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Abstract

Identification and treatment of abdominal aortic aneurysm (AAA) remains among the most 

prominent challenges in vascular medicine. MicroRNAs are crucial regulators of cardiovascular 

pathology and represent possible targets for the inhibition of AAA expansion. We identified 

microRNA-21 (miR-21) as a key modulator of proliferation and apoptosis of vascular wall smooth 

muscle cells during development of AAA in two established murine models. In both models (AAA 

induced by porcine pancreatic elastase or infusion of angiotensin II), miR-21 expression increased 
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as AAA developed. Lentiviral overexpression of miR-21 induced cell proliferation and decreased 

apoptosis in the aortic wall, with protective effects on aneurysm expansion. miR-21 

overexpression substantially decreased expression of the phosphatase and tensin homolog (PTEN) 

protein, leading to increased phosphorylation and activation of AKT, a component of a pro-

proliferative and antiapoptotic pathway. Systemic injection of a locked nucleic acid–modified 

antagomir targeting miR-21 diminished the pro-proliferative impact of down-regulated PTEN, 

leading to a marked increase in the size of AAA. Similar results were seen in mice with AAA 

augmented by nicotine and in human aortic tissue samples from patients undergoing surgical 

repair of AAA (with more pronounced effects observed in smokers). Modulation of miR-21 

expression shows potential as a new therapeutic option to limit AAA expansion and vascular 

disease progression.

INTRODUCTION

Abdominal aortic aneurysm (AAA) is a significant cause of morbidity and mortality 

worldwide. Data from clinical studies encompassing different populations suggest that the 

prevalence is 2.4 to 16.9% in men and 0.5 to 2.2% in women over the age of 65 (1). The 

most feared clinical consequence of AAA progression is acute rupture, which carries a 

mortality of 80%. Sixty percent of patients with AAAs die of other cardiovascular causes, 

such as myocardial infarction or stroke, suggesting a relationship between AAAs and 

atherosclerosis (2).

Predictors of AAA growth include diameter of the aorta at diagnosis and active smoking (3). 

Some studies have demonstrated that the incidence and progression of AAA are also related 

to hypertension and age (4). However, smoking is considered to be the major modifiable risk 

factor for development of AAA. Indeed, AAA is more closely associated with cigarette 

smoking than any other tobacco-related disease except lung cancer. Most AAA patients 

(>90%) have a history of smoking (5).

MicroRNAs (miRNAs) are ~20-nucleotide, single-stranded RNA molecules that target 

mRNA through partial complementarity, thereby inhibiting translation or inducing mRNA 

degradation (6). Their role in AAA disease, as well as their therapeutic potential to inhibit 

aneurysm expansion, remains unknown.

MicroRNA-21 (miR-21) is one of the most commonly and markedly up-regulated miRNAs 

in several cardiovascular diseases, as well as in many cancers (7). miR-21 has several 

validated targets including phosphatase and tensin homolog (PTEN) (8, 9), sprouty-1 

(SPRY1) (10), programmed cell death 4 (PDCD4) (11), and B cell lymphoma 2 (BCL2) (8), 

which could potentially link it to aneurysm pathology.

PTEN, a lipid and protein phosphatase and important tumor suppressor protein, acts as a key 

negative regulator of the phosphoinositide 3-kinase (PI3K) pathway by dephosphorylating 

membrane phosphatidylinositol 3,4,5-trisphosphate (12). PTEN is essential for regulation of 

both basal and growth factor–stimulated PI3K-mediated signaling. An increase in cellular 

phosphatidylinositol 3,4,5-trisphosphate in response to dysregulated PTEN activity, even in 

the absence of stimuli, is sufficient to activate numerous downstream effectors, most notably 
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AKT, extracellular signal–regulated kinase (ERK), and mammalian target of rapamycin 

(mTOR) (9, 13). In response to PI3K activation, the serinethreonine kinase AKT regulates 

the activity of a number of targets, including kinases, transcription factors, and other 

regulatory molecules, affecting a broad range of cellular functions such as proliferation, 

differentiation, migration, and cell survival (12). A growing body of information suggests 

that regulation of PTEN signaling plays a crucial role in vascular integrity and that alteration 

in PTEN signaling serves as a key initiating determinant driving pathological vascular 

remodeling.

Here, we investigated whether the regulatory effects of miR-21 and its putative gene targets 

that affect proliferation, apoptosis, and inflammation might offer a new therapeutic approach 

to limiting AAA disease.

RESULTS

Nicotine accelerates AAA expansion in mice

Given emerging evidence of the significant effects of the major tobacco component nicotine 

on vascular disease (14), we chose to investigate whether nicotine supplementation would 

accelerate AAA progression using the porcine pancreatic elastase (PPE) infusion model of 

AAA in 10-week-old male C57BL/6J mice. Nicotine (5 mg/60 days) or placebo pellets were 

implanted subcutaneously on the lateral shoulder 7 days before AAA induction (by PPE 

infusion). Cotinine (a breakdown product of nicotine) concentrations in nicotine-treated 

animal serum at four different time points after pellet implantation were comparable to those 

found in the serum of intermediate to heavy human smokers (table S1) (15). In elastase-

infused mice, blood pressure measurements of nicotine-treated versus placebo-treated 

animals showed no differences at 14 days after pellet implantation (table S2). Brightness 

modulation (B-mode) ultrasound imaging performed 3, 7, 14, 21, and 28 days after PPE 

infusion showed a significant increase in expansion of the abdominal aortic diameter (AAD) 

from day 7 until day 28 for nicotine-supplemented mice compared with placebo-

supplemented mice, and for both elastase-infused groups when compared with control mice 

receiving saline instead of elastase (“sham”; Fig. 1A; fig. S1A; table S3).

