. For the BPN/3 þ AAA mice, an AoD increase
of 75.59% 6 1.67% above baseline had occurred (P < .05).
In the BPN/3 þ AAA þ Losartan group, the AoD had
increased compared with baseline (P < .05) but was
significantly attenuated relative to the BPN/3 þ AAA
group, measuring only 43.96% 6 3.05% above baseline
(P < .05). In the BPH/2 þ AAA mice, the increase in the
AoD was 101.28% 6 4.19% above baseline, significantly
greater than that observed in the BPN/3 þ AAA group
(P < .05), suggesting that AAA formation was enhanced
by concurrent spontaneous neurogenic, low-renin HTN.
AAA development was attenuated in the BPH/2 þ AAA þ
Losartan group (33.88% 6 2.97% above baseline)
compared with the BPH/2 þ AAA group (P < .05). Thus,
Losartan abrogated AAA growth in the normotensive
BPN/3 mice and was also effective in the hypertensive
BPH/2 mice, a novel finding that suggests that the AT1R
pathway contributes to degenerative remodeling.

ERK1/2 activity was increased in BPH/2 mice and by
AAA induction and antagonized by Losartan treat-
ment. ERK1/2 activity, as quantified by the pERK1/2 to
ERK1/2 ratio, was calculated and compared among the
treatment groups after logarithmic transformation. The
BPN/3 þ Losartan group demonstrated a paradoxical in-
crease in ERK1/2 activity relative to the BPN/3 control
group (1.66 x/1.26 vs 0.42 x/1.27; P < .05; Fig 3, A). In the
BPN/3 þ AAA group, ERK1/2 activity was increased
eightfold relative to the BPN/3 control (3.35 x/1.54 vs 0.42 x/
1.27; P < .05; Fig 3, A). However, in the BPN/3 þ AAA þ
Losartan group, ERK1/2 activity showed a trend toward
returning to baseline (P ¼ .08; Fig 3, A). A representative
image of the immunoblot is shown in Fig 3, B.
BPH/2 mouse ERK1/2 activity was increased approxi-

mately fivefold relative to the BPN/3 control mice (2.20
x/1.20 vs 0.42 x/1.27; P < .05; Fig 3, A), suggesting that
AT1R activation was elevated in the abdominal aorta in
the presence of neurogenic, low-renin HTN. Alternatively,
ERK1/2 activity in the BPH/2 þ Losartan group was signif-
icantly reduced (P < .05 vs BPH/2) and was not different
from the normotensive BPN/3 control mice (P ¼ NS). For
the BPH/2 þ AAA mice, the ERK1/2 activity was amplified
relative to the BPN/3 mice (3.09 x/1.27 vs 0.42 x/1.27; P <

.05). However, the variance among the samples pro-
hibited the establishment of a significant difference
compared with the BPH/2 controls (Fig 3, A). In the
BPH/2 þ AAA þ Losartan group, the ERK1/2 activity was
significantly decreased relative to the BPH/2 þ AAA
group (P < .05; Fig 3) and consistent with that of the



Fig 2. Percentage of increase of aortic diameter (AoD) above baseline (100%) for BPN3 mice (A) and BPH2 mice
(B). Individual data represented by dots; bars indicate mean 6 standard error of the mean. *P < .05 vs BPN3
control; #P < .05 vs BPN3 þ abdominal aortic aneurysm (AAA); þP < .05 vs BPH2 control; zP < .05 vs BPH2 þ AAA;
analysis of variance (ANOVA) for all. Los, Losartan.

JVSeVascular Science Hall et al 199

Volume 2, Number C
BPN/3 control mice (P ¼ NS; Fig 3, A). We found physio-
logic symmetry such that AT1R blockade with Losartan
decreased ERK1/2 activity and inhibited AAA develop-
ment, supporting activation of the AT1R with down-
stream ERK1/2 phosphorylation as an integral signaling
pathway in the development of AAAs.

