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Abstract

Although angiotensin II (Ang II) and its receptor AT1 have been implicated in abdominal aortic

aneurysm (AAA) formation, the proximal signaling events primarily responsible for AAA

formation remain uncertain. Caveolae are cholesterol-rich membrane microdomains that serve as a

signaling platform to facilitate the temporal and spatial localization of signal transduction events

including those stimulated by Ang II. Caveolin-1 (Cav1) enriched caveolae in vascular smooth

muscle cells mediate ADAM17-dependent epidermal growth factor receptor (EGFR)

transactivation, which is linked to vascular remodeling induced by Ang II. Here, we have tested

our hypothesis that Cav1 plays a critical role for development of AAA at least in part via its

specific alteration of Ang II signaling within caveolae. Cav1−/− mice and the control wild-type

mice were co-infused with Ang II and β-aminopropionitrile to induce AAA. We found that

Cav1−/− mice with the co-infusion did not develop AAA compared to control mice in spite of

hypertension. We found an increased expression of ADAM17 and enhanced phosphorylation of

EGFR in AAA. These events were markedly attenuated in Cav1−/− aortae with the co-infusion.

Furthermore, Cav1−/− mice aortae with the co-infusion showed less endoplasmic reticulum stress,

oxidative stress and inflammatory responses compared to aortae from control mice. Cav1 silencing

in cultured vascular smooth muscle cells prevented Ang II-induced ADAM17 induction and

activation. In conclusion, Cav1 appears to play a critical role in the formation of AAA and
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associated endoplasmic reticulum/oxidative stress presumably through the regulation of caveolae

compartmentalized signals induced by Ang II.
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INTRODUCTION

Abdominal aortic aneurysm (AAA) is a significant cause of mortality for adults aged >65

years. No established pharmacological treatment is currently available to prevent AAA

advancement and rupture [1, 2]. Accumulating evidence suggests the involvement of

angiotensin II (Ang II) and its receptor AT1 in AAA formation [3]. Although there is a large

gap in our knowledge regarding the Ang II-sensitive proximal signal transduction events

primarily responsible for AAA development, enhanced oxidative stress, inflammation and

extracellular matrix protein degradation seem to be crucial for Ang II-induced AAA in mice

[3–5].

Caveolae are cholesterol-rich membrane microdomains that serve as a signaling platform to

facilitate the temporal and spatial localization of signal transduction events including those

stimulated by Ang II [6]. Caveolin 1 (Cav1) is the major structural protein of caveolae in the

vasculature and is expressed both in vascular smooth muscle cells (VSMC) and endothelial

cells (EC) [7]. Recent studies including those with Cav1−/− mice further suggest a strong

link between caveolae and Cav1 with cardiovascular diseases and their diverse

pathophysiology including atherosclerosis, dyslipidemia, cardiac fibrosis, insulin resistance,

inflammation and oxidative stress [8]. However, whether Cav1 and the caveolae-

compartmentalized signaling have any role in AAA development has never been

investigated.

In VSMC, the metalloprotease ADAM17/tissue necrosis factor-α (TNF-α) converting

enzyme is primarily responsible for the epidermal growth factor receptor (EGFR) trans-

activation induced by Ang II [9]. This process relies on ADAM17 compartmentalization in

caveolae and is crucial for vascular remodeling [10, 11]. In human AAA as well as in a

mouse model where AAA is induced by aortic CaCl2 application, significant up-regulation

of ADAM17 has been reported [12]. Moreover, temporal and systemic deletion of ADAM17

gene in mice prevented CaCl2-induced AAA formation that was associated with attenuations

of oxidative stress, inflammation and extracellular matrix disruption [13]. In addition,

genome-wide transcriptional profiling identified AT1, ADAM17, EGFR and a lysyl oxidase,

Lox, as central genes among highly ranked gene sub-networks associated with AAA induced

by Ang II [14].