Up-regulation of miR-21 in AAA is enhanced by nicotine

Aortic miR-21 expression in the aneurysmal abdominal segment was markedly up-regulated 

in animals with elastase-induced AAAs compared with the equivalent segment in control 

animals. AorticmiR-21 expression was measured by TaqMan quantitative real-time 

polymerase chain reaction (qRT-PCR) at three different stages of AAA development and 

progression (7, 14, and 28 days after infusion of elastase) (Fig. 1B). In nicotine-

supplemented animals, miR-21 expression was enhanced further at all three time points 

compared to placebo-supplemented as well as sham mice at days 14 and 28 (Fig. 1B). In situ 

hybridization (ISH) in AAA samples from the mice treated with elastase and nicotine or 

elastase alone confirmed that miR-21 expression increased with AAA development and was 

most prominent in the medial region of the diseased aorta (Fig. 1C).
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We assessed known miR-21 target genes and found that the Pten gene was significantly 

down-regulated in placebo and nicotine-supplemented mice with elastase-induced AAA at 

all three time points versus sham-treated animals (P < 0.05; Fig. 1D). The Pdcd4 and Spry1 
genes were significantly down-regulated at day 14 after infusion of elastase (P < 0.05; Fig. 

1, E and F); however, the proapoptosis gene Bcl2 was significantly up-regulated after 28 

days (P < 0.05; Fig. 1G). Of the four validated target genes of miR-21 we tested, only Pten 
was differentially regulated (14 and 28 days after elastase infusion) in mice supplemented 

with nicotine compared to placebo-supplemented animals (Fig. 1D). The expression of 

miR-21 and its target gene Pten did not change in the unaffected suprarenal abdominal aortic 

segment of mice with AAA (fig. S1B).

Nicotine regulates PTEN activity via miR-21

Given the importance of various vascular cell types in AAA development and to confirm that 

miR-21 expression is also up-regulated in human aortic cell subtypes, we performed in vitro 

experiments using primary human aortic endothelial cells (hAECs), human aortic smooth 

muscle cells (hASMCs), and human aortic fibroblasts (hAFBs).

Cells were supplemented for 48 hours with vehicle or 10 nM (1.6 ng/ml) nicotine hydrogen 

tartrate salt, leading to nicotine concentrations comparable to those present in the vascular 

tissue of medium to heavy smokers (16). Before nicotine supplementation, miR-21 was 

robustly expressed in hASMCs and to a lesser extent in hAFBs, whereas in hAECs, miR-21 

expression was almost nondetectable. After nicotine supplementation, miR-21 was 

significantly up-regulated in all three cell types (P < 0.05; Fig. 2A). The PTEN, PDCD4, and 

SPRY1 genes were significantly down-regulated in nicotine-supplemented hASMCs (P < 

0.05; Fig. 2B) and hAFBs (P < 0.05; Fig. 2C), but not in hAECs (fig. S1C); BCL2 was 

significantly up-regulated only in nicotine-supplemented hAECs (P < 0.05; fig. S1C). In 

hASMCs, miR-21 was the highest up-regulated miRNA of those reported to target PTEN 
(fig. S5C).

We modulated miR-21 using either an antagomir (anti-21) to inhibit expression or a pre-miR 

(pre-21) to enhance expression in all three nicotine-supplemented cell types. Successful 

transfection (>50%of all cells) was confirmed by visual fluorescence microscopic analysis 

and fluorescence-activated cell sorting (FACS) for the fluorescent tag. Modulation ofmiR-21 

expression affected PTEN, PDCD4, and SPRY1 expression in hASMCs and hAFBs, 

whereas BCL2 expression was not significantly regulated in any of the three cell types (Fig. 

2, B and C, and fig. S1C).

Both cell proliferation assays using the MTT [3-(4,5--dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] dye and FACS analysis to measure apoptosis through 

detection of annexin V–positive cells revealed a key role for miR-21 in hASMCs. Cells 

transfected with anti-21 displayed less proliferation but a greater degree of apoptosis after 

nicotine supplementation when compared to those transfected with scrambled control miR 

(scr-miR); by contrast, enhanced miR-21 expression with pre-21 caused a marked increase 

in proliferation and decreased apoptosis when compared to the effects of scr-miR (Fig. 2, D 

and E).
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Nicotine, interleukin-6, and angiotensin II regulate miR-21 expression

Nicotine is known to regulatemiR-21 expression through nuclear factor κB (NF-κB)–

dependent modulation in cultured gastric cancer cells (17). Further, the miR-21 promoter 

contains a known NF-κB bindingsite (18). Given the inflammatory nature of AAA disease, 

we investigated the role of this pathway in the induction of miR-21 in hASMCs by 

supplementing cells with nicotine, interleukin-6 (IL-6), or angiotensin II. All three treatment 

regimens significantly enhanced miR-21 expression compared to untreated control cells (P < 

0.05). These effects were significantly diminished by previous transfection of hASMCs with 

small interfering RNAs (siRNAs) to knock down either RELA (p65) or NFKB1 (p50), 

which are key components of the NF-κB signaling pathway (Fig. 2F and fig. S2, A and B). 

Successful knockdown of p50 and p65 (>75%) was verified by qRT-PCR and an assay to 

measure NF-κB activity (17) in siRNA-transfected and control hASMCs cells. The effects of 

modulating NF-κB activity and subsequent miR-21 regulation were most prominent in 

nicotine-supplemented hASMCs (Fig. 2F), and to a lesser extent in cells stimulated with 

IL-6 and angiotensin II (fig. S2, A and B).

In vivo modulation of miR-21 alters Pten expression and aneurysm progression

We used fluorescein isothiocyanate (FITC)–labeled locked nucleicacid (LNA)–anti–miR-21 

to block miR-21 expression (anti-21), or lentivirus with pre-miR-21 that coexpresses green 

fluorescent protein (GFP) (lenti–premiR-21; pre-21) to perform gain-of-function studies. 

