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The prevalence of abdominal aortic aneurysm (AAA) is 
increasing because of greater longevity and lifestyle 

changes. It is the third most common cause of cardiovascu-
lar death, accounting for 1% to 3% of all deaths in the male 
population >65 years old.1 Early diagnosis by computed 
tomography scanning can be achieved in clinics, but drugs 
to prevent AAA growth are not available thus far. Because 
AAA progresses asymptomatically and can result in fatal 
rupture,2 developing drug therapy to prevent AAA expansion 
is an urgent and unmet need. The lack of effective pharma-
cotherapy for AAA progression is partially because of poor 

understanding of the mechanisms of AAA occurrence, expan-
sion, and rupture. Epidemiological and pathological studies 
have provided several clues to the pathophysiology of AAA. 
Current evidence suggests that inflammation of the aortic wall 
is a key step in vascular smooth muscle cell (VSMC) apopto-
sis, endothelial dysfunction, and proteinase activation, which 
together lead to destruction of the elastic media and fragility 
of the aortic wall.3

Previous drug development has focused on inhibition of 
extracellular matrix degradation because this process causes 
aortic wall fragility. However, doxycycline (an inhibitor of 
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Objective—Abdominal aortic aneurysm (AAA) is an increasingly prevalent and ultimately fatal disease with no effective 
pharmacological treatment. Because matrix degradation induced by vascular inflammation is the major pathophysiology 
of AAA, attenuation of this inflammation may improve its outcome. Previous studies suggested that miR-33 
(microRNA-33) inhibition and genetic ablation of miR-33 increased serum high-density lipoprotein cholesterol and 
attenuated atherosclerosis.

Approach and Results—MiR-33a-5p expression in central zone of human AAA was higher than marginal zone. MiR-
33 deletion attenuated AAA formation in both mouse models of angiotensin II– and calcium chloride–induced AAA. 
Reduced macrophage accumulation and monocyte chemotactic protein-1 expression were observed in calcium chloride–
induced AAA walls in miR-33−/− mice. In vitro experiments revealed that peritoneal macrophages from miR-33−/− mice 
showed reduced matrix metalloproteinase 9 expression levels via c-Jun N-terminal kinase inactivation. Primary aortic 
vascular smooth muscle cells from miR-33−/− mice showed reduced monocyte chemotactic protein-1 expression by p38 
mitogen-activated protein kinase attenuation. Both of the inactivation of c-Jun N-terminal kinase and p38 mitogen-
activated protein kinase were possibly because of the increase of ATP-binding cassette transporter A1 that is a well-known 
target of miR-33. Moreover, high-density lipoprotein cholesterol derived from miR-33−/− mice reduced expression of 
matrix metalloproteinase 9 in macrophages and monocyte chemotactic protein-1 in vascular smooth muscle cells. Bone 
marrow transplantation experiments indicated that miR-33–deficient bone marrow cells ameliorated AAA formation in 
wild-type recipients. MiR-33 deficiency in recipient mice was also shown to contribute the inhibition of AAA formation.

Conclusions—These data strongly suggest that inhibition of miR-33 will be effective as a novel strategy for treating AAA.
Visual Overview—An online visual overview is available for this article.   (Arterioscler Thromb Vasc Biol. 2017;37: 

2161-2170. DOI: 10.1161/ATVBAHA.117.309768.)
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matrix metalloproteinase [MMP], which is one of the major 
groups of proteinases in AAA pathogenesis) failed to show 
clear clinical effectiveness against AAA growth,4 most likely 
because a wide variety of proteinases are involved in the 
pathogenesis of AAA.5 Thus, inhibition of aneurysmal wall 
inflammation, a process that is upstream of proteinase activa-
tion, may be a novel therapeutic target. Several cohort stud-
ies and their meta-analyses showed that statins are the most 
reliable agents among currently available therapeutic options 
for the prevention of AAA progression and rupture although 
there are currently no large randomized control trials in prog-
ress.6 Statins are thought to improve AAA prognosis through 
anti-inflammatory effects resulting from improved cholesterol 
metabolism and through pleiotropic effects, such as attenua-
tion of protein prenylation.

Recent reports, including ours, have indicated that miR-
33 (microRNA-33) regulates cholesterol metabolism by 
targeting ATP-binding cassette transporter A1 (ABCA1), 
thus reducing high-density lipoprotein cholesterol (HDL-C) 
levels, and miR-33 deficiency ameliorates atherosclerosis 
in mice.7–11 MiRs are a well-defined species of noncoding 
RNAs, and evidence is accumulating that this class of genes 
plays crucial roles in many physiological and pathological 
processes. Indeed, several miRs affecting AAA have been 
reported; their targets include proteinases, extracellular 
matrix production, vascular cell homeostasis, and inflamma-
tion.12 However, although clinical evidence also suggests that 
serum cholesterol level,13 cholesterol efflux,14 and ABCA1 
polymorphism15 are associated with AAA prevalence, there 
are no reports of miRs associated with cholesterol homeosta-
sis and AAA. Here, we speculated that loss of miR-33 may 
exert a beneficial role on AAA formation in addition to hav-
ing atheroprotective effects because anti–miR-33 treatments 
have anti-inflammatory properties10 that are also observed in 
statin treatment. Indeed, circulating miR-33a-5p is reported 
to be elevated in patients with AAA compared with healthy 
controls.16

In the present study, we found elevated miR-33 expression 
in central zones compared with in marginal zones in human 
AAA. As an interventional study, we investigated the effect 
of miR-33 deficiency in a mouse model of angiotensin II 

(AngII)–induced AAA, and then confirmed the effect of this 
deficiency on inflammation in a calcium chloride (CaCl2)–
induced AAA model. In vitro experiments revealed that 
miR-33 deficiency reduced MMP9 expression levels in mac-
rophages and MCP-1 (monocyte chemotactic protein-1) lev-
els in VSMCs and augmented the anti-inflammatory effects of 
HDL-C. Finally, we performed bone marrow (BM) transplan-
tation experiments using miR-33–deficient mice and showed 
that miR-33 deficiency in BM cells and other recipient cells 
had a distinct beneficial effect on AAA formation. These data 
strongly suggest that inhibition of miR-33 is a promising strat-
egy for treating AAA.

Materials and Methods
Materials and Methods are available in the online-only Data 
Supplement.

Results
MiR-33 Deletion Attenuates AAA Both in  
AngII and CaCl2 Models
We compared the expression levels of miR-33 between the 
central and marginal zones of human AAA. Although miR-
33b-5p expression levels were not different, miR-33a-5p lev-
els were elevated in the central zone compared with in the 
marginal zone in all samples analyzed ( Figure I in the online-
only Data Supplement).