Lox crosslinks collagen and elastin fibers to create insoluble proteins resistant to proteolytic

degradation, thus stabilizing the vessel wall [15]. Lox secretion and maturation seem to

require its caveolae localization in VSMC [16] and Lox gene transfer prevented CaCl2-

induced AAA in mice [17]. Although genetically hyperlipidemic mice with Ang II infusion
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is an established model for AAA [18], mechanistic dissection of this AAA model may be

hampered by associated metabolic pathophysiology including atherosclerosis, obesity,

hyperlipidemia and type II diabetes. A new mouse model of AAA has recently been created

in normolipidemic mice with co-infusion of Ang II and a Lox inhibitor, β-

aminopropionitrile (BAPN) [19]. While genetic ablation of Lox in mice causes aortic

aneurysm and rupture [20], inhibition of Lox by BAPN is insufficient to promote AAA in

mice and requires co-infusion of Ang II [19].

Given that the caveolae-compartmentalized specific signaling process may be the key

feature in AAA, we hypothesized that Cav1 in the vasculature plays a critical role for

development of AAA at least in part via its function in regulating caveolae based signaling

events. This hypothesis was tested using Cav1−/− mice with co-infusion of Ang II and

BAPN.

MATERIALS AND METHODS

Animal protocol

All animal procedures were performed with the prior approval of the Temple University

Institutional Animal Care and Use Committee and in accordance with National Institutes of

Health Guide for the Care and Use of Laboratory Animals. 8 weeks old male Cav1−/− mice

(B6.Cg-Cav1tm1Mls/J) and control Cav1+/+ mice (C57BL/6J) were obtained from the

Jackson Laboratory and housed under barrier conditions. Standard sterilized laboratory diet

and water were available ad libitum. The mice were co-infused with Ang II (1 μg/kg/min)

for 4 weeks and BAPN (150 mg/kg/day) for the first 2 weeks or infused with control saline

through osmotic-pump (Alzet, Durect Corp) [19], which was subcutaneously implanted

under anesthesia (Ketamine 80 mg/kg and xylazine 4 mg/kg, i.p.). Adequacy of anesthesia

was monitored by withdrawal response to foot pinch. This mouse model reproducibly

produces AAA associated with hypertension with morphological and histological

characteristics similar to human AAA, but without atherosclerosis seen in other Ang II-

dependent AAA models in hyperlipidemic mice [19]. Blood pressure and heart rate were

evaluated in all animals in the conscious state at day 28 by telemetry (DSI equipped with

AD Instrument 6 software) via carotid catheter (PA-C10 transmitter). Mice were euthanized

by exsanguination via carotid artery under anesthesia (Ketamine 120 mg/kg and xylazine 6

mg/kg, i.p.). To prepare samples for histological analysis, mice were perfused with saline

followed by 10% paraformaldehyde at 100 mmHg. Aortas were dissected, cleaned of

extraneous tissue and then photographed. To prepare samples for mRNA analysis, mice

were euthanized, aortas dissected free, extraneous tissue removed and photographed. Tissue

was flash-frozen for mRNA isolation. AAA was defined as a localized dilation of the

abdominal aortic wall with maximal outside diameter greater than 50% of the outside

diameter of the infra-renal aorta measured at the midpoint between the renal artery and

bifurcation of the iliac artery. Compared to saline controls, Ang II plus BAPN did not induce

AAA or aortic dilation at infra-renal aorta in any of the experimental animals. In regards to

other segments of the aorta, only one wild type mouse receiving co-infusion demonstrated a

class I thoracic aortic aneurysm (TAA). As such, all maximum aortic diameters were

measured at supra-renal aortas after excision. In total, 24 wild type mice and 16 Cav1−/−
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mice were used for the Ang II plus BAPN infusion experiments. Among the 16 Cav1−/−

AngII plus BAPN infusion mice, a total of 12 were included in the survival study (4 Cav1−/

− mice with Ang II plus BAPN infusion died by telemetry failure/bleeding death). Of these

mice, 10 were analyzed for aortic diameter and 2 were collected without the diameter

evaluation for mRNA analysis. In wild type mice with Ang II plus BAPN infusion, aortic

diameters were analyzed in all 10 surviving mice. For saline control experiments, 10 wild

type and 9 Cav1−/− mice were used for analysis. No deaths were observed in the saline

infusion groups and all the aortic diameters were analyzed. In the saline control group,

successful telemetry recordings were obtained in 8 wild type and 8 Cav1−/− mice while

telemetry data was collected in 6 wild type and 9 Cav1−/− mice infused with Ang II plus

BAPN. The severity of AAA was classified based on the gross appearance of the aorta as

previously described [21]. Serial cross-sections (5 μm thick) from abdominal aortas were

mounted on microscope slides. To avoid sample selection bias, aortas from the first 4

animals in each infusion group were examined by histology and immunohistochemistry

while aorta’s from the last 4 animals were processed for qPCR.