Double immunofluorescence staining confirmed that both anti-21 and pre-21 were 

successfully incorporated into the aortic wall. Both miR-21 modulators were coexpressed 

with the ASMC marker smooth muscle α-actin (SMA) (Fig. 3A). However, visualization of 

miR-21 modulators was almost exclusively limited to the site of injury, that is, the 

aneurysmal part of the abdominal aorta in mice infused with elastase (PPE model). In 

suprarenal aortic segments from mice in which miR-21 was up- or down-regulated, green 

fluorescence appeared to be largely due to autofluorescence from the elastic fibers. Except 

for the elastic layer, discrete fluorescent signal was detected only in the adventitial part of 

the suprarenal aorta, possibly delivered through the network of small vessels supplying large 

vessels like the aorta, known as vasa vasorum (Fig. 3A). In pre-21–transduced mice, 

miR-21measured via a GFP label was clearly detectable in what appeared to be a region of 

increased neointimal formation, an effect previously reported for modulation of miR-21 in 

other models of vascular disease (8).

Anti-21 treatment resulted in altered Pten mRNA levels at days 7 and 14 after elastase 

infusion compared to the scr-miR (Fig. 3B). Pten expression in anti-21–treated mice 

returned essentially to the levels found in sham mice (infused with saline) at both time 

points, indicating effective inhibition of miR-21 expression. After 28 days, Pten expression 

levels decreased in anti-21–treated mice, such that there was no longer a significant 

difference between anti-21– and scr-miR–treatedmice, suggesting that the effect of the single 

tail vein injection of LNA (10 mg/kg) had waned. We also observed similar trends in Pten 
expression in animals treated with anti-21 and nicotine (fig. S2C).

In contrast, treatment with lenti–pre-miR-21 [7.6 × 107 infectious units (IFUs)/ml] in mice 

infused with elastase led to further downregulation of Pten at 7, 14, and 28 days after tail 
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vein injection compared to sham-treated control mice and control mice infused with elastase 

and injected with an empty vector control (Fig. 3B). Again, similar effects on Pten mRNA 

levels were detected in nicotine-supplemented animals (fig. S2C).

Successful inhibition and overexpression of miR-21 in vivo were confirmed by qRT-PCR 

measurements of miR-21 expression in anti-21–and pre-21–transduced mice with AAA 

compared with control mice with AAA treated with a scr-miR or an empty vector control 

(fig. S2D).

Analogous to the direct immunofluorescence staining results, anti-21 or pre-21 treatment 

had minimal impact on Pten gene expression in the suprarenal (non-aneurysmal) abdominal 

aorta (fig. S1B). Only in the aneurysmal tissue of pre-21–transfected animals was Pten 
expression decreased compared with sham-treated control mice. However, no difference in 

Pten expression levels could be detected for pre-21 versus empty vector or anti-21 versus 

scrambled miRNA in the suprarenal aorta, again suggesting that only at the site of injury did 

sufficient uptake of miR-21 modulators occur.

Inhibition (with the LNA antagomir) of miR-21 after elastase infusion greatly augmented 

AAA growth, whereas overexpression with pre-21 inhibited AAD expansion (from days 7 to 

28) (Fig. 3C and table S4). These results were replicated in nicotine-supplemented animals 

(fig. S2E). Three mice that received both nicotine and anti-21 died (at 11, 15, and 19 days) 

due to rupture of massively enlarged AAAs, an extremely uncommon event in the elastase-

induced aneurysm model when using 10-week-old male C57BL/6 mice.

Staining with Picrosirius Red demonstrated the substantial structural impact of treatment 

with anti-21 and pre-21 (versus a scrambled miRNA) 14 days after elastase-induced AAA 

development (Fig. 3D). Obvious aortic wall thickening due to smooth muscle proliferation 

was visible in the AAA of mice receiving scrambled miRNA compared with saline-infused 

controls (sham). This process was much more prominent in mice injected with pre-21 

compared with the other groups (anti-21, scrambled miRNA, sham); almost no wall 

thickening or smooth muscle cell proliferation could be detected in the aortas of anti-21–

treatedmice (Fig. 3E). The aortic diameters of the latter were greatly enlarged (Fig. 3, C and 

D).

The results for differentially regulated Pten gene expression were confirmed at the protein 

level by Western blot for PTEN and its downstream targets phospho-AKT (p-AKT) and 

AKT in mice treated with elastase alone or elastase plus nicotine that received anti-21 or 

pre-21 (Fig. 4, A and B).

Differentially expressed miR-21 affects proliferation, apoptosis, and inflammation

Immunohistochemical analysis of PTEN, Ki-67 (a neutral marker of cell proliferation), and 

caspase-3 (an apoptosis marker) was performed to illustrate the regulation of cell 

proliferation and apoptosis as a consequence of modulating miR-21 and PTEN activity. Cell 

proliferation measured by Ki-67–positive cells correlated negatively with PTEN expression, 

whereas cell apoptosis measured by the number of caspase-3–positive cells correlated 
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positively with PTEN expression (Fig. 4, C and D). By contrast, miR-21 did not alter the 

fibrotic response to aneurysm development (fig. S5, A and B).