Mechanical activation of AT1R in aortic VSMCs. Primary
aortic VSMCs were maintained in serum-free media to
minimize activation of confounding signaling pathways,
including, but not limited to, ligand-specific binding of
AngII, and assessing stretch as a mechanical stimulant
for ERK1/2 activation (Fig 4). Under Static conditions,
treatment with Losartan had no effect on ERK1/2 acti-
vation (P ¼ NS). However, 3 hours of cyclic Stretch
induced a significant increase compared with the Static
control state (1.81 6 0.22-fold change; P < .05), indicating
that ERK1/2 phosphorylation can be mechanically stim-
ulated in aortic VSMCs. Blocking AT1R with Losartan
concurrent with the Stretch treatment significantly
reduced this response (1.38 6 0.20-fold change in the
Stretch þ Losartan group vs 1.816 0.22-fold change in the
Stretch group; P < .05) and brought ERK1/2 activation
back to equivalence with the Static control (P ¼ NS). This
in vitro assessment of ERK1/2 phosphorylation in the
presence and absence of Stretch and the abrogation of
the response during treatment with Losartan supports
mechanical activation of AT1R as a major trigger for
ERK1/2 activation in aortic VSMCs.
DISCUSSION
Experimental evidence has suggested that AT1R can be

activated by mechanical stretch. However, this has not
been previously examined in AAAs. Using a validated
periadventitial CaCl2 model of murine AAAs in a mouse
strain that develops spontaneous neurogenic HTN with
low circulating renin (evidence indicating that the HTN
is not primarily dependent on AngII signaling), we have
demonstrated that HTN augments AAA development,
that AT1R inhibition with Losartan abrogates aortic
degenerative remodeling, and that ERK1/2 signaling is
amplified in the presence of HTN and AAA but is effec-
tively attenuated by AT1R inhibition. Mechanical activa-
tion of AT1R to increase ERK1/2 activity was further
confirmed in aortic VSMCs. Collectively, these findings
suggest that mechanical activation of AT1R can
contribute to AAA development, supporting further
investigation into the potential therapeutic benefit of
ARB therapy in patients with AAAs.
Epidemiologically, the association between HTN and

the incidence of AAA has been known for many years.
However, a recent retrospective review found that HTN
was also a significant predictor of AAA expansion.24 Look-
ing to animal models to confirm this phenomenon,
spontaneous hypertensive rats with AAA induction via
elastase infusion resulted in a nearly twofold increase in
the aortic growth rate relative to Wistar-Kyoto normoten-
sive controls and significantly larger overall AAA diam-
eter.25 In a separate study using Wistar-Kyoto rats with



Fig 3. Extracellular signal-regulated kinase-1 and -2 (ERK1/
2) activity logarithmically transformed and compared us-
ing analysis of variance (ANOVA) is represented as the
geometric mean x/geometric standard error in BPN3 and
BPH2mice treated with Losartan (Los) or abdominal aortic
aneurysm (AAA) induction, or both. A, *P < .05 with
bracket indicating comparative groups. B, Representative
immunoblot. Los, Losartan; pERK1/2, phosphorylated
ERK1/2.

Fig 4. The fold change in extracellular signal-regulated
kinase-1 and -2 (ERK1/2) activity in aortic vascular smooth
muscle cells (VSMCs) subjected to cyclic Stretch with or
without Losartan (Los) normalized to VSMCs held at Static.
*P < .05 vs Static; þP < .05 vs Stretch; analysis of variance
(ANOVA) for both.
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HTN by nephrectomy, it was again demonstrated that
AAA induction by elastase infusion in the hypertensive
cohort resulted in significantly larger AAAs compared
with that of normotensive rats.26 Using a mouse strain
with spontaneous, neurogenic, low-renin HTN, the pre-
sent study has likewise provided support for augmented
AAA development with concurrent HTN, and we have
begun to explore integral pathways for mechanical
signaling.
Mechanical activation of the AT1R has been well-

described in cardiomyocytes but has not been fully
explored in aortic VSMCs. Recent experimental evidence
has suggested that peripheral arteriolar VSMC mechani-
cal sensitivity can be mediated by AT1R activation.27-30