As interventional analyses, we conducted in vivo experi-
ments using previously generated C57BL/6 background miR-
33−/− mice.9 While humans have 2 homologues of miR-33 (a 
and b), rodents have only 1 miR-33 locus, which is equivalent 
to miR-33a. We developed a mouse model of AAA by contin-
uous subcutaneous infusion of AngII for 4 weeks to Western-
type diet–fed C57BL/6 background Apoe−/− mice (Figure 
IIA in the online-only Data Supplement)17 and compared 
the formation of AAA between miR-33+/+ Apoe−/− (single 
knockout) and miR-33−/− Apoe−/− (double knockout [DKO]) 
mice. Successful AngII delivery was confirmed by optimally 
raised blood pressure (Figure IIB in the online-only Data 
Supplement). Body weight, blood pressure, and heart rate were 
not significantly different between single knockout and DKO 
mice (Figure IIB–IID in the online-only Data Supplement). 
The baseline morphology and diameter of aortas in vehicle-
treated mice were not different between groups (Figure 1A 
and 1B). AAA was successfully induced, dissecting media, 
and generating pseudolumen, as reported previously18 (Figure 
IIE in the online-only Data Supplement). The expression of 
miR-33 was elevated in AngII-treated suprarenal abdominal 
aortas (Figure IIF in the online-only Data Supplement). The 
AAA diameter in DKO mice was significantly smaller than 
in single knockout mice (Figure 1A–1C), and AAA in DKO 
mice was less severe (Figure 1D), as determined using a previ-
ously reported severity scale for AAA19 (briefly detailed in the 
Materials and Methods in the online-only Data Supplement). 
Moreover, whereas 40% of single knockout mice died from 
aortic dissection and rupture within 1 week after the initiation 
of continuous infusion of AngII, as reported previously,20 sig-
nificantly fewer (30.77%) DKO mice died within this period 
(Figure 1E).

Nonstandard Abbreviations and Acronyms

AAA abdominal aortic aneurysm
ABCA1 ATP-binding cassette transporter A1
AMPKα1 AMP-activated protein kinase α1
AngII angiotensin II
BM bone marrow
CaCl2 calcium chloride
DKO double knockout
HDL-C high-density lipoprotein cholesterol
JNK c-Jun N-terminal kinase
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemotactic protein-1
MMP matrix metalloproteinase
TNFα tumor necrosis factor α
VSMC vascular smooth muscle cell
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Next, we used another model in which AAA was induced 
by infrarenal periaortic application of CaCl2.

21 AAA was 
successfully induced compared with sham-operated mice 
(Figure 2A and 2B). The baseline morphology and diameter 
of aortas in sham-operated mice were not different between 
groups (Figure 2A–2C). The mean maximum diameter of 
CaCl2-induced AAA was significantly smaller in miR-33−/− 
mice compared with miR-33+/+ mice (Figure 2A and 2B). In 
addition, elongation of the infrarenal aorta was attenuated 
more in miR-33−/− mice than in miR-33+/+ mice (Figure 2C). 
Elastica van Gieson staining revealed fragmentation of the 
elastic layers of CaCl2-treated aorta compared with sham 

controls in miR-33+/+ mice (Figure IIIA in the online-only 
Data Supplement). MiR-33 expression in the AAA wall 
was increased 1 week after CaCl2 application and decreased 
gradually afterward (Figure IIIB in the online-only Data 
Supplement). There were no significant differences between 
miR-33+/+ and miR-33−/− mice in baseline characteristics, such 
as body weight, blood pressure, or heart rate (Figure IIIC–IIIE 
in the online-only Data Supplement). Although serum HDL 
level was reported to be elevated in miR-33−/− mice,9 serum 
HDL levels in and miR-33+/+ and miR-33−/− mice 7 days after 
CaCl2 application were 50.7±3.91 and 54.2±1.81 mg/dL, 
respectively (n=8 and 9).

A

D

B C

E

Figure 1. A, Representative photographs of sham and angiotensin (Ang) II–induced abdominal aortic aneurysm (AAA), including measures 
on the left side. White bars represent 1 mm. B, Graph of maximum diameter of sham and AngII-induced AAA. n=11 to 12 mice in the 
sham group, and n=9 mice in the AngII group. Data are presented as mean±SEMs. *P<0.05 calculated using the Mann–Whitney test. C, 
Representative immunohistochemistry of AAA (most dilated part) from AngII-treated single knockout (SKO) and double knockout (DKO) 
mice. Black bars indicate 500 µm. D, Severity of AngII-induced AAAs in SKO and DKO mice was scored from type 0 to 4 pathology based 
on the commonly used severity classification scheme described previously.19 **P<0.01 calculated using χ2 for trend. E, Survival of sham 
and AngII-induced AAA model. *P<0.05 calculated using log-rank test, n=11 to 12 mice in the sham group and n=9 mice in the AngII 
group. Mice that died because of rupture were not included in the analyses in (B) and (D). NS indicates not significant.
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Macrophage Infiltration and MMP9 and MCP-
1 Expression Levels Are Reduced in CaCl2-
Induced AAA Walls of MiR-33−/− Mice
To determine the mechanisms underlying the attenuation of 
AAA in miR-33−/− mice, we analyzed AAA walls at 7 days 
after the application of CaCl2. In this and subsequent experi-
ments, we used the CaCl2 model, in which AAA is induced 
purely by vascular inflammation rather than plaque formation, 
although the CaCl2-induced AAA model does not induce rup-
ture or death.22

Accumulation of CD68+ macrophages in AAA walls 
was assessed as a marker of inflammation in the AAA 
wall. Macrophage infiltration was reduced in miR-33−/− 
mice compared with miR-33+/+ mice (Figure 2D). Total 
gelatinase activity of MMPs, which play a central role 
in AAA pathophysiology by degrading the extracellu-
lar matrix, as assessed by in situ zymography, was also 
attenuated in miR-33−/− mice (Figure IIIF in the online-
only Data Supplement). This was replicated in the AngII 
model (Figure IIIG in the online-only Data Supplement). 

A

D

E F

B C

Figure 2. Genetic deletion of microRNA (miR-33) attenuates calcium chloride (CaCl2)–induced abdominal aortic aneurysm (AAA). A, Rep-
resentative photographs of sham and CaCl2-induced AAA in miR-33+/+ and miR-33−/− mice. White bars indicate 1 mm. B, Graph of maxi-
mum diameter of sham and CaCl2-induced AAA, n=7 mice in the sham group and n=14 to 15 mice in the CaCl2 group. Mann–Whitney 
test. C, Graph of length of abdominal aorta between left renal artery and bifurcation of sham and CaCl2-induced AAA, n=6 in the sham 
group and n=12 to 14 in the CaCl2 group. Mann–Whitney test. D, CD68-positive cells were counted, and matrix metalloproteinase (MMP) 
9–positive area in the CD68-positive area was measured in sections of CaCl2-induced AAA wall at 1 wk after treatment. Student t test, 
n=14 to 15. White bars indicate 100 µm. E and F, Monocyte chemotactic protein (MCP)-1 expression levels in AAA walls were assessed 
using an enzyme-linked immunosorbent assay (E), and quantitative real-time polymerase chain reaction (F). Student t test, n=10. *P<0.05. 
All data represent means±SEM. NS indicates not significant.

 by guest on O
ctober 31, 2017

http://atvb.ahajournals.org/
D

ow
nloaded from

 



Nakao et al  MiR-33 Deletion Attenuates Aortic Aneurysm  2165

Moreover, the MMP9-positive area in the CD68-positive 
area was significantly reduced in miR-33−/− mice compared 
with miR-33+/+ mice (Figure 2D).

It is known that monocytes originating from BM extrava-
sate into vessel walls by chemoattractant-receptor interaction 
and subsequently differentiate into macrophages. Therefore, 
given that MCP-1 is a major chemoattractant of monocytes/
macrophages, we measured its expression level in the AAA 
wall. MCP-1 expression was significantly reduced in miR-33−/− 
mice both in enzyme-linked immunosorbent assay and quanti-
tative real-time polymerase chain reaction analyses (Figure 2E 
and 2F). Immunohistochemistry of MCP-1 also performed for 
baseline and AngII model (Figure IVA and IVB in the online-
only Data Supplement).