Immunohistochemistry

Sections from abdominal aortas were deparaffinized and blocked in 5% goat serum and 1%

BSA for 1h at room temperature, incubated with primary antibody in PBS containing 1%

BSA and 0.1% Tween 20 for 18 h at 4 °C, followed by biotinylated secondary antibody for

90 min at room temperature. Slides were incubated with avidin–biotin peroxidase complex

for 30 min at room temperature and staining was visualized with the substrate

diaminobenzidine (Vector) producing a brown color and counterstained with haematoxylin.

An equal concentration of control IgG was used side-by-side with each antibody to ensure

staining specificity. Quantification of the antibody staining was performed as reported

previously with subtraction of IgG background staining [22]. All images were visualized on

a Photometrics CoolSNAP HQ digital camera and acquired with SPOT 4.7 Basic software

using the same exposure time. Images were loaded into the ImageJ program (http://

rsb.info.nih.gov/ij) for analysis. A region of interest was drawn around the entire aorta with

the freehand selection tool. Adventitia was excluded from the quantification since the

adventitia areas were quite limited in aortas except those with AAA. All images were set to

the same hue, saturation, and brightness. The area and intensity (integrated density) in the

region of interest were then measured and analyzed. Data were obtained from three to four

non-overlapping fields per aortic cross-section for each antibody (n=4–3 aortas per treatment

or genotype). Results are presented as fold increase over control, which was set at 1.

Quantitative real-time PCR

Abdominal aorta was homogenized by Biomasher and total RNA was extracted using

TRIzol reagent (Invitrogen). cDNA was synthesized RevertAid First Strand cDNA

Synthesis Kit (Thermo). Quantitative real-time PCR (qPCR) was performed with SYBR

Green qPCR Master Mix (Fermentas) as described previously [23]. mRNA abundance was

calculated by normalization to ribosome 18S. The primers used are ADAM17: Forward

GGC GCG GGA GGG AGA AGT TT, Reverse CGC CGC CTC ATG TTC CCG TC,

Ribosome 18S: Forward AGT TCC AGC ACA TTT TGC GAG, Reverse TCA TCC TCC

GTG AGT TCT CCA.
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Cell culture

VSMC were prepared from thoracic aorta of male Sprague-Dawley rats (~350 g) by the

explant method as described previously [24]. Rats were euthanized by exsanguination under

anesthesia (Ketamine 100 mg/kg and xylazine 5 mg/kg, i.p.). VSMC were subcultured in

DMEM containing 10% fetal bovine serum, penicillin and streptomycin. Cells from passage

3 to 10 at 80~90% confluence in culture wells were made quiescent by incubation with

serum-free medium for 2–3 days. To avoid any potential phenotypic alteration, VSMC were

renewed every 2–3 months and VSMC from frozen stock were not used in this study. The

results were confirmed in at least 2 distinct cell lines.

RNA interference by recombinant adenovirus

Replication-incompetent adenoviruses expressing engineered miRNA encoding murine

miR-155 stem loop and embedded siRNAs were constructed using the BLOCK-iT™

Adenoviral RNAi Expression System (Invitrogen) according to the manufacturer’s

instructions [25]. In this system, virally encoded engineered miRNA is processed by the

endogenous cellular machinery to produce siRNA specifically to the target [26, 27]. A

21mer siRNA sequence (siR Cav1-226: 5′- GTG GTC AAG ATT GAC TTT GAA -3′)

perfectly complementary to target coding regions of rat Cav1 (Accession: NM_031556) was

designed using the Invitrogen BLOCK-iT™ RNAi online designer program and was

subsequently cloned into the pcDNA™ 6.2-GW/EmGFP-miR vector. The pcDNA™6.2-GW/

EmGFP-miR control plasmid with a 21mer sequence, which is predicted not to target any

known mammalian gene was used as a scramble control (referred to as miR control).