The myogenic reflex refers to the phenomenon by which
arteriolar vasoconstriction or dilatation occurs in
response to changes in intraluminal pressure to maintain
consistent blood flow.29 In rat skeletal muscle arterioles,
mechanical activation of the AT1R was demonstrated
to occur in the absence of AngII and resulted in polymer-
ization and reorganization of the actin cytoskeleton to
producemyogenic vasoconstriction.30 Additionally, using
pressure myography in isolated rat cremasteric arterioles,
ARB treatment inhibited pressure-induced vasoconstric-
tion in a concentration-dependent manner.30 Further
targeting mechanical AT1R signaling, myogenic reactivity
of renal and mesenteric VSMCs was abolished in AT1R
knockout mice (Agtr1a�/�).27,28 Although the present
investigation included a normotensive mouse strain
with an intact RAS axis and confirmed that blockade of
AT1R with Losartan therapy attenuated AAA expansion
as demonstrated in previous studies,3-6 we also incorpo-
rated a mouse model with neurogenic, low-renin HTN.
In these BPH2 mice, AAA expansion was similarly atten-
uated with concomitant ARB therapy, suggesting that
AT1R activation occurred despite minimal circulating
ligand, was inhibited by Losartan, and significantly
affected intracellular signaling pathways that promoted
degenerative aortic remodeling.
Evolving research on the molecular interaction of AT1R,

ligand binding, noneligand-dependent activation, and
ARBs has demonstrated that these drugs function as in-
verse agonists.10 Inverse agonists are defined as com-
pounds that bind to a given receptor and induce the
opposite pharmacologic response induced by agonist
binding, in contrast to competitive antagonists, which
compete for the ligand binding site and, thereby, prevent
agonist binding. A recent receptor mutagenesis study
further supported the potent inverse agonist activity of
ARBs at the AT1R.31 Losartan has demonstrated weak in-
verse agonist activity; however, its major metabolite
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EXP3174 was much stronger in previous mutagenesis
studies and investigations of myogenic reactivity.32,33 It
is this inverse agonist activity that enables ARBs to inhibit
mechanical and ligand-specific activation of AT1R and
might extend their therapeutic capabilities beyond that
of AngII-driven vascular pathology to modulate tension-
derived cell signaling throughout the vasculature and,
specifically, within the abdominal aorta.
To investigate this signaling phenomenon in the mu-

rine abdominal aorta, ERK1/2 activity was used as a reli-
able marker of AT1R activation. A G-proteinecoupled
receptor such as AT1R uses ERK1/2 as a major effector
of intracellular signaling and conformational changes at
the receptor level can lead to ERK1/2 phosphorylation
through the G-proteinederived pathways (eg, via Ras,
protein kinase C, or tyrosine kinases) or the b-arrestin
pathway.8,34 The apparent convergence of several AT1R-
driven signaling pathways on ERK1/2 emphasizes the
importance of measuring the activity of this kinase as ev-
idence grows to demonstrate that ligand-dependent
and ligand-independent (mechanical) activation of
AT1R engage different intracellular cascades.35 More spe-
cifically, mechanical AT1R activation has been repeatedly
associated with the b-arrestin pathway and effectively
quantified by ERK1/2 phosphorylation.36-38 Additionally,
ARBs have shown efficacy in the inhibition of mechanical
AT1R activation, as quantified by a decrease in ERK1/2
phosphorylation.10 Because the present investigation
used one mouse strain with a normal RAS and one in
which this system has minimal circulating ligand, using
ERK1/2 phosphorylation as an indicator of AT1R activation
allowed the capture of both stimuli and the opportunity
to effectively block both stimuli with Losartan. The ERK1/
2 activity inhibited by Losartan in a mouse strain charac-
terized as neurogenic, low-renin HTN can then be largely
extrapolated to mechanical activation at AT1R. This
contention has been further supported by the in vitro
VSMC mechanical activation of ERK1/2 that was signifi-
cantly and nearly completely abrogated by Losartan.
In the present investigation exploring the activation of