CaCl2-treated miR-33−/− and miR-33+/+ mice did not show 
a significant difference in the proportion of the inflammatory 
Ly-6chigh subset of monocytes in blood (Figure V in the online-
only Data Supplement).

Macrophages in MiR-33−/− Mice Exhibit Reduced 
M1/M2 Marker Expression and MMP9 Activity
MMPs and MCP-1 are mainly released from macrophages 
or VSMCs in inflammatory vascular walls.23 Therefore, we 
examined the phenotypes of macrophages and VSMCs from 
miR-33−/− mice in vitro.

Quantitative real-time polymerase chain reaction analy-
sis revealed decreased M1/M2 marker ratios in miR-33−/− 
peritoneal macrophages as consistent with previous report10 
(Figure 3A). In particular, Mmp9, which is a M1 marker, was 
significantly decreased in these cells. MMP9 activity in the 
conditioned medium of miR-33−/− macrophages, as assessed 
by gelatin zymography, was also significantly reduced 
(Figure 3B). Finally, MMP9 expression was reduced in miR-33 
knocked-down THP-1 macrophages (Figure VIA in the online-
only Data Supplement).

Tumor necrosis factor α (TNFα) is thought to be one of the 
central cytokines in AAA progression, and it acts by inducing 
the release of proteases that degrade the extracellular matrix.24 
Thus, we analyzed Mmp9 expression in macrophages stimu-
lated by TNFα and found attenuated Mmp9 expression in 
miR-33−/− macrophages (Figure 3C).

MiR-33 was reported to increase the M1/M2 marker ratio in 
macrophages directly targeting AMP-activated protein kinase 
α1 (AMPKα1).10 AMPKα1 expression in miR-33−/− perito-
neal macrophages was consistently increased (Figure 3D), and 
miR-33 overexpression in THP-1 macrophages suppressed 
AMPKα1 expression (Figure VIB in the online-only Data 
Supplement). However, AMPKα1 knockdown did not attenu-
ate the difference in Mmp9 expression between miR-33+/+ 
and miR-33−/− macrophages (Figure 3E). Although ABCA1, 
which is one of the well-known miR-33 targets, was indeed 
elevated in miR-33−/− macrophages (Figure VIC in the online-
only Data Supplement) as reported previously.9 To investi-
gate whether ABCA1 is involved in the Mmp9 expression in 
macrophages, we performed siRNA-mediated knockdown of 
ABCA1. Both miR-33+/+ and miR-33−/− macrophages showed 
similar levels in Mmp9 in the condition of siRNA-mediated 
knockdown of ABCA1 (Figure 3F).

However, it was reported that c-Jun N-terminal kinase 
(JNK), one of inflammatory mitogen-activated protein kinase 
(MAPK), upregulated MMP9, and JNK inhibition caused the 
regression of AAA formation.24 Therefore, we analyzed JNK 
activity in macrophages with or without TNFα stimulation. 
Western blotting analysis of macrophages revealed signifi-
cantly reduced JNK activity in miR-33−/− macrophages after 
TNFα stimulation (Figure 3G). In contrast, p38 MAPK, the 
other inflammatory MAPK, was unchanged between the 
groups (Figure VID in the online-only Data Supplement). 
Moreover, JNK inhibition by SP600125 canceled the effect 
of miR-33 deletion on Mmp9 expression in peritoneal macro-
phages (Figure 3H). It is known that ABCA1 knockout activate 
JNK pathway.25 Thus, MMP9 downregulation in miR-33−/− 
macrophages was suspected to be mediated by reduced JNK 
activity through the increase of ABCA1 levels.

Although macrophages are thought to be another source 
of MCP-1, there was no difference in the concentration of 
MCP-1 in macrophage-conditioned medium between the 2 
groups (Figure VIE in the online-only Data Supplement).

Deletion of MiR-33 Attenuates MCP-
1 Expression in VSMCs
In immunohistochemical analysis in mouse aortas, MCP-1 
was colocalized with α smooth muscle actin (Figure IVA in 
the online-only Data Supplement), indicating that the major 
source of MCP-1 was VSMCs in this setting. Therefore, we 
measured the expression of MCP-1 in primary aortic VSMCs 
derived from miR-33+/+ and miR-33−/− mice. MCP-1 mRNA 
expression assessed by quantitative real-time polymerase 
chain reaction was significantly decreased in VSMCs from 
miR-33−/− mice compared with those from miR-33+/+ mice 
(Figure 4A). MCP-1 protein levels quantified by enzyme-
linked immunosorbent assay in the conditioned medium 
were also significantly reduced in VSMCs from miR-33−/− 
mice compared with the controls (Figure 4B). MiR-33 
knockdown in human VSMCs consistently downregulated 
MCP-1 expression (Figure VIIA in the online-only Data 
Supplement).

CaCl2-induced AAA walls (Figure VIIB in the online-
only Data Supplement) and mouse primary VSMCs 
(Figure 4C) from miR-33−/− mice showed increased lev-
els of ABCA1. This was consistent with miR-33–overex-
pressing rat VSMCs (Figure VIIC in the online-only Data 
Supplement). Because ABCA1 is a major target of miR-33 
that affects inflammation via lipid rafts,9,25 we hypothesized 
that reduced MCP-1 expression in miR-33−/− VSMCs is a 
consequence of elevated ABCA1 expression. Knockdown of 
ABCA1 in primary mouse VSMCs eliminated the difference 
in MCP-1 expression levels between wild-type and miR-33−/− 
mice (Figure 4D).

It is known that p38 MAPK is crucial for the regulation 
of MCP-1.26,27 Thus, we examined p38 MAPK activity in 
miR-33−/− VSMCs after TNFα stimulation and found that 
its activity was significantly lower than that in miR-33+/+ 
VSMCs (Figure 4E). In contrast, p38 MAPK activity was 
elevated in miR-33–overexpressing rat VSMCs (Figure VIID 
in the online-only Data Supplement). When VSMCs were 
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A

D
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Figure 3. A, Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of M1/M2 markers in peritoneal macrophages. Two-way 
ANOVA with Bonferroni multiple comparison test, n=3. B, Conditioned medium from peritoneal macrophages was assessed by gelatin 
zymography. Mann–Whitney test, n=6. C, Peritoneal macrophages were stimulated with 25 ng/mL tissue necrosis factor (TNF) α for 3 h 
and assessed by qRT-PCR. Two-way ANOVA with Tukey multiple comparison test, n=6. D, Western blotting analysis in peritoneal macro-
phages, stimulated with 25 ng/mL TNFα for 15 min. Two-way ANOVA with Tukey multiple comparison test, n=3 per group. E, Peritoneal 
macrophages were transfected by siAMPKα1 or control and assessed by qRT-PCR. Two-way ANOVA with Tukey multiple comparison 
test, n=3. F, Peritoneal macrophages were transfected by siABCA1 and control. Two-way ANOVA with Tukey multiple comparison test, 
n=3. G, Peritoneal macrophages were assessed by Western blotting. Two-way ANOVA with Tukey multiple comparison test, n=3. H, 
Peritoneal macrophages were stimulated with 25 ng/mL TNFα for 3 h and with 100 µmol/L of SP600125 (c-Jun N-terminal kinase [JNK] 
inhibitor) or dimethyl sulfoxide (DMSO) as vehicle. Two-way ANOVA with Tukey multiple comparison test, n=4 to 6. All data represent 
means±SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. These are representatives of ≥3 biological replicates. ABCA1 indicates ATP-
binding cassette transporter A1; AMPK, AMP-activated protein kinase α1; AU, arbitrary unit; miR, microRNA; MMP, matrix metalloprotein-
ase; and NS, not significant.
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incubated with a p38 MAPK-specific inhibitor (SB203580; 
20 µmol/L) or dimethylsulfoxide (vehicle), the difference in 
MCP-1 mRNA expression between miR-33+/+ and miR-33−/− 
VSMCs was abolished (Figure 4F). Taken together, MCP-1 
reduction in miR-33−/− VSMCs was thought to be mediated 
by upregulation of ABCA1 and attenuation of p38 MAPK 
activity.