Adenoviruses encoding the EmGFP-miRNA cassette from these constructs were generated

using the ViraPower™ Adenoviral Expression System (Invitrogen) to produce crude

adenoviral stocks. For convenience, we abbreviated the miRNA-embedded Cav1 siRNA as

miR Cav1. Viral titers were calculated as previously described [28] and are expressed in

units of multiplicity of infection (MOI). VSMC were infected with adenovirus as described

with modification to include 3% FuGENE6 to enhance infection efficiency [29].

Immunoblotting

Immunoblotting was performed as previously described [24]. Quiescent VSMCs grown on

6-well plates were stimulated for specified durations. The reaction was terminated by the

replacement of medium with 100 μL of 1xSDS sample buffer. 40 μL of the cell lysates were

subjected to SDS-PAGE gel electrophoresis and electrophoretically transferred to a

nitrocellulose membrane. The membranes were then exposed to primary antibodies

overnight at 4 °C. After incubation with the peroxidase linked secondary antibody for 1 h at

room temperature, immunoreactive proteins were visualized using a chemiluminescence

reaction kit.

Heparin binding EGF-like growth factor (HB-EGF) shedding assay

Ang II-mediated HB-EGF shedding was quantified in VSMC using an alkaline-phosphatase-

tagged HB-EGF encoding adenovirus (HB-EGF-ALP) as previously described [10].

Following serum starvation, VSMC were co-infected with adenoviral vectors encoding HB-

EGF-ALP and control or Cav1 miRNA. 3 days after infection, cells were stimulated with
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100 nmol/LAng II for 60 min. Secreted HB-EGF was measured using a colorimetric alkaline

phosphatase activity assay as previously described [10].

Promoter assay

pADAM17-Luc vectors encoding murine ADAM17 promoter (−2340 to −1 bp), its 5′
deletion constructs or HRE mutants located at H4 site were constructed as reported

previously [30]. pSEAP2-control vector (Clontech) was used to normalize transfection

efficiency. VSMC (2×106 cells) were transfected by Amaxa Nucleofector program U-25 in

basic SMC Nucleofector™ solution (Lonza) containing 2 μg pADAM17-Luc and 1 μg

pSEAP2-control vector together with 3 μg pcDNA™ 6.2-GW/EmGFP-miR Cav1 or the

control vector. 24 h after the transfection, cells were incubated with serum-free DMEM for

24 h. The cells were then stimulated with 100 nmol/L Ang ll for 24 h. Cellular luciferase

activity was measured by Luciferase Reporter Gene Assay kit (Roche) and secreted alkaline

phosphatase activity in the medium was measured as described.

Reagents

Ang II was purchased from Sigma-Aldrich and Bachem. BAPN was purchased from TCI.

Antibodies for immunoblotting against ADAM17 (sc-13973) and for immunohistochemistry

against interleukin (IL)-1β (sc-7884) and TNF-α (sc-52746) were purchased from Santa

Cruz Biotechnology. Antibodies for immunohistochemistry against ADAM17, matrix

metalloprotease-2 (MMP2) and MMP9 were purchased from Abcam (ab39163, ab37150 and

ab38898), respectively. Antibody against IL-6 (bs-0782R) was purchased from Bioss.

Antibody against Tyr1068-phosphorylated EGFR (2234) was purchased from Cell Signaling.

Antibody against GAPDH (MRB374) and nitro-tyrosine (06–284) were purchased from

Millipore. Antibody against KDEL (ADI-SPA-827) was from Enzo Life Sciences.

Antibodies against Cav1 (610060) and Nox2/gp91 Phox (611414) were purchased from BD

Biosciences.

Statistical analysis

Kaplan-Meier survival curves were constructed and analyzed using log-rank (Mantel-Cox)

test. Fisher’s exact test was used to analyze categorical data. Differences between multiple

groups were analyzed by 2-way ANOVA, followed by the Tukey-Kramer post hoc test. Data

were presented as mean±SEM. Statistical significance was taken at p<0.05.