AT1R in AAA growth under hypertensive (BPH/2) and
normotensive (BPN/3) conditions, the BPH/2 mice had
increased ERK1/2 activity relative to BPN/3 mice, even at
baseline. Furthermore, with AAA induction, ERK1/2 activ-
ity was elevated in both mouse strains and effectively
attenuated by Losartan treatment, supporting this
pathway as a major contributor to AAA growth. To be
more specific, activation of the AT1R and increased
downstream ERK1/2 activity were observed in the spon-
taneous neurogenic, low-renin hypertensive BPH/2
mice at baseline and after AAA induction, leading to
the interpretation that ligand-directed signaling has little
effect on AT1R activation and supporting the mechanical
activation of AT1R under conditions of elevated aortic
wall tension (HTN).
Extrinsic hemodynamic and intrinsic biomechanical
forces might contribute to stress within the vascular sys-
tem. Therefore, simply treating HTN might not be
adequate to quench mechanotransduction within the
aortic wall. Previous studies have reported a positive as-
sociation between AAA growth and biomechanical
markers of aortic wall stress, suggesting that intrinsic
wall tension itself might contribute to greater aortic
expansion.39 In the BPN3 normotensive mouse strain
used in the present investigation, the efficacy of Losartan
in attenuating AAA growth might have been attributable
to ligand blocking. However, based on the theory of
increased intrinsic aortic wall tension when AAA de-
velops (the law of LaPlace), this medical therapy could
also have been blocking mechanical AT1R activation.
With the present evidence that activation of AT1R con-
tributes to AAA development and can be effectively
abrogated with ARBs, further mechanistic and prospec-
tive studies are warranted to fully characterize this phar-
macotherapeutic opportunity.

Study limitations. As briefly discussed, activation of
AT1R might stimulate multiple signaling pathways and
future investigation of the breadth of the effects of
AT1R activation are necessary to fully characterize the
contribution to aortic remodeling. In the present project,
activation of AT1R was measured by phosphorylation of
ERK1/2, a known major downstream kinase; however,
this is not an exclusive association. ERK1/2 participates
in multiple signaling cascades; therefore, it is possible
that alternative compensatory phosphorylation of this ki-
nase might have occurred when AT1R was blocked.
Additionally, it is possible that the decrease in SBP noted
in the BPN/3 þ Losartan mice altered the signaling
through another mechanosensitive pathway, thereby
inhibiting aortic dilation but without a direct association
with the blockade of AT1R. The influence of these alter-
native signaling cascades will be further explored
because the mechanistic aspects of tension-induced
aortic remodeling continues to be a focus of experi-
mentation in our laboratory.
ERK1/2 has been shown to be an effector pathway for

both ligand-dependent and ligand-independent AT1R
activation and a marker of effective inhibition by ARBs;
therefore, the present project could not definitively
quantify the proportion of ERK1/2 phosphorylation attrib-
utable to mechanical AT1R activation. Similarly, the varia-
tion in total ERK1/2 abundance was not compared
between these treatment groups, because our primary
interest was identifying increases in the pERK1/2 to
ERK1/2 ratio as an indicator of AT1R activation. Also, our
assessment was conducted in each individual replicate;
however, the relative abundance of total ERK1/2 could
be included in future investigations of this signaling
cascade.
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The present project used a single time point for aortic
harvest and assessment of AT1R activation. Therefore,
future work with interval assessments might demon-
strate a trend in activity that would allow for more effec-
tive drug dosing. Moreover, additional dosing regimens
can be explored to optimize the effect of Losartan inhib-
iting AAA growth in this model. Given the lack of aortic
growth observed with the sham surgical procedure and
the goal of characterizing how HTN and AAA induction
alters cellular signaling to initiate and promote degener-
ative remodeling, all molecular assessments in the treat-
ment groups were compared with the nonoperated
control mice. Future investigations considering time
point analysis might incorporate sham surgical mice in
each treatment group.
Finally, the characterization of the BPH/2 mice as low-