The activity of JNK did not differ between miR-33+/+ 
and miR-33−/− VSMCs (Figure VIIE in the online-only Data 
Supplement).

HDL-C in MiR-33−/− Mice Has Augmented 
Anti-Inflammatory Properties in 
Macrophages and VSMCs
Whereas HDL-C levels were reported to increase with 
miR-33 inhibition7,11 and miR-33 deficiency,9 the anti-
inflammatory effects of HDL-C,28 such as MMP9 reduction 

in macrophages29 and MCP-1 reduction in VSMCs,30 are 
well-known. Therefore, we examined the effect of HDL-C 
on TNFα-induced MMP9 expression in macrophages. 
Compared with controls, human-derived HDL-C at 0.1 or 0.5 
mg/mL reduced Mmp9 expression in peritoneal macrophages 
in a dose-dependent manner (Figure 5A). Next, we com-
pared the effect of HDL-C against Mmp9 expression in mac-
rophages using HDL-C derived from miR-33+/+ (wild-type 
HDL) and miR-33−/− (knockout HDL) mice. Knockout HDL 
mice showed more beneficial effects against TNFα-induced 
Mmp9 expression in macrophages than wild-type HDL 
(Figure 5B). Moreover, HDL-C reduced MCP-1 expression 
in rat VSMCs in a dose-dependent manner (Figure 5C), and 
this effect was much more prominent in knockout HDL com-
pared with wild-type HDL mice (Figure 5D). Taken together, 
these results indicated that wild-type HDL exhibited more 
potent anti-inflammatory effects than knockout HDL.

A

D E F

B C

Figure 4. A and B, Quantitative real-time polymerase chain reaction (qRT-PCR) using cell lysates (A) and enzyme-linked immunosor-
bent assay using conditioned medium (B) of MCP-1 (monocyte chemotactic protein-1) in primary aortic vascular smooth muscle cells 
(VSMCs). Student t test, n=6. C, ATP-binding cassette transporter A1 (ABCA1) was assessed by Western blotting in VSMCs with or 
without 15 min of stimulation with 100 ng/mL tissue necrosis factor (TNF) α. Two-way ANOVA with Tukey multiple comparison test, n=3. 
D, Mouse primary VSMCs were transfected by siRNA for ABCA1 and control and assessed by qRT-PCR. Two-way ANOVA with Tukey 
multiple comparison test, n=3. E, VSMCs were stimulated with TNFα for 15 min and analyzed by Western blotting. Student t test, n=6. F, 
Primary aortic VSMCs were incubated with 20 µmol/L SB203580 or dimethyl sulfoxide (DMSO) as vehicle for 1.5 h and analyzed by qRT-
PCR. Two-way ANOVA with Tukey multiple comparison test, n=3. This result is representative of 3 biological replicates. All data represent 
means±SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. AU indicates arbitrary unit; HSP90, heat shock protein 90; MAPK, mitogen-
activated protein kinase; and miR, microRNA.
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BM Transplantation Exhibits Both Donor 
and Recipient Effects of MiR-33 Deletion 
in a CaCl2-Induced AAA Model
In vitro experiments suggested that macrophages, VSMCs, and 
HDL-C from miR-33−/− mice have distinct beneficial effects 
on AAA formation. To distinguish and clarify the effects of 
each component on AAA formation in vivo, we conducted BM 
transplantation experiments in both miR-33+/+ and miR-33−/− 
mice. Six weeks after BM transplantation, the recipient mice 
were treated with CaCl2 to induce AAA formation (Figure 6A). 
Transplantation of miR-33−/− BM cells into miR-33+/+ mice sig-
nificantly inhibited aneurysm formation (Figure 6B and 6C; 
Figure VIII in the online-only Data Supplement). In addition, 
miR-33−/− recipient mice transplanted with either miR-33+/+ 
or miR-33−/− BM cells demonstrated decreased AAA diam-
eter compared with miR-33+/+ recipient mice transplanted 
with miR-33+/+ BM cells (Figure 6B and 6C; Figure VIII in 
the online-only Data Supplement). HDL-C levels were sig-
nificantly increased in miR-33−/− recipient mice compared with 
miR-33+/+ recipient mice (Figure 6D). Thus, the difference in 
HDL-C levels was thought to be a recipient effect of AAA 
attenuation in miR-33−/− mice. These results suggested that 
both recipient effects (HDL-C and VSMCs) and donor effect 
(macrophages) contributed considerably to the reduction of 
AAA formation in miR-33−/− mice.

Discussion
We used 2 distinct mouse AAA models and in vitro experi-
ments to demonstrate that genetic deletion of miR-33 sup-
pressed AAA formation by several different mechanisms: 
serum HDL-C elevation, as well as MMP9 reduction in 
macrophages and MCP-1 reduction in VSMCs, through 

suppression of JNK and p38 MAPK activity, respectively. We 
also analyzed the contribution of previously known miR-33 
target genes. AMPKα1 was shown to be upregulated by the 
inhibition of miR-33 and suppress the inflammatory phe-
notypes in macrophages.13 However, there was no effect of 
AMPKα1 knockdown on the difference in Mmp9 expression 
between miR-33+/+ and miR-33−/− macrophages. However, 
ABCA1 knockdown abolished the difference in Mmp9 expres-
sion between these macrophages. Moreover, knockdown of 
ABCA1 in primary mouse VSMCs eliminated the difference 
in MCP-1 expression levels between wild-type and miR-33−/− 
mice (Graphical Abstract).

In both models, miR-33 deletion attenuated AAA forma-
tion. Macrophage infiltration and MMP9 expression in macro-
phages were attenuated in miR-33−/− AAA walls. MCP-1, the 
major chemoattractant of monocytes/macrophages, was also 
decreased in miR-33−/− mice. These results were consistent 
with previous study that reported miR-33–mediated M1/M2 
marker elevation and reduction of serum MCP-1 levels in anti-
miR-33–treated mice.10

Serum HDL-C levels in BM-transplanted miR-33−/− mice 
revealed that the main contributor of serum HDL-C elevation 
in miR-33−/− mice was not deletion of miR-33 in BM cells. 
This result was consistent with a previous report in Abca1−/− 
mice,31 which revealed that reduced serum HDL-C levels in 
Abca1−/− mice were because of a lack of ABCA1 in the liver 
and not to BM cells. These results suggested that serum 
HDL-C elevation in miR-33−/− mice was caused mainly by 
hepatic ABCA1 elevation. In relation to AAA, serum HDL-C 
or apolipoprotein A1 levels were reported to negatively cor-
relate with AAA prevalence and progression, and the effect 
of HDL-C on AAA was thought to be much stronger than its 