RESULTS

Cav1 deficiency attenuated Ang II-dependent AAA development

There was a significant difference in survival rates between Cav1+/+ and Cav1−/− mice

during 28 days of AngII plus BAPN co-infusion. Among 24 control Cav1+/+ mice that

received Ang II plus BAPN, a total of 14 mice died before 4 weeks (Figure 1A). We were

able to perform necropsy for 9 mice and ruptured aortae were recognized in all of these mice

(6 at thoracic level and 3 at abdominal level) suggesting that the major cause of death in

these mice was rupture (Figure 1B). No deaths were observed in the group of Cav1−/− mice

that received Ang II plus BAPN or in the saline infusion groups.
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After 4 weeks of either saline or Ang II plus BAPN infusion, surviving mice were

characterized. There was no significant difference in body weights or heart rates among the

groups. Blood pressure was significantly elevated in both strains receiving Ang II plus

BAPN (Table 1). In agreement with a previous report [31], Cav1−/− mice under saline

control condition have slightly elevated diastolic blood pressure.

All surviving control Cav1+/+ mice with AngII and BAPN co-infusion exhibited AAA

(Figures 2A and 2B) and most of the AAA (80%) were at advanced stage (class III or IV)

(Supplementary Table 1). In contrast, only one mouse among 10 Cav1−/− mice receiving

the co-infusion had class I AAA. Ang II plus BAPN infusion increased abdominal aortic

diameter in Cav1+/+ mice but not in Cav1−/− mice (Figure 2C). Thoracic aortic aneurysm

was observed in one Cav1+/+ mouse with the co-infusion but not in the Cav1−/− group with

the infusion.

Histological characterization of abdominal aortas with Masson’s trichrome staining and

hematoxylin eosin staining demonstrated marked thickening of the vascular wall,

degeneration of elastic lamina, presence of intramural thrombus, and thickened, collagen-

rich adventitia in Cav1+/+ mice with the co-infusion (Figure 3). In contrast, Ang II plus

BAPN infusion only slightly enhanced medial layer and adventitia thickness and elastic

lamina remained intact in Cav1−/− mice. Taken together, systemic Cav1 ablation appears to

protect mice from AAA development and rupture induced by Ang II plus BAPN co-

infusion.

Requirement of Cav1 for induction and activation of ADAM17 by Ang II

Immunohistochemical analysis was performed in abdominal aortae in order to evaluate the

status of caveolae-localized signaling proteins associated with AAA formation

(Supplementary Figure A). ADAM17 was markedly up-regulated in medial layers and

adventitia of AAA induced by the co-infusion compared with normal abdominal aorta with

saline infusion. The ADAM17 induction was associated with EGFR activation as assessed

with an auto-phosphorylation site antibody. The induction of ADAM17 and EGFR

phosphorylation induced by the co-infusion were markedly suppressed in aorta of Cav1−/−

mice. In addition, quantitative real-time PCR analysis of abdominal aortas demonstrated

induction of ADAM17 mRNA by Ang II plus BAPN infusion in wild-type mice that was

attenuated in Cav1−/− mice (Figure 4A).

The role of Cav1 in regulating ADAM17 induction and activity was further studied with

cultured VSMC in vitro. Infection of adenovirus vector encoding engineered miRNA-

embedded Cav1 targeting siRNA [25] markedly reduced VSMC Cav1 expression

(Supplementary Figure B) and inhibited Ang II-induced ADAM17 activation as assessed by

HB-EGF shedding (Figure 4B). Cav1 silencing also prevented ADAM17 promoter activation

by Ang II (Figure 4C).
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Cav1 deficiency attenuated ER stress, oxidative stress and inflammatory responses
associated with AAA

Both oxidative stress and endoplasmic reticulum (ER) stress have been implicated in a

variety of cardiovascular diseases [32, 33] and each can be induced through Ang II signaling

mechanisms [34, 35]. While oxidative stress seems critical for AAA development [5], the

role of ER stress in AAA remains obscure. Enhanced staining of an ER stress marker,

KDEL, an oxidative stress marker, nitro-tyrosine, and NADPH oxidase subunit, Nox2, was

observed in aorta with AAA, whereas all staining was markedly prevented in Cav1−/− mice

with co-infusion (Supplementary Figure C).