Immunohistochemical staining for Mac-1 demonstrated enhanced monocyte/macrophage 

activation in animals treated with elastase and nicotine (Fig. 5, A and B). This was further 

confirmed by qRT-PCR results showing that the expression of downstream target genes of 

the Pten/mTOR inflammatory pathway [monocyte chemotactic protein-1 (Mcp1), IL-6 (Il6), 

stromal cell–derived factor-1 (Cxcl12), and chemokine C-X-C motif ligand 1 (Cxcl1)] was 

increased in nicotine-supplemented elastase-infused mice (Fig. 5C). It has been established 

that miR-21 expression correlates with expression of these inflammatory markers and 

regulators, and with the expression of Mmp2 (19). We found that pre-21 treatment (which 

boosts miR-21 expression) increased the expression of Il6 and Mcp1 in elastase-induced 

AAAs compared with a scr-miR but had no effect on Mmp2 expression (Fig. 5D).

miR-21 and Pten regulate AAA expansion

We used a second established model of aneurysm formation, the angiotensin II infusion 

model in 10-week-old mice that lack apolipoprotein E (apoE) (20), to confirm that 

regulation of miR-21 and Pten is not exclusive to the elastase infusion model of AAA. 

miR-21 expression was up-regulated in angiotensin II–infused animals compared with a 

saline-infused control group after 14 and 28 days. As in the elastase infusion model, miR-21 

was further up-regulated in nicotine-supplemented animals at both time points (Fig. 6A). 

Pten expression was decreased in angiotensin II–infused mice, with further down-regulation 

at both time points when these animals were treated with nicotine (Fig. 6B). AAD was 

increased in the nicotine group from days 7 to 28 compared with animals infused with 

angiotensin II only or saline control (Fig. 6C and table S5). The mortality rate over the time 

course, because of dissection and rupture of the aorta, was higher in animals treated with 

angiotensin II and nicotine (60%) when compared with animals infused with angiotensin II 

alone (30%; P < 0.01).

In loss-of-function studies using anti-21, Pten expression was increased (Fig. 6D), resulting 

in augmented development and progression of AAA 28 days after initiation of angiotensin II 

infusion (Fig. 6E and table S6). Gain-of-function studies using pre-21 caused a decrease in 

Pten expression, limiting AAA expansion after 14 and 28 days compared with scrambled 

miRNA, empty vector, and anti-21 treatments (Fig. 6, D and E). Picrosirius Red–stained 

images from day 28 demonstrated differences in proliferation and composition of the 

vascular wall in mice where miR-21 expression was modulated (fig. S3, A and B). The 

mortality rate due to aortic rupture throughout the 28-day follow-up period was increased in 

anti-21–injected mice (80%) compared with those receiving a scr-miR (33%; P < 0.01), an 

empty vector control (30%; P < 0.01), or pre-21, which boosted expression of miR-21 (20%; 

P < 0.01). However, miR-21 expression was regulated to a lesser extent in the angiotensin II 

model compared with the elastase-induced model of AAA formation (fig. S3C). 

Accordingly, changes in AAA were less prominent in the former compared to the latter 

mouse model.
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miR-21 expression is altered in human AAA disease

Human aortic samples from patients with AAA who underwent surgical repair of an 

enlarged abdominal aorta (57 to 68 mm) corroborated our findings of up-regulated miR-21 

expression and decreased PTEN expression in the aneurysm. We compared a group of 

frequent and active smokers (n = 8; mean consumption, 37 ± 18 pack-years; mean age, 63 

± 9 years) to a group of patients who had never smoked (n=5; mean age, 66 ± 10 years), all 

with AAA. According to hospital documentation, all 13 patients were on similar medical 

therapy, potentially influencing their aortic molecular milieu (statin therapy plus β-blockers, 

either angiotensin receptor blocker or angiotensin-converting enzyme inhibitors), at the time 

of surgical intervention. All patients were male, of Caucasian descent, and nondiabetic. qRT-

PCR revealed that miR-21 expression in diseased aortic tissue was 6.7 ± 1.1 (SEM)–fold up-

regulated in nonsmokers with AAA, and 12.8 ± 2.1 (SEM)–fold up-regulated in smokers 

with AAA, when compared with normal abdominal aortic tissue from a group of organ 

donor patients without AAA (P < 0.05; n = 5; mean age, 33 ± 14 years) at time of 

explantation (n = 3 heart; n = 2 kidney). In the same group of patients, PTEN was down-

regulated [2.4 ± 0.5 (SEM)–fold in AAA nonsmokers; 4.3 ± 1.2 (SEM)–fold in AAA 

smokers] compared to control patients (P < 0.05; Fig. 6F).

DISCUSSION

Despite tremendous efforts using traditional approaches to reduce the mortality and 

morbidity of AAA disease, the identification of the underlying causes as well as appropriate 

medical intervention remain a major clinical challenge. New approaches in understanding 

and fighting AAA are needed. Because of the complex pathological mechanisms of 

aneurysm development, progression, and rupture, the standard methods of designing drugs 

to target specific enzymes, cell surface receptors, or single proteins are unlikely to be 

sufficient. In this dismaying scenario, the discovery of an entirely new method of gene 

regulation through miRNAs, and their validation as markers and modulators of vascular 

remodeling in pathological conditions, provides new therapeutic pathways for developing 

innovative therapies. In rodent models, modulation of miRNAs has proven to be successful 

in limiting and treating heart failure (10, 21), myocardial ischemia, and infarction (22) with 

subsequent cardiac fibrosis (23), enhancing angiogenesis in peripheral artery disease (24, 

25), and limiting myointimal hyperplasia/restenosis in vascular injury (8, 26). Previous 

studies have already indicated that cigarette smoke exposure can augment AAA growth in 

the elastase infusion mouse model of AAA (27, 28). We present data showing that nicotine 

supplementation also leads to significant AAA expansion in two different mouse models of 

aneurysm disease. The results of our study suggest that not only cigarette smoke but 

potentially also the consumption of other forms of nicotine, like chewing tobacco or snuff 

(as well as nicotine patches, which are widely used for smoking cessation), may increase 

risk for AAA development and progression. Unfortunately, human data for the incidence and 

prevalence of AAA disease in relation to forms of nicotine uptake other than active firsthand 

cigarette smoke are currently lacking.