A B C D

Figure 5. A, Peritoneal macrophages derived from C57BL/6J mice were pre-incubated with or without human high-density lipoprotein 
cholesterol (HDL-C; 0.1 or 0.5 mg/mL) for 4.5 h and subsequently stimulated with tissue necrosis factor (TNF) α (25 ng/mL) for 3 h. One-
way ANOVA with post-test for linear trend, n=3. B, Peritoneal macrophages were pre-incubated with 0.2% of bovine serum albumin 
(BSA) as control or HDL-C collected from miR-33 (microRNA-33)+/+ (wild-type [WT]-HDL) or miR-33−/− (knockout [KO]-HDL) mice and 
subsequently stimulated with TNFα for 3 h. Non-parametric 1-way ANOVA with post-test using Dunn multiple comparisons test, n=3. C, 
Rat vascular smooth muscle cells (VSMCs) were incubated with 0, 1, 3, or 10 µg/mL human HDL-C for 12 h, and monocyte chemotactic 
protein-1 (MCP-1) expressions were assessed by quantitative real-time polymerase chain reaction. One-way ANOVA with post-test for 
linear trend, n=3. D, Rat VSMCs were incubated with 0.5% BSA or 5% WT-HDL or KO-HDL for 3 h. One-way ANOVA with Tukey multiple 
comparisons test, n=3. All experiments are representatives of ≥3 biological replicates. All data represent means±SEM. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001.
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effect on preventing plaque formation because inflammatory 
mechanisms are more important for AAA. Furthermore, the 
ABCA1/HDL interaction itself is thought to have distinct anti-
inflammatory effects.32

As mentioned in the first paragraph, statins were reported 
to be the most reliable agents for preventing AAA progres-
sion and rupture,6 and several supportive basic research stud-
ies indicated that the mechanisms underlying this effect were 
anti-inflammation resulting from improved cholesterol metabo-
lism and distinct pleiotropic effects, such as attenuation of pro-
tein isoprenylation.33,34 Taken together with speculation on the 
anti-AAA effects of statins, AAA may be effectively prevented 
by anti-inflammation and improved cholesterol metabolism, 
the latter because of either statins or anti–miR-33. MiRs can 
be suppressed by antisense oligonucleotides, some of which, 
including anti–miR-33, are currently being investigated in clini-
cal or preclinical trials.35,36 In contrast, statins are also known 
to increase miR-33 and decrease ABCA1 expression.37 Thus, 
miR-33 inhibition by an antisense oligonucleotide in combina-
tion with statins may enhance the anti-AAA effect of statins. At 
the same time, these results suggested that the combination of 
improving cholesterol metabolism and achieving distinct anti-
inflammation should be targeted for developing more effective 
strategies to improve AAA prognosis, whereas many pathways 
are said to affect AAA.

In summary, miR-33 deletion ameliorated AAA formation in 
CaCl2- and AngII-induced AAA models, and an in vitro study 
and BM transplantation experiments showed that attenuated 

expression of MMP9 in macrophages as a donor effect and ele-
vated HDL-C levels and reduced MCP-1 expression in VSMCs 
as recipient effects are all thought to contribute to the reduction 
of AAA in miR-33−/− mice. A novel miR-33/cholesterol axis in 
AAA pathogenesis was uncovered in this study, and these results 
strongly suggest that inhibition of miR-33 may be a novel thera-
peutic strategy for AAA.
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Highlights
• Abdominal aortic aneurysm (AAA) is increasingly prevalent, and its growth results in fatal rupture. Although asymptomatic diagnosis by pen-

etrating computed tomography scans is becoming more common, drugs to prevent AAA growth are thus far unavailable.
• miR (microRNA)-33a-5p expression in central zone of human AAA was higher than marginal zone. MiR deletion ameliorated AAA formation both 

in calcium chloride– and angiotensin II–induced AAA models in mice. Death from AAA rupture was also reduced.
• The mechanisms identified include attenuated c-Jun N-terminal kinase activation in miR-33−/− macrophages, p38 mitogen-activated pro-

tein kinase activation in miR-33−/− vascular smooth muscle cells, and augmented anti-inflammatory effect of high-density lipoprotein from 
miR-33−/− mice, resulting in reduced matrix metalloproteinase 9, monocyte chemotactic protein-1 expression in macrophages and vascular 
smooth muscle cells.

• Our findings indicate that inhibition of miR-33 may be a novel strategy for the treatment of AAA.
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Supplemental Table 
 

Supplemental Table 1. Primer sequences for quantitative real-time PCR 

Species Gene Forward primer Reverse primer 

Human MMP9 TTGACAGCGACAAGAAGTGG GCCATTCACGTCGTCCTTAT 

 GAPDH AAATTCCATGGCACCGTCAA AGGGATCTCGCTCCTGGAA 

Mouse Il-1β TCAGGCAGGCAGTATCACTCA GGAAGGTCCACGGGAAAGAC 

 Il-10 AAATAAGAGCAAGGCAGTGGAG TCATTCATGGCCTTGTAGACAC 

 Mmp2 ATCTTTGCAGGAGACAATGGCTG TTCAGGTAATAAGCACCCTTGAA 

 Mmp9 TCACACGACATCTTCCAGTACC CACCTCATTTTGGAAACTCACA 

 Jnk1 GCTGTGTGGAATCAAGCACC AGCGAGTCACCACATAAGGC 

 MCP-1 

(Ccl2) 
CTGGATCGGAACCAAATGAG TGAGGTGGTTGTGGAAAAGG 

 Tnfa CCAGACCCTCACACTCAGATC CACTTGGTGGTTTGCTACGAC 

 Arg1 AACTCTTGGGAAGACAGCAGAG GTAGTCAGTCCCTGGCTTATGG 

 Fizz AGGATGCCAACTTTGAATAGGA AGTTAGCTGGATTGGCAAGAAG 

 Gapdh TTGCCATCAACGACCCCTTC TTGTCATGGATGACCTTGGC 

Rat MCP-1 

(Ccl2) 
AGGTGTCCCAAAGAAGCTGT GGTGCTGAAGTCCTTAGGGT 

 Gapdh TTGCCATCAACGACCCCTTC TTGTCATGGATGACCTTGGC 
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Supplemental Figures and Legends 
 

 
 
Supplemental Figure I. Human abdominal aortic aneurysm samples obtained during the artificial 
graft replacement procedures were analyzed by quantitative real-time PCR and central zone and 
marginal zone were compared in each sample. MiR-33 indicates microRNA-33. 
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Supplemental Figure II. A, Scheme of Angiotensin (Ang)II-induced abdominal aortic aneurysm 
(AAA) experiments. Apoe-/- background mice were fed a Western-Type Diet from 6 weeks old. At 
12 weeks old, subcutaneous continuous infusion of 1 µg/kg/min AngII was performed for 4 weeks. 
Mice were perfused by saline and 4% paraformaldehyde and dissected aortas were analyzed. B. 
Systolic blood pressure of microRNA (miR)-33+/+Apoe-/- (single knockout [SKO]) and miR-33-/-Apoe-

/- (double knockout [DKO]) mice pre and post AngII treatment. There was no significant difference 
between groups assessed by two-way analysis of variance (ANOVA) with Tukey’s multiple 
comparison test, n=8–10 mice/group. C, Body weight of SKO and DKO mice pre and post AngII 
treatment. There is no significant differences between groups assessed by two-way ANOVA with 
Tukey’s multiple comparison test. N=13–15 for the pre group, and n=9 each for the post group 
because some mice died of aortic rupture. D, Heart rate of SKO and DKO mice pre and post AngII 
treatment. There is no significant difference between groups assessed by two-way ANOVA with 
Tukey’s multiple comparison test, n=8–10 mice/group. E, MiR-33 expression in AngII treated and 
vehicle (saline)-treated mice at suprarenal abdominal aortic lesion. Student’s t-test, n=4. F, High 
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magnification (×100) of Masson trichrome of SKO in Figure 1C indicating dissected media and 
pseudolumen. The black bar indicates 100 µm. All data represent means ± standard error of mean. 