The effects of Cav1 deficiency on AAA-associated cytokine and MMP expression were

further analyzed. AAA induced by Ang II and BAPN co-infusion was associated with

enhanced expression of TNF-α, IL-6 and MMP-2 but not IL-1β or MMP-9 in medial layers.

These AAA associated responses were attenuated in Cav1−/− mice with the co-infusion.

Enhanced expression of TNF-α, MMP-2 and MMP-9 was also observed in adventitia of

AAA (Supplementary Figure D).

DISCUSSION

By using a novel rodent model of AAA induced by Ang II plus BAPN co-infusion [19], the

present study demonstrated a remarkable prevention of AAA development and rupture in

Cav1−/− mice compared with the wild-type control C57Bl/6 mice. However, hypertension

associated with the co-infusion was unaltered in Cav1−/− mice. Our findings are consistent

with a past publication reporting that Cav1−/− mice were protected from cardiac

hypertrophy but not hypertension induced by co-treatment with Ang II and an endothelial

nitric oxide synthase (eNOS) inhibitor [36]. Although hypertension is a frequently cited risk

factor for human AAA, its contribution to AAA development appears rather weak or

negative in human studies [37]. Past studies with several distinct pharmacological [4, 38–40]

or genetic manipulations [41–43] together with our current observations further support the

dispensable role of hypertension in Ang II-dependent AAA formation.

While the induction of AAA in this model requires co-infusion of BAPN (a Lox inhibitor),

the AAA analyses on this model may provide a unique alternative to other established AAA

mouse models. We, and others, have observed higher incidence of AAA formation and

rupture in the Ang II/BAPN co-infusion models than the hyperlipidemic mice infused with

Ang II alone [19, 44], whereas incidence of thoracic aortic aneurysm seems to be varied

among the studies. The rupture or mortality rate we observed seems comparable to

previously reported rupture-prone AAA models including C57Bl/6 with Ang II plus TGF-β
antibody co-infusion [45] and Tukuba hypertensive mice with 1% salt loading [46]. The

Ang II BAPN co-infusion appears to be a useful model to study potential prevention of

AAA development and rupture in a genetically engineered mouse without the need for

hybrid double knockouts such as those bred with apoE−/− mice.

Our data demonstrating suppression of ADAM17 induction in Cav1−/− mice with the co-

infusion and in VSMC stimulated with Ang II suggest one potential mechanism by which

Cav1 silencing protects from AAA formation. A recent study showed that CaCl2-induced
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AAA did not develop in mice with inducible ADAM17 silencing [13]. Two major ADAM17

substrates likely mediating vascular remodeling are HB-EGF and TNF-α [11]. Our data

demonstrated that EGFR activation is associated with AAA. We also observed induction of

ADAM17 and activation of EGFR in AAA in LDLr−/− mice infused with Ang II

(unpublished observation). Cav1 silencing in VSMC in vitro also prevented HB-EGF

shedding in VSMC stimulated with Ang II. ADAM17 appears to be one of the central genes

forming a gene cluster involving AT1 receptor and EGFR in early stage AAA observed in

apoE−/− mice infused with Ang II [14]. It is intriguing to note that both Cav1 and ADAM17

are up-regulated through hypoxia inducible factor a [30, 47], which is another Ang II

inducible factor in VSMC [48]. In addition, both the Cav1 silencing presented here and also

its over-expression [10] blocked EGFR transactivation suggesting a tight regulation of the

ADAM17 EGFR signaling axis via Cav1 and caveolae. However, further studies are

required to support the involvement of the VSMC ADAM17/HB-EGF/EGFR signaling axis

in AAA development via Cav1 such as with VSMC selective rescue and or silencing of each

component.

In apoE−/− mice, Cav1 expression was abundant in EC and VSMC, whereas no expression

was evident in infiltrating macrophage [49]. A study with EC-selective Cav1 rescue in

athero-protective Cav1/apoE double knockout mice has demonstrated a critical role of EC

Cav1 to promote cell adhesion molecule expression and macrophage infiltration [50]. In

addition, Cav1−/− mice have been reported to show eNOS hyper-reactivity [50]. EC

function has a negative relationship with AAA development in human [51] and eNOS/apoE

double knockout mouse shows AAA development and rupture without Ang II infusion [52].