The fact that overexpression of a single miRNA, miR-21, in our study can induce cellular 

proliferation within the aortic wall and thereby protect mice from AAA expansion indicates 
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the power of individual miRNAs for coordinating expression of target genes involved in 

complex physiological and disease phenotypes. The key difference between modulating 

miRNAs and traditional therapeutic approaches is that most drugs have specific cellular 

targets, whereas miRNAs can potentially modulate entire functional gene networks. 

However, this can also be considered a limitation because unintended side effects may occur.

The therapeutic goal is generally to reverse or arrest pathological changes resulting from 

disease. One would predict that miRNAs found to be up-regulated in pathological conditions 

should be knocked down by antagomirs, and those down-regulated should be supplemented 

by treatment with pre-miRNAs or miRNA mimics to treat disease. Our studies suggest a 

different scenario with regard to AAA development and progression. The data suggest that 

up-regulation of miR-21 is a physiological response to aortic expansion. This protective 

response may be augmented when deleterious stimuli such as nicotine are present. Although 

this endogenous pathway may be insufficient to abrogate aortic expansion, our data indicate 

that it remains a potential therapeutic target.

Modulation of miR-21 in AAA disease as a protective physiological response follows a 

common pattern in cardiovascular diseases. For example, natriuretic peptides (such as brain 

natriuretic peptide) are released from the left ventricle of the heart when high filling 

pressures occur. Their primary purpose is to inhibit volume overload and to preserve cardiac 

function (29). AAA development leads to increased miR-21 expression and decreased PTEN 

expression and results in a pro-proliferative and antiapoptotic response of smooth muscle 

cells within the vessel wall, most likely in an attempt to protect the aorta from further 

expansion and ultimate rupture (fig. S6). This appeared to be the case in the two types of 

murine AAA models we investigated, as well as representative human AAA samples.

Inhibition of the PTEN/PI3K/AKT signaling pathway by miR-21 was instrumental in 

limiting AAA expansion, a mechanism that was particularly evident when miR-21was 

overexpressed through treatment with pre-21. Further, the pro-proliferative effects of down-

regulated PTEN were diminished by treatment with anti-21, blocking miR-21 up-regulation, 

and leading to a marked acceleration of AAA development and even rupture in nicotine-

supplemented animals.

Previous studies have indicated that after an early phase of recruitment and activation of 

inflammatory cells in the elastase-infused model of AAA (until 7 days after infusion), 

stabilization of vascular integrity becomes the most important factor in limiting aneurysm 

expansion (between days 7 and 14) (30, 31). The critical role of smooth muscle cell 

apoptosis and depletion in human aneurysmal tissues has previously been reported (32). In 

addition to compromising vascular wall structure, loss of smooth muscle cells eliminates a 

cell population capable of directing connective tissue repair and vessel wall stabilization. In 

vivo as well as in vitro data presented in the current study indicate that smooth muscle cell 

proliferation and apoptosis are highly affected by altered expression of miR-21.

Our in vitro studies have also identified the transcription factor NF-κB as a crucial positive 

regulator of miR-21 expression in vascular cells. Nicotine, IL-6, and angiotensin II were 

each able to induce miR-21 through up-regulation of NF-κB. Although inhibition of NF-κB 
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using siRNAs against its subunits or direct drug targeting is well established in vitro, it 

remains impractical for translational approaches in humans because of the wide variety of 

functions of NF-κB and the many cellular processes in which this master transcription factor 

is involved (33). Although this is also an issue with miRNAs, modulation of miR-21 appears 

to be a more feasible approach to balancing disease-determining mechanisms such as 

proliferation and apoptosis in the aortic wall. Additionally, inhibition of NF-κB in vivo 

would be expected to decrease miR-21 levels, an effect our data suggest could worsen 

outcomes.

A proinflammatory pattern of gene expression (Mcp1, Il6, Cxcl1, and Cxcl12) was more 

evident in nicotine-supplemented compared to placebo-supplemented mice with AAAs after 

elastase infusion. Accordingly, the number of Mac-1–positive cells, an indicator of 

macrophage infiltration and inflammatory activity, was much higher in the nicotine-treated 

cohort. Furthermore, Mmp2 expression was elevated in mice treated with elastase and 

nicotine compared with mice treated with elastase alone or sham-treated animals (fig. S3D). 

This may be partially responsible for the larger aneurysms observed in the nicotine group. 

The effect was accompanied by a corresponding increase in miR-21 expression and smooth 

muscle cell proliferation in the vessel wall, presumably a protective response. 

Overexpression of miR-21 induced by treatment with pre-21 increased expression of some 

proinflammatory genes 14 days after AAA induction by elastase infusion (Il6 and Mcp1; 

Fig. 5D). Proinflammatory activity was increased in pre-21–transduced mice compared to 

those treated with anti-21, scrambled miRNA, or sham-operated mice (fig. S4A). However, 

this did not result in further expansion of aneurysms, most likely because of acceleration of 

the proproliferative response in animals with augmented miR-21 expression (Fig. 3, D and 

E, and figs. S3, A and B, and S4B).

The methods of anti-21 and pre-21 administration used in this study are limited in 

application by their systemic effects on other organ systems, in particular the heart and liver, 

which intravenous therapies often affect to a greater extent than the aorta. In pre-21–treated 

animals, Spry1 and Pten were down-regulated in heart and liver tissue samples (fig. S4, C 

and D), an effect that in previous studies led to cardiac fibrosis with subsequent heart failure 

(9, 10), as well as liver fibrosis and development of hepatocellular carcinoma (34, 35). In 

contrast, anti-21 treatment, which in our hands causes marked AAA progression, potentially 

may provide protective effects to combat cardiac fibrosis and heart failure, as well as fibrosis 

and tumor formation in the liver. These findings suggest that systemic up-regulation of 

miR-21 will not be useful as a translational approach to treat AAA in human patients. 