 
 
Supplemental Figure III. A, Representative images of Elastica van Gieson (EVG) stained aortic 
sections from sham and calcium chloride (CaCl2)-treated microRNA (miR)-33+/+ and miR-33-/- mice. 
Black bars are scale bars of 100 µm. B, MiR-33 is upregulated after abdominal aortic aneurysm 
(AAA) induction by periaortic CaCl2 application. MiR-33 expression in the AAA wall after 1, 3, and 6 
weeks after CaCl2 application assessed by quantitative real-time PCR using TaqMan Probes. C~E, 
No significant difference between miR-33+/+ and miR-33-/- mice in baseline data of CaCl2-induced 
AAA model. Body weight (C, assessed by Student’s t-test), blood pressure (D, assessed by two-
way analysis of variance with Tukey’s multiple comparison test) and heart rate (E, assessed by 
Student’s t-test) 6 weeks after CaCl2 application. n=10. F, Representative in situ zymography of 
CaCl2 induced AAA in miR-33+/+ and miR-33-/- mice (×100). Sham operated aorta of a wild-type 
mice was used as negative control. The white bars represent scale bar of 500 µm. All data 
represent means ± standard error of mean. G. Representative in situ zymography of Angiotensin II-
induced AAA in single knockout (SKO) and double knockout (DKO) mice (×40). 1,10-
phenanthroline was used as a negative control. The white bars indicate 500 µm. AU, indicates 
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arbitrary unit; DBP, diastolic blood pressure; MBP, mean blood pressure; NS, not significant; SBP, 
systolic blood pressure. 

      

 
 
Supplemental Figure IV. A. MCP-1 and alpha smooth muscle actin (αSMA) were assessed by 
immunohistochemistry in micro-RNA (miR)-33+/+ and miR-33-/- aortas (×100). The white bars 
indicate 100 µm. B. Immunohistochemistry of Monocyte chemotactic protein-1 (MCP-1) in 
Angiotensin II-induced abdominal aortic aneurysm (×40). Scale bars indicate 500 µm. DAPI 
indicates 4',6-diamidino-2-phenylindole; DKO, double knockout; SKO, single knockout. 
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Supplemental Figure V. Peripheral blood of calcium chloride (CaCl2)-treated microRNA (miR)-33-/- 

mice revealed no significant difference in the numbers of Ly-6chigh monocytes. Peripheral blood 
obtained from miR-33+/+ and miR-33-/- mice 7 days after CaCl2 application were analyzed by flow 
cytometry. CD115+, SSClow cells were defined as monocytes (upper right panel). The percentage 
of Ly-6chigh monocytes (lower left panel) per total number of monocytes was not significantly 
different between groups (lower right panel), assessed by Student’s t-test, n=9–11. All data 
represent means ± standard error of mean.  
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Supplemental Figure VI. A, Knockdown of microRNA (miR)-33 in THP-1 macrophages reduced 

matrix metalloproteinase (MMP) 9 mRNA expression. Student’s t-test, n=3. B, Overexpression of 

miR-33 in THP-1 macrophages reduced AMP-activated protein kinase α1 (AMPKα) expression. 

Student’s t-test, n=3. C, ATP binding cassette transporter A1 (ABCA1) expression in miR-33-/- 

peritoneal macrophages were elevated than miR-33+/+ peritoneal macrophages. Student’s t-test, 

n=3. D. P38 mitogen-activated protein kinase (MAPK) activity was not different between miR-33+/+ 

and miR-33-/- peritoneal macrophages, assessed by Student’s t-test, n=6. E, Monocyte 

chemotactic protein 1 (MCP-1) expression in peritoneal macrophages was not different between 

miR-33+/+ and miR-33-/-. n=3. All data represent means ± standard error of mean. All data were 

assessed by Student’s t-test, *; P<0.05, **; P<0.01. AU indicates arbitrary unit; HSP90, heat shock 

protein 90; NS, not significant. 
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Supplemental Figure VII. A, Human vascular smooth muscle cells (VSMCs) were transfected 
with decoy-miR-33 or its control, and assessed by quantitative real-time PCR (qRT-PCR) 
analyses. B, Calcium chloride (CaCl2)-induced abdominal aortic aneurysm (AAA) in microRNA 
(miR)-33+/+ and miR-33-/- mice were assessed by western blotting. P values were assessed by 
Student’s t-test, n=6. C, Rat VSMCs were transfected by miR-33 or control and assessed by 
western blotting. D, MiR-33 over expression activates p38 mitogen-activated protein kinase 
(MAPK) in rat VSMCs. MiR-33 and control miR were over expressed in rat VSMCs using lentiviral 
infection and assessed by qRT-PCR. ** denotes P<0.01 assessed by Student’s t-test, n=3. This is 
a representative of three biological replicates. E, Western blotting analysis of c-Jun N-terminal 
kinase (JNK) in mouse VSMCs stimulated by 25 ng/mL tissue necrosis factor (TNF) α for 15 min. 
Data were assessed by two-way analysis of variance (ANOVA) with Tukey’s multiple comparison 
test, n=3. All data represent means ± standard error of mean. ABCA1 indicates ATP-binding 
cassette transporter A1; AU, arbitrary unit; MCP-1, monocyte chemotactic protein-1; HSP90, heat 
shock protein 90. 
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Supplemental Figure VIII. Histochemical analysis of calcium chloride-induced abdominal aortic 

aneurysm in bone marrow transplantation experiments (×40). The black bars indicate scale bars of 

500 µm. EVG indicates Elastica van Gieson staining; HE, hematoxylin-eosin; miR-33, microRNA-

33; MTC, Masson trichrome. 
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Detailed Materials and Methods 
Humna samples of abdominal aortic aneurysms (AAA) 
Human AAA samples were collected during the artificial blood vessel replacement 

surgery, when written permission from patients could have been obtained before the 

procedures. Tissues were soaked in RNA later (Invitrogen) at 4 °C overnight, then 

stored at -80°C. Tripure Reagent (Roche) and polytron homogenizer (Microtec) were 

used to extract RNA. All procedures conformed to the tenets of the Declaration of 

Helsinki. This study was approved by Institutional Review Board/Ethics Committee of 

the Kyoto University Graduate School of Medicine (No. G473) 

 
Animals 

MiR-33-/- and miR-33-/- apolipoprotein E (Apoe)-/- (double-knockout; DKO) mice were 

generated as described previously.1,2 MiR-33+/+ or miR-33+/+Apoe-/- (single-knockout; 

SKO) littermates were used as controls. Every strain used was C57BL/6 background. 

 For angiotensin II (AngII)–induced abdominal aortic aneurysm (AAA), we 

modified a previously reported protocol.3 Apoe-/-
 
background mice (SKO and DKO) 

were fed a Western-type diet containing 0.15% cholesterol and 20% fat (Oriental 

Yeast) from 6 weeks of age, and AngII (1 µg/min/kg) was infused continuously using 

subcutaneously implanted osmotic pumps (Mini-Osmotic Pump Model 2004, Alzet) for 

4 weeks from 12 to 16 weeks of age. 