renin HTN was made using unoperated control mice.
The potential changes in plasma renin and bradykinin
levels due to AAA induction or Losartan therapy were
not further explored as contributors to aortic dilation,
blood pressure decreases, or ERK1/2 activity. As our labo-
ratory prepares to further investigate the relationship be-
tween the RAS, the BPH/2 mouse model, and aortic
remodeling, we recognize that integration of ACE inhib-
itor therapy, the AT1R knockout mouse (Agtr1�/�), and se-
rial plasma protein assessments will be paramount.

CONCLUSIONS
Using a spontaneous neurogenic, low-renin mouse

model of HTN, the present study has demonstrated
that AT1R activation occurs under conditions of elevated
blood pressure and augmented AAA formation, thereby
supporting epidemiologic reports that HTN can be an
important contributor to AAA development and expan-
sion. Blockade of AT1R signaling with Losartan effectively
abrogated AAA growth in normotensive and hyperten-
sive mice, indicating a vital role for this signaling pathway
in pathologic aortic remodeling. Understanding the key
mediators in this cascade will be vital to confirming
AT1R as a viable pharmacotherapeutic target to abrogate
AAA growth and warrants further investigation.
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SUPPLEMENTARY METHODS.

Immunoblot analysis of AT1R in murine aorta
The relative abundance of angiotensin II type 1 receptor

(AT1R) and a-tubulin from four BPH/2 aged 12 to 20weeks
and four BPN/3 mice aged 16 to 20 weeks was deter-
mined using immunoblotting (SAB2100073; Sigma
Aldrich, St Louis, Mo). Aortic tissue homogenate (30 mg)
was loaded into each well of a 10% acrylamide gel (Bio-
Rad, Hercules, Calif) and fractionated by electrophoresis.
The fractionated proteins were transferred to 0.45-mm
nitrocellulose membranes (Bio-Rad). The membranes
were subsequently blocked with 5% milk in 1% Tween
20 in Tris-buffered saline (1% TBST) for 1 hour at room
temperature (RT). The membranes were incubated in
antiserum specific for AT1R (1:1000 in 1% TBST) and a-
tubulin (1:1000 in 1% TBST) for an additional 2 hours at
RT. After incubation with the primary antibody, the
membranes were repeatedly washed (5 � 5 minutes)
with 10 mL of 1% TBST to reduce the nonspecific anti-
body interactions. Secondary peroxidase-conjugated an-
tibodies were then applied (1:5000 in 1% TBST) and
allowed to incubate for 1 hour at RT. The membranes
were again washed extensively (5 � 5 minutes) with
10 mL of 1% TBST before imaging. Immunoreactive sig-
nals were detected using a chemiluminescent substrate
(Western ECL Substrate; Bio-Rad) and then imaged using
Amersham Imager 600 series (GE Healthcare, Chicago,
Ill). Between immunoblotting for each protein of interest,
the membranes were stripped using Restore Stripping
Buffer (Thermo Fisher Scientific, Waltham, Mass). The im-
ages were transferred to a computer and converted to
TIFF format. The band intensity was quantified using
Gel-Pro Analyzer, version 3.1.14 (Media Cybernetics, Silver
Spring, Md). The abundance of AT1R was not significantly
different between the BPH/2 and BPN/3 mice used in our
study (Supplementary Fig 1; P ¼ NS, t test). The baseline
aortic diameters also did not differ between the BPH/2
(n ¼ 28; 404 6 7 mm) and BPN/3 (n ¼ 32; 415 6 5 mm)
mice (Supplementary Fig 2; P ¼ NS, t test).