However, local delivery with expandable balloons or drug-eluting stent grafts containing 

pre-21 miRNAs may emerge as a promising tool to trigger proliferation in the aortic wall in 

human patients with AAA disease. Experimental delivery of siRNA molecules eluted from 

stents or delivered with balloons has already been shown to be efficacious (36).

Direct delivery of LNA–anti-miRNAs to block the expression of a particular miRNA 

resembles pharmacological intervention, and there have been no immunogenic safety or 

toxicity issues reported thus far (37). However, a major drawback for long-term use in 

chronic diseases such as AAA is the necessity of repeated dosing required for effective 

treatment. In our study, the effects of LNA–anti–miR-21 diminished after 28 days, having no 

Maegdefessel et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2018 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



further impact on miR-21 target gene expression. LNA–anti-miRNA administration of other 

miRNAs could have limited use if the route of delivery requires an invasive procedure.

The second approach used in our experiments is vascular gene therapy. A lentiviral vector, 

derived from HIV-1, appears to be an effective tool to deliver pre-miR-21 to the diseased 

aorta. The main safety concern with lentiviral vectors is that homologous recombination 

may produce wild-type HIV. However, the engineering of new lentiviruses, such as that used 

in our study, where the U3 promoter region of the long terminal repeats is deleted (leading to 

a self-inactivating lentivirus) resolves this issue, making them a promising vector for future 

application in gene therapy for treating cardiovascular diseases (38). This approach may 

simplify the delivery of not only pre-miRNA and miRNA mimics but also antagomirs 

because of the small size of miRNA coding sequences. This would also make drug-mediated 

regulation of expression feasible. A detailed understanding of the biology of miRNAs and 

optimization of gene delivery vectors will determine the future of therapeutic miRNAs and 

their application in treating cardiovascular diseases such as AAA.

MATERIALS AND METHODS

Mice

All animal protocols were approved by the Administrative Panel on Laboratory Animal Care 

at Stanford University (http://labanimals.stanford.edu/) and followed the National Institutes 

of Health and U.S. Department of Agriculture Guidelines for Care and Use of Animals in 
Research. All experiments were performed with 10-week-old male C57BL/6 (PPE model) 

and 10-week-old male apoE−/− mice on a C57BL/6 background (angiotensin II infusion 

model). Animals were purchased from The Jackson Laboratory.

PPE infusion model

PPE infusion AAA induction techniques were performed as previously described (39). 

Details on the operative procedure as well as survival rate are described in the 

Supplementary Material.

Angiotensin II infusion model

Osmotic pumps (model 2004, Alzet) containing either angiotensin II (1 µg/kg perminute, 

Sigma-Aldrich) or saline were introduced in 10-weekold apoE−/− male mice (C57BL/6J 

background) as previously described (40). A more detailed description can be found in the 

Supplementary Material.

Nicotine and placebo pellet implantation

Pellets containing 5 mg of nicotine with a 60-day release (release rate of 2.2 mg/kg per day) 

or placebo (both purchased from Innovative Research of America) were implanted 

subcutaneously on the lateral side of the neck/shoulder region 7 days before aneurysm 

induction with PPE or angiotensin II. Pellets were implanted with a stainless steel reusable 

precision trochar (Innovative Research of America) with regular medical point needle and 

rounded stylet.
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Cotinine concentration measurements

Cotinine (degradation product of nicotine) concentration was measured (ng/ml) in serum of 

nicotine-treated mice (n = 3 for each time point) by enzyme-linked immunosorbent assay 

(ELISA) (Calbiotech) 24 hours and 7, 14, and 28 days after pellet implantation according to 

the manufacturer’s instructions.

Blood pressure measurements

Systolic and diastolic blood pressures in conscious mice were measured with a 

computerized, noninvasive tail-cuff and infrared pulse detection system (Visitech Systems 

Inc.) according to an established protocol (41) and the manufacturer’s instructions. Detailed 

information on the procedure can be found in the Supplementary Material.

Aortic diameter measurements by ultrasound imaging

At baseline and 3, 7, 14, 21, and 28 days after aneurysm induction, B-mode ultrasound 

imaging was performed on the operated mice to assess the AAD as previously described 

(42). For detailed information, see the Supplementary Material.

Histological and immunohistochemical analysis

Standardized protocols were used as previously described (42). Details are found in the 

Supplementary Material.

Western blot analysis

Protein extraction and Western blot analysis were performed with established methodology 

(41). The antibodies used were the same as those used for immunohistochemical analysis 

(see the Supplementary Material).

RNA quantification

Total RNA was isolated with a TRIzol-based (Invitrogen) RNA isolation protocol. RNA was 

quantified by NanoDrop (Agilent Technologies), and RNA and miRNA quality were verified 

with the Agilent 2100 Bioanalyzer (Agilent Technologies). Samples required 260/280 ratios 

of >1.8 and sample RNA integrity numbers of ≥9 for inclusion. RNA was reverse-

transcribed with the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems) 

according to the manufacturer’s instructions. Further details are described in the 

Supplementary Material.