Cav1 upregulation has been implicated in endothelial dysfunction of apoE−/− mice upon

Ang II infusion [53]. Therefore, whether EC Cav1 also participates in AAA development

and rupture by inhibiting eNOS remains to be investigated.

Protecting against oxidative stress either pharmacologically [4] or genetically [5] appears

effective for AAA prevention. Our data suggest that Cav1 silencing protects from AAA via

suppression of oxidative stress and ER stress. Oxidative stress, particularly in VSMC, seems

critical for AAA development [54, 55]. While little is known regarding the role of ER stress

in AAA formation or rupture, this stress seems to be a key player in development of

atherosclerosis and diabetes and is a major contributor to accelerated oxidative stress in

these diseases [33]. The conceptual importance of ER stress in CVD is further supported by

recent reports demonstrating the effectiveness of pharmacological ER stress suppression of

hypertensive end organ damage induced by Ang II [35].

Clinical as well as experimental evidence suggests that inflammatory cytokines such as

TNF-α [56], IL-1β [57], IL-6 [58] and MMPs [59] are critical for AAA development.

Induction of TNF-α has also been implicated in target organ damage induced by Ang II

[60]. In macrophages, Cav1 was reported to exert anti-inflammatory effects with strong

reductions in TNF-α [61], which may involve transcriptional repression of NFκB [62].

While we did not evaluate MMP-2/9 activity in the present study, induction of MMP-2/9

mRNAs and proteins is associated with greater MMP-2/9 activities in experimental AAA

[63]. Ang II has been shown to induce MMP-2 and MMP-9 in a NAD(P)H oxidase- and

NFκB-dependent manner in VSMC, respectively [64, 65]. Moreover, induction of TNF-α

Takayanagi et al. Page 9

Clin Sci (Lond). Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and activation of MMP-2/9 associated with AAA were prevented in ADAM17 silenced mice

[13]. Therefore, it is intriguing to imagine that Cav1 deficiency prevents AAA through

suppressions of TNF-α and MMP-2/9 via its anti-inflammatory properties. However, the

contribution of TNF-α receptor to AAA appears to be debatable [66].

IL-6 was induced in VSMC stimulated by Ang II via a transcriptional mechanism involving

NFκB [67] and cAMP-responsive element binding protein (CREB) [68]. The CREB

activation appears down-stream of EGFR transactivation in VSMC [69]. Moreover, Ang II-

induced vascular inflammation and aortic dissection were prevented in IL-6 deficient mice

[70]. Our findings coordinate well with these past findings. By contrast, the lack of IL-1β
induction in this AAA model remains unclear at present.

As noted the major limitation of our study was not determining the main causal cell type due

to unavailability of Cav1 conditional knockout mice. Inclusion of EC-selective rescue on

Cav1−/− background is ongoing to partially compensate for this limitation. We also

acknowledge significantly fewer Cav1−/− mice were included than the wild type mice in the

surviving study, the reproducibility of aortic diameter measurement was not confirmed by an

additional evaluator, and there was a potential bias in selecting samples for histology, as

minor limitations. In conclusion, Cav1 silencing protected mice from AAA development and

rupture but not hypertension induced by Ang II plus BAPN. Furthermore, Cav1 silencing

was associated with suppression of ADAM17 activation/induction, oxidative stress, ER

stress and inflammatory responses. Cav1 and caveolae localized signal transduction

molecules may play critical roles in development of AAA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVES

Although contribution of the renin angiotensin system for AAA development has been

well acknowledged, the proximal signal transduction by which Ang II initiates AAA

remains uncertain. The ADAM17/EGFR signaling axis localized specifically at caveolae/

lipid raft is one of the most proximal signal transduction events by which Ang II

participates in vascular remodeling. Our data demonstrated that silencing Cav1, a major

structural protein of vascular caveolae, prevented Ang II-dependent AAA formation and

rupture in normolipidemic mice and was associated with attenuation of ADAM17

induction/activation, ER stress, oxidative stress and inflammatory responses. The

membrane localized signal components (Cav1, ADAM17 and EGFR) are therefore

potential therapeutic targets for prevention of AAA development and rupture.
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Summary statement