Serum analysis of BPH/2 and BPN/3 mice
Serum was collected from four BPH/2 mice aged 12 to

20 weeks and four BPN/3 mice aged 16 to 20 weeks. After
the induction of anesthesia, medial thoracotomy was
performed and the heart was visualized. A 1-mL, 25-
gauge syringe was conditioned with ethylenediaminete-
traacetic acid and punctured into the beating left
ventricle. Approximately 1 mL of blood was collected
per mouse. The blood was immediately spun at 2000g
for 15 minutes at 4oC. Supernatant serum was collected,
separated into aliquots, and stored at �20oC.

Renin quantification
To quantify the renin content in the serum samples, a

Renin1 Mouse (Thermo Fisher Scientific) enzyme-linked
immunosorbent assay was used. A total of 100 mL of
diluted serum per sample (1:10 in Assay Diluent A;
Thermo Fisher Scientific) was plated in quadruplicate
on a Mouse Renin1 Antibody Coated 96 well plate
(Thermo Fisher Scientific) with serial dilutions of a stan-
dard concentration. The samples were incubated for
2.5 hours at RT. After incubation, the samples were
washed (4 � 300 mL 1X Wash Buffer), bound by 100 mL
of biotin conjugate, and allowed 1 hour of incubation at
RT. The samples were similarly washed and then stained
by streptavidin-horseradish peroxidase solution, and
incubated for 45 minutes at RT. After washing, the sam-
ples were treated with 100 mL of TMB (3,30 ,5,50-tetrame-
thylbenzidine) substrate and incubated 30 minutes at
RT in the dark. The reactions were stopped and immedi-
ately read at 3 � 450 nm on SpectraMax M3 plate reader
(Molecular Devices LLC, San Jose, Calif). The replicate
reading values were averaged, and a standard curve
was calculated in accordance with the provided stan-
dards. Quadruplicate wells were averaged and
compared with the standard curve for quantification of
renin content.

Bradykinin quantification
The bradykinin content in the serum samples was

quantified using an enzyme-linked immunosorbent
assay for bradykinin (MyBioSource, San Diego, Calif).
The samples were diluted 1:100 and loaded onto a pre-
coated 96 well plate (MyBioSource) in 50-mL quadrupli-
cate wells with serial dilutions of a provided standard
concentration. Next, 50 mL of Detection Reagent A
(MyBioSource) was added immediately to each sample,
and the plate was incubated for 1 hour at 37oC. The sam-
ples were washed 3 � 300 mL and immediately treated
with 100 mL of Detection Reagent B (MyBioSource) for
30 minutes at 37oC. Similarly, the samples were washed
and 90mL of TMB substrate solution was added to each
well. After 20 minutes of incubation at 37oC, the reaction
was stopped and immediately read on a SpectraMax M3
plate reader (Molecular Devices LLC). The replicate
reading values were averaged, and a standard curve
was calculated from the provided standards. Quadrupli-
cate wells were averaged and compared with the stan-
dard curve for quantification of bradykinin content.
As demonstrated in Supplementary Fig 3, the experi-

ment demonstrated significantly lower plasma renin
levels in the BPH/2 mice (7308.4 6 561.6 pg/mL vs
15,537.2 6 2104.6 pg/mL; P < .05, t test). The bradykinin
levels were equivalent (220.7 6 31.7 pg/mL in the BPH/2
mice vs 225.1 6 19.5 pg/mL in the BPN/3 mice; P ¼ NS, t
test). Therefore, the BPH/2 mice can be characterized
as having spontaneous, neurogenic low-renin hyperten-
sion permitting study of AT1R activation in a physiologic
system with negligible circulating ligand and can, there-
fore, be extrapolated to mechanical stimulation.



Supplementary Fig 2. Baseline abdominal aortic di-
ameters of BPN/3 (n ¼ 32) and BPH/2 (n ¼ 28) mice. P ¼NS;
t test.

Supplementary Fig 1. Abundance of angiotensin II type 1
receptor (AT1R) in BPN/3 and BPH/2 infrarenal aorta. P ¼
NS; t test.
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Supplementary Fig 3. Plasma renin (A) and bradykinin (B) levels in BPN/3 and BPH/2 mice. *P < .05; t test.
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