For the calcium chloride (CaCl2)-induced AAA model, periaortic application of 

CaCl2 was performed as previously described.4 Briefly, mice were anesthetized 

(intraperitoneal injection of pentobarbital 80 mg per kg body weight at a concentration 

of 6.5 mg/mL) and underwent laparotomy at age 7–8 weeks. The abdominal aorta 

between the renal arteries and bifurcation of the iliac arteries was isolated from the 

surrounding retroperitoneal structures. Then, 0.5 mol/L of CaCl2 was applied to the 

external surface of the aorta. Saline was substituted for CaCl2 in sham control mice. 

After 20 minutes, the aorta was rinsed with saline and the incision was closed. AAA 

diameter was assessed 6 weeks after the procedure. For surgical procedures, mice 

were anesthetized by intraperitoneal injection of pentobarbital 80 mg per kg body 

weight at a concentration of 6.5 mg/mL. 

Mice were sacrificed by intraperitoneal injection of a sufficient amount of 

pentobarbital, and perfused with phosphate-buffered saline (PBS) and subsequently 

with 4% paraformaldehyde at physiological pressure. Abdominal aortas were excised 

using microscissors. To determine the external diameter, we photographed the 

specimen in PBS to avoid collapse of the vasculature, and the specimens were then 

used in histological analyses. Aneurysm severity in the AngII model was assessed 



using the scoring system described by Daugherty et al (2001): type 0, no aneurysm 
(the suprarenal region of the aorta was not obviously different from that in naïve Apoe-/- 
mice without AngII treatment); type I, dilated lumen with no thrombus; type II, 
remodeled tissue often containing thrombus; type III, a pronounced bulbous form of 
type II containing thrombus; and type IV, multiple aneurysms containing thrombi.5  

Blood pressure and heart rate were measured using a noninvasive tail cuff 
system (BP-98A, Softron). 

All mice were maintained in specific-pathogen-free laboratories at Kyoto 
University Graduate School of Medicine. This investigation was performed with the 
approval of the Kyoto University Ethics Review Board. 
 
Bone Marrow Transplantation 
BM transplantation was conducted as described previously.6,7 Male mice with 
genotypes of miR-33+/+

 
and miR-33-/- (8–9 weeks old) were used as BM donors. BM 

recipients were female miR-33+/+
 
mice and miR-33-/- mice (8 weeks old). BM donors 

were euthanized by cervical dislocation, and BM cells were collected by flushing 
femurs and tibias with PBS supplemented with 2% fetal bovine serum (FBS). The 
suspension was passed through 40-µm nylon mesh. Red blood cells were lysed using 
ACK lysing buffer (Lonza). BM cells were then washed twice with PBS supplemented 
with 2% FBS. Recipients were irradiated with two doses of 6 Gy within an interval of 3 
hours (cesium 137; Gammacell 40 Exactor) and injected intravenously with 2×106

 
BM 

cells 6 hours after irradiation. Six weeks after bone marrow transplantation, AAA was 
induced by CaCl2 application as mentioned above. AAA diameter and serum HDL-C 
were assessed 6 weeks after the operation. 
 
Cell Culture and Reagents 
Peritoneal macrophages were obtained from the peritoneal cavity of mice 4 days after 
intraperitoneal injection of 3 mL of 3% thioglycollate. The cells obtained were washed, 
spun at 1,000 rpm for 5 minutes, and plated at a density of 1.0×106 cells/mL in 
RPMI1640 medium (Nacalai Tesque) containing 10% FBS. Recombinant tumor 
necrosis factor α (TNFα; 25 ng/mL; R&D) with or without SP600125 (100 µmol/L; 
Sigma) was used to stimulate macrophages. 
 THP-1 cells were purchased from the American Type Cell Collection. THP-1 
macrophages were transfected by lentivirus and transformed into macrophages by 
incubation for 3 days with 100nM PMA (Nacalai Tesque) 

Mouse aortic VSMCs were obtained from the thoracic aortas of 8- to 12-week-old 
miR-33+/+ or miR-33-/- mice. Adventitia and endothelium were removed after digestion 
of the aortic segments with collagenase type II (175 units/mL; Worthington). The media 
were further digested with a mixture containing collagenase type II (175 units/mL) and 
elastase (0.5 mg/mL; Sigma), which yielded 100,000 cells per aorta. Cells were grown 
on gelatin-coated dishes in Dulbecco's modified Eagle's medium containing 10% FBS, 
100 units/mL penicillin, and 100 μg/mL streptomycin, and incubated at 37°C with 5% 
CO2 / 95% air. All the following experiments involving mouse aortic VSMCs were 
performed using cells with a passage number of 5. SB203580 (p38 MAPK inhibitor) 
was purchased from Sigma and used at a concentration of 20 µmol/L for incubation 
with VSMCs. 

Primary human aortic VSMCs were purchased from Kurabo and cultured in 
medium provided by the manufacturer. VSMCs were seeded on 6 well plate at the 
concentration of 2.5x105 per well, and transfected by lentivirus on the next day. 

For HDL-C experiments, human HDL-C (BT-914) was obtained from 
ThermoFisher Scientific Chemicals. Serum HDL-C fragments were isolated using a 



polyethylene glycol (PEG) method, as described previously.1 Serum collected from 
miR-33+/+ and miR-33-/- mice using blood separator tubes (Bloodsepar, IBL) was 
treated with a 40% volume of PEG for 20 min at room temperature, and centrifuged at 
10,000g for 30 min at 4qC, and then the supernatant was collected as the HDL-C 
fragment (PEG-HDL). Peritoneal macrophages and primary VSMCs were incubated 
with or without PEG-HDL or human HDL-C for 4.5 hours, and peritoneal macrophages 
were subsequently stimulated with TNFα (25 ng/mL) for 3 hours. 

For LNA transfection into peritoneal macrophages, Lipofectamine 2000 

(Invitrogen) was used according to the manufacturer’s instruction. LNA of mouse 

siAMPKα1 (s98536) and its control (4390843) was purchased from Applied 

Biosystems. LNA for siABCA1 were designed by siDirect (http://sidirect2.rnai.jp/) and 

purchased from Genedesign. 
 
Lentivirus Production and DNA Transduction 
We produced lentiviral stocks in 293T cells as described previously.8 Cells were used 
for analyses 3 days after transduction. Expression vectors for the negative control 
(miR-control) and miRs were generated using a BLOCK-iT PolIImiR RNAi Expression 
Vector Kit in accordance with the manufacturer’s protocol (Invitrogen). The miR-control 
vector contained the same hairpin structure as that in a regular pre-miR; this sequence 
is predicted not to target any known vertebrate gene (pcDNA6.2-GW/EmGFP-miR-neg 
control plasmid). To create an anti-miR-33 (decoy) vector, the luciferase 3′ untranslated 
region was modified to include six tandem sequences complementary to miR-33, 
separated by a single nucleotide spacer. The sequences of all constructs were 
analyzed using an ABI 3100 genetic analyzer. All of these constructs were correctly 
inserted into a pLenti6/V5-D-TOPO vector (Invitrogen) driven by a cytomegalovirus 
promoter to stably express genes in THP-1 cells and VSMCs. 
 
Protein Extraction and Western Blotting 
Mice were perfused with cold PBS at physiological pressure, and aortic specimens 
were dissected using microscissors. After being washed in cold PBS, they were 
homogenized in RIPA buffer (Nacalai Tesque). We determined protein concentrations 
in the samples using a BCA protein assay kit (Pierce). 