Caveolin-1 deficiency protected mice from abdominal aortic aneurysm development

induced by angiotensin II, which is likely due to suppression of ADAM17 activation and

subsequent oxidative stress. Caveolin-1 may provide a novel therapeutic target for

prevention of abdominal aortic aneurysm.
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Figure 1. Increased mortality and fatal aortic rupture were prevented in Cav1 deficient mice co-
infused with Ang II and BAPN
8 week old Cav1−/− mice and the control Cav1+/+ (C57Bl/6) mice were infused with Ang II

(1 μg/kg/min for 4 weeks) and BAPN (150 mg/kg/day for the first 2 weeks). Percentage

survival curve with black and grey circles represent Cav1−/− and Cav1+/+ mice,

respectively (n=survived number/total number) (A). Summary data showing percentages of

animals with fatal rupture or unspecified death following treatment with Ang II plus BAPN

(B).
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Figure 2. Prevention of Ang II-dependent AAA development in Cav1 deficient mice
8 week old Cav1−/− mice and the control Cav1+/+ (C57Bl/6) mice were infused with Ang II

(1 μg/kg/min for 4 weeks) and BAPN (150 mg/kg/day for the first 2 weeks) or saline for 4

weeks. Incidence of AAA in surviving mice after Ang II plus BAPN infusion for 4 weeks

(A). Representative aorta after Ang II plus BAPN infusion, arrows indicate AAA (B).
Measurements of maximal external width of abdominal aortas after the 4 week infusion (C).
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Figure 3. Histological assessment of abdominal aortas
8 week old Cav1−/− mice and the control Cav1+/+ (C57Bl/6) mice were infused with Ang II

(1 μg/kg/min 4 weeks) and BAPN (150 mg/kg/day 2 weeks) or saline for 4 weeks. Cross

sections of abdominal aortas were stained with Masson’s trichrome (MT) or hematoxylin

and eosin (HE) protocol. Representative staining was shown from n=4 for each.
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Figure 4. ADAM17 induction was prevented by Cav1 silencing
8 week old Cav1−/− mice and the control Cav1+/+ (C57Bl/6) mice were infused with Ang II

+BAPN or saline for 4 weeks as in Fig 1. qPCR analysis of ADAM17 mRNA expression in

abdominal aorta (n=4) (A). Rat VSMC were infected with adenoviruses (50 moi) encoding

HB-EGF-AP and miRNA targeting rat Cav1 or non-targeting control miRNA (100 moi) for

72 h and HB-EGF-AP shedding assay was performed with or without 100 nM Ang II

stimulation (means ± SEM from three separate experiments). The combined cell lysates

from each experimental condition were analyzed by immunoblotting as indicated (B). Rat

VSMC cotransfected with ADAM17 promoter-Luc construct and miR ADAM17 or the

control miR construct were stimulated with or without 100 nM Ang II for 24 hours (means ±

SEM from three separate experiments) (C). *p<0.05
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Table 1

Characteristics of the mice infused with saline or Ang II + BAPN

Infusion Cav1 BW g (n) SBP/MBP/DBP mmHg (n) HR b/m (n)

Saline +/+ 22.7±0.4 (10) 125±4/101±4/79±4 (8) 604±20 (8)

−/− 23.4±0.6 (9) 118±3/104±3/93±3† (8) 543±44 (8)

Ang II+BAPN +/+ 23.8±0.8 (10) 195±6*/151±5*/116±7* (6) 570±41 (6)

−/− 24.3±1.3 (10) 194±7*/161±7*/135±9* (9) 526±22 (9)

Data are means ± SEM. BW, body weight; SBP, systolic blood pressure; MBP, mean blood pressure; DBP, diastolic blood pressure; HR, heart rate;
b/m, beats/min. p<0.01, significantly different from saline infusion within strains (*). p<0.05, significantly different from Cav1+/+ within infusions
(†).
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