In situ hybridization

ISH for miR-21 was performed with the miRCURY LNA microRNA ISH Optimization Kit 

(Exiqon) and 5′-digoxigenin (DIG)–labeled probes for mmu-miR-21 according to the 

manufacturer’s protocol. The sequence of the LNA miR-21 control probe was 5′-DIG/

TCAACATCAGTCTGATAAGCTA/DIG-3′. LNA scr-miR sequence was 5′-DIG/

GTGTAACACGTCTATACGCCCA/DIG-3′.
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LNA–anti–miR-21 injection

Either anLNA–anti–miR-21 or a scr-miR (miRCURY LNA microRNA inhibitor from 

Exiqon) was injected via tail vein under pressure [in 1 ml of phosphate-buffered saline 

(PBS) over 5 to 10 s]. The concentration of anti-miR or scrambled miR was 10 mg/kg. A 

single injection of anti-miR was performed 1 day after AAA induction of both mouse 

models. The custom-made LNA–anti–miR-21 5′-3′ sequence was TCAGTCTGATAAGCT. 

The LNA scr-miR 5′-3′ sequence was ACGTCTATACGCCCA.

Lenti–pre-miR-21 injection

The hsa–miR-21 pre-miR construct (System Biosciences) was cloned into an HIV lentiviral 

vector containing a co-GFP reporter and with the miR precursor under constitutive 

cytomegalovirus promoter control. The precursor miR-21 sequence was 

TGTCGGGTAGCTTATCAGACTGATGTTGACTGTTGAATCTCATGGCAACACCAGAT

GGGCTGTCTGACA. Lenti–pre-miR-21 was injected via tail vein in 1 ml of PBS with 7.6 

× 107 IFUs of loaded lentivirus per mouse. Lenti–pre-miRs were injected 1 day after AAA 

induction.

Double immunofluorescence studies

Primary antibody for GFP was applied after washing with 10% PBS with conventional 

immunohistochemical dilutions (Supplementary Materials and Methods). Secondary 

antibodies were replaced with goat anti-rabbit antibodies labeled with Alexa Fluor 

(Invitrogen; dilution 1:250) dye with a maximum excitation at 488 nm (green). Polyclonal 

rabbit SMA primary antibody was detected with a goat anti-mouse secondary antibody 

labeled red with Alexa Fluor 568 (Invitrogen). Images were obtained and analyzed by 

fluorescence microscopy (microscope and camera from Nikon).

In vitro studies

hASMCs, hAFBs, and hAECs were propagated in growth media [SmGM-2 (for hASMCs), 

SCBM (for hAFBs), and EBM-2 (for hAECs)] with 5% fetal bovine serum as per the 

manufacturer’s instructions (Lonza, passages 4 to 5). Subconfluent (~80%) plates were 

treated with 10 nM (−)-nicotine hydrogen tartrate salt (Sigma-Aldrich) for 24 hours and 

subsequently harvested for RNA analysis. Further details on transfection of cultured cells, 

proliferation/cell survival, and apoptosis assays are described in detail in the Supplementary 

Materials.

Human sample acquisition and preparation

Approval for studies on human tissue samples was obtained under informed consent and 

according to the declaration of Helsinki. Human samples from patients who underwent 

surgical repair of their AAA, as well as abdominal aortic samples from organ donors, were 

harvested during surgery (or explantation), snap-frozen, and stored at −80°C before 

processing for RNA analysis.
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Statistics

Data are presented as means ± SEM. Groups were compared with Student’s t test for 

parametric data. When comparing multiple groups, data were analyzed by analysis of 

variance (ANOVA) with Bonferroni’s post test. Sequential measurements (AADs at 

consecutive time points) were analyzed by one-way repeated-measures ANOVA. A value of 

P < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
miR-21 and target gene expression in AAAs induced by elastase infusion. (A) AAD (versus 

baseline as a percentage) in elastase-infused mice supplemented with placebo and nicotine 

compared to saline-infused control mice (sham). (B) miR-21 expression in mice infused 

with elastase supplemented with placebo or nicotine compared to sham animals. (C) ISH 

staining formiR-21 (purple chromagen) in mice infused with elastase and supplemented with 

placebo, elastase-infused mice supplemented with nicotine, or saline-infused (sham) animals 

14 days after AAA induction (labels on luminal side; scale bar, 50 µm). (D to G) mRNA 

expression for Pten (D), Pdcd4 (E), Spry1 (F), and Bcl2 (G) genes in mice infused with 
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elastase and supplemented with either placebo or nicotine compared to sham animals. n = 5 

to 8 for each treatment group and time point. Data are means ± SEM. *P < 0.05 versus 

sham; #P < 0.05 versus elastase + placebo and sham. Level of significance was determined 

using one-way ANOVA with Bonferroni’s post test. Sequential measurements (AADs at 

consecutive time points) were analyzed by one-way repeated-measures ANOVA.
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Fig. 2. 
Effects of nicotine and miR-21 modulation in vitro. (A) miR-21 expression in nicotine (10 

nM)– and PBS-treated (control) cultured hASMCs, hAFBs, and hAECs. (B and C) 

Expression of miR-21 target genes in nicotine-treated hASMCs (B) or hAFBs (C) 

transfected with miRNAs that block (anti-21) or boost (pre-21) miR-21 expression. (D) 

Proliferation of hASMCs after nicotine and pre-21 treatment was measured using the MTT 

assay. (E) Apoptosis of hASMCs after anti-21 treatment was measured by detecting the 

percent of annexin V–positive cells. (F) Knockdown of NF-κB subunits (RELA and 

NFKB1) with siRNA in nicotine-treated hASMCs. Data are means ± SEM. *P < 0.05 versus 
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untreated control; #P < 0.05 for anti-21 andpre-21 (+nicotine) versus scr-miR and saline 

control (or nicotine + control siRNA versus nicotine + RELA/NFKB1 siRNA and versus 

untreated); ^P < 0.05 versus pre-21, scr-miR, and nicotine alone. Level of significance was 

determined using one-way ANOVA with Bonferroni’s post test.
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Fig. 3. 
Effects of anti-21 and pre-21 in vivo. (A) Double immunofluorescence images for SMA 