For in vitro experiments, cultured cells were homogenized in lysis buffer 
consisting of 100 mmol/L Tris-HCl, 75 mmol/L NaCl, and 1% Triton X-100 at pH 7.4 
(Nacalai Tesque). The buffer was supplemented with Complete Mini protease inhibitor 
(Roche), 0.5 mmol/L NaF, and 10 µmol/L NaVO4 just prior to use. The protein 
concentration was determined by the Bradford method using Protein Assay Dye 
Reagent Concentrate (Bio-Rad, #500-0006). 

Western blotting was performed using standard procedures as described 
previously.1

 
A total of 1–10 µg of protein was fractionated using NuPAGE 4–12% Bis-

Tris gels (Invitrogen) and transferred to a nitrocellulose transfer membrane (Whatman). 
The membrane was blocked using PBS containing 5% nonfat milk for 30 minutes and 
incubated with primary antibody of 1:1,000 overnight at 4°C. Anti-phospho-SAPK/JNK 
(#9251), anti-SAPK/JNK (#9252), anti-phospho-p38 MAPK (#9211s), and anti-p38 
MAPK (#9212) antibodies were purchased from Cell Signaling. Anti-β-actin antibodies 
were from Sigma (A5441). After a washing step in PBS-0.05% Tween 20 (0.05% T-
PBS), the membrane was incubated with a secondary antibody (anti-rabbit or anti-
mouse IgG HRP-linked, 1:2,000) for 30 minutes at room temperature. The membrane 
was then washed in 0.05% T-PBS and detected by Immobilon Western HRP Substrate 



(Millipore) using an ImageQuant LAS 4000 mini bimolecular imager (GE Healthcare 
Bio-Sciences AB). Obtained images were analyzed using ImageJ 1.46r (Wayne 
Rasband, National Institutes of Health). 
 
Gelatin Zymography 
Gelatin zymography was conducted as reported previously.9 Conditioned media 
concentrated using a centrifugal filter device (Amicon Ultra NMWL 10K, Milipore) at 
14,000 g for 10 minutes or extracted protein was treated with sample buffer (#LC2676, 
Invitrogen), and separated by electrophoresis with 10% gelatin containing Zymogram 
Gel (#EC61752BOX, Invitrogen) in Tris-Glycine SDS running buffer (#LC2675, 
Invitrogen). The gels were washed several times by distilled water, and incubated in 
renaturing buffer (#LC2670, Invitrogen,) for 30 minutes at room temperature with gentle 
agitation. Then, the gels were incubated at 37qC in developing buffer (#LC2670, 
Invitrogen) for 24 hours. After incubation, the gels were stained by Coomassie G-250 
(SimplyBlue SafeStain; #LC6060, Invitrogen,), and analyzed using a LAS-3000 image 
analyzer (GE Healthcare Bio-Sciences AB). In situ zymography were conducted 
according to the previous report. 10-12 Breifly, unfixed cryostat sections (10µm thick) 
were incubated with 10 µg/ml DQ-gelatin (D12054, Molecular Probes) for 3 hours at 
37℃. Fluorescence was detected with BZ-9000 (Keyence). 1,10-phenanthroline was 
used as an inhibitor of MMPs for negative control. 
 
Monocyte Chemotactic Protein -1 Enzyme-Linked Immunosorbent Assay 
Concentrations of monocyte chemotactic protein (MCP)-1 in the AAA wall and 
conditioned media were determined using an enzyme-linked immunosorbent assay 
(ELISA) kit (R&D Systems) in accordance with the manufacturer’s instructions. Proteins 
in the AAA wall were collected as described above, and 20 µL was used for MCP-1 
ELISA and standardized by protein amount. Serum-free conditioned media of 
peritoneal macrophages and VSMCs grown in 6-well plates for 3 days was collected 
and used for MCP-1 ELISA and standardized by the protein amount collected from the 
cells. 
 
RNA Extraction and Quantitative Real-Time PCR 
Total RNA was isolated and purified using TRI reagent (T9424, Sigma Aldrich) in 
accordance with the manufacturer’s instructions. Then cDNA was synthesized from 1 
µg of total RNA using a Verso cDNA Synthesis Kit (#AB-1453/B, Thermo Scientific) in 
accordance with the manufacturer’s instructions. For quantitative real-time PCR (qRT-
PCR), specific genes were amplified using 40 cycles with SYBR Green PCR Master 
Mix (Toyobo). Expression was normalized to the housekeeping gene Gapdh. Gene-
specific primers are summarized in Supplemental Table 1. 

MiR-33 and U6 snRNA was measured in accordance with the TaqMan MicroRNA 
Assay (Applied Biosystems) protocol, and the products were analyzed using a thermal 
cycler (Prism7900HT sequence detection system, ABI). Samples were normalized by 
U6 snRNA expression. 
 
Flow Cytometry 
Peripheral blood was collected from the orbital sinuses using heparin-coated capillary 
tubes. Total leukocytes were quantified from whole blood using a hematology cell 
counter (Celltac α MEK-6358, Nihon Kohden). Erythrocytes were lysed using a 
commercial RBC lysis solution (PharmLyse, BD Biosciences). Monocytes were 
identified by staining with an anti-CD115-antibody conjugated with Alexa Fluor 488 
(clone AFS98, eBioscience), and monocyte subsets were identified by staining with an 



anti-Ly-6c antibody conjugated with allophycocyanin (APC) (clone HK1.4, 
eBioscience). Data were acquired using a BD FACS Aria Flow Cytometer and 
analyzed with BD FACS Diva software (BD Biosciences). 
 
Immunohistochemistry 
Mice were sacrificed by overdose of pentobarbital and perfusion-fixed with 4% 
paraformaldehyde (Wako) at physiological perfusion pressure. Then, aortic specimens 
were dissected, rinsed with cold PBS and immediately frozen in OCT compound on a 
block of dry ice. Sections (10 µm) were cut from the specimens. The frozen sections 
were washed three times with 0.05% PBS-T then covered with anti-CD68 antibody 
(1:200; MCA 1957, Serotec), anti-MMP9 antibody (1:50; AF909, R&D), anti-MCP-1 
antibody (1:50; ab25124, abcam) or anti-αSMA antibody (1:200; 1A4, Sigma-Aldrich), 
and incubated at 4qC overnight. The sections were washed three times with PBS-T and 
incubated with anti-rat secondary antibody for 30 minutes at room temperature. Then 
the sections were rinsed again three times with PBS-T, and covered with mounting 
medium with 4',6-diamidino-2-phenylindole (DAPI; H-1200, Vectashield). The positively 
stained areas of each aorta were measured using a digital fluorescence microscope 
(BZ-9000, Keyence). 
 
Statistics 
If the data were not obviously normally distributed, distributions of all variables were 
tested using the Shapiro–Wilk test. Equal variance between groups was tested by the 
F test. The non-parametric Mann-Whitney test was used to compare data that did not 
follow a normal distribution or equal variance. Accordingly, AAA type in the AngII model 
was compared with the Chi-square test for trend. Survival of AAA was compared using 
the log-rank test. One-way analysis of variance (ANOVA) followed by Tukey’s multiple 
comparison test (or Dunn’s multiple comparison test for non-parametric method) were 
used for one-factorial experiments. Two-way ANOVA followed by Tukey’s or 
Bonferroni’s multiple comparison test were used for two-factorial experiments. Results 
are expressed as mean ± standard error of the mean (SEM). A p-value < 0.05 was 
considered statistically significant. Statistical analyses were conducted using R 3.1.0 
(R Foundation for Statistical Computing, Vienna, Austria) and Prism6 (GraphPad 
Software, Inc. USA). 
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