(red) and GFP/FITC label (green) in the non-aneurysmal part of the suprarenal abdominal 

aorta (SAA) and in the infrarenal site of injury (AAA) in AAAs from mice treated with 

anti-21 or pre-21 (as single-color and merged images; labels on luminal side; scale bar, 50 

µm). (B) Pten expression in elastase-induced AAA after treatment with anti-21, pre-21, scr-

miR, or empty vector control (pre-con) compared to saline-infused mice (sham). (C) AAD 

(versus baseline as a percentage) in anti-21– and pre-21–transduced mice compared to scr-

miR and empty vector control (pre-con) in the elastase infusion model of AAA. (D and E) 
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Representative low-power [(D) scale bar, 400 µm] and high-power [(E) scale bar, 50 µm] 

images of aortic cross sections stained with Picrosirius Red to illustrate differences in 

vascular wall structure (yellow/orange, muscle; red, collagen) in the aortic wall in anti-21– 

and pre-21–transduced mice compared to saline-infused controls (sham) and scr-miR in the 

elastase infusion model of AAA 28 days after induction. Scale bar, 50 µm. n = 4 to 8 mice 

for each time point and group. Data are means ± SEM. *P < 0.05 versus sham; #P < 0.05 

versus scr-miR/pre-con and sham; ^P < 0.05 versus sham and pre-21. Level of significance 

was determined using one-way ANOVA with Bonferroni’s post test. Sequential 

measurements (AADs at consecutive time points) were analyzed by one-way repeated-

measures ANOVA.
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Fig. 4. 
PTEN and p-AKT regulate proliferation and apoptosis in AAAs. (A) Representative 

immunoblots and expression levels for PTEN, p-AKT, and AKT relative to vinculin (loading 

control) in AAAs in elastase-infused mice (14 days after AAA induction) supplemented 

with either placebo or nicotine compared to saline-infused controls (sham; n = 3 to 4 mice 

per group). (B) Representative immunoblots and expression levels for PTEN, p-AKT, and 

AKT relative to vinculin (loading control) in AAAs in elastase-infusedmice (14 days after 

induction) transduced with anti-21 or pre-21 compared with scr-miR (n = 3 to 4 mice per 

group). (C) Representative immunohistochemical images demonstrating effects of treatment 
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with anti-21, pre-21, or scr-miR 14 days after AAA induction with elastase on PTEN 

expression (blue), cell proliferation (red positive for Ki-67), and apoptosis (purple-blue 

positive for caspase-3). Scale bar, 50 µm. (D) Quantification of PTEN-positive, Ki-67–

positive, and caspase-3–positive cells in the intimal and medial region of AAAs. n=4 high-

power fields (HPF) of 3 different aortas per group (12 total per group) 14 days after AAA 

induction. Data are means ± SEM. *P < 0.05 versus saline-infused controls (sham); #P < 

0.05 versus scr-miR and versus sham (or versus elastase + placebo and versus sham). Level 

of significance was determined using one-way ANOVA with Bonferroni’s post test.
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Fig. 5. 
Nicotine triggers inflammation. (A) Mac-1–positive cells (red) are increased in mice 

supplemented with nicotine compared to placebo in the elastase-induced mouse model of 

AAAs. Scale bar, 50 µm. (B) Mac-1–positive cells from n = 4 high-power fields (HPF) from 

3 different mice per group (12 total per group). (C) Gene expression of Cxcl1, Cxcl12, Il6, 

and Mcp1 in mice infused with elastase and supplemented with either nicotine or placebo 

compared with saline-infused control mice (sham). (D) Gene expression of Cxcl1, Cxcl12, 
Il6, and Mcp1 in mice transduced with anti-21 or pre-21, scr-miR, or empty vector control 

(pre-con) compared to sham 14 days after induction of AAA by elastase infusion. n = 3 to 7 

per treatment group. Data are means ± SEM. *P < 0.05 versus sham; #P < 0.05 versus scr-

miR, empty vector control (pre-con), and sham (or versus elastase + placebo and versus 

sham). Level of significance was determined using one-way ANOVA with Bonferroni’s post 

test, or Student’s t test for parametric measures (B).
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Fig. 6. 
miR-21 and PTEN expression in mouse and human AAAs. (A) miR-21 expression in 

nicotine-treated and placebo-implanted mice infused with angiotensin II to induce AAAs 

compared to saline-infused control mice. (B) Pten expression in nicotine-treated and 

placebo-implanted mice infused with angiotensin II to induce AAAs compared to saline-

infused control mice. (C) Expansion (as a percentage of baseline) of the AAD for nicotine-

treated (n = 35) and placebo-implanted mice (n = 28) infused with angiotensin II to induce 

AAAs compared to saline-infused control mice (n = 18). (D) Pten expression in anti-21– and 

pre-21–transduced mice, mice treated with scr-miR, or empty vector control (pre-con) 
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compared to saline-infused control mice in the angiotensin II model of AAA. (E) AAD (as a 

percentage of baseline) in anti-21– and pre-21–transduced mice, as well as mice treated with 

scr-miR or empty vector control (pre-con) in the angiotensin II model of AAA. (F) Up-

regulation of miR-21 and down-regulation of PTEN in human AAA tissue (n = 5 

nonsmokers, n = 8 smokers) undergoing surgical repair compared to aortic samples from 

control patients without AAA (n = 5). Data are means ± SEM. *P < 0.05 versus saline 

controls (or control patients); #P < 0.05 versus placebo with angiotensin II and saline 

controls, scr-miR or pre-con, or nonsmokers and control patients; ^P < 0.05 versus 

angiotensin II with anti-21 or pre-21. Level of significance was determined using one-way 

ANOVA with Bonferroni’s post test. Sequential measurements (AADs at consecutive time 

points) were analyzed by one-way repeated-measures ANOVA.
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