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Currently, there is no effective clinical treatment to 
prevent abdominal aortic aneurysm (AAA). To develop 
a novel therapeutic approach, we modified decoy oli-
godeoxynucleotide (ODN) against nuclear factor κB 
(NFκB) and ets, to a ribbon-shaped circular structure 
without chemical modification, to increase its resistance 
to endonuclease for systemic administration. Intrap-
eritoneal administration of ribbon-type decoy ODNs 
(R-ODNs) was performed in an elastase-induced rat 
AAA model. Fluorescent isothiocyanate (FITC)-labeled 
R-ODNs could be detected in macrophages migrating 
into the aneurysm wall, and NFκB and ets activity were 
simultaneously inhibited by chimeric R-ODN. Treatment 
with chimeric R-ODN significantly inhibited aortic dila-
tation, whereas conventional phosphorothioate decoy 
ODN failed to prevent aneurysm formation. Significant 
preservation of elastic fibers was observed with chime-
ric R-ODN, accompanied by a reduction of secretion 
of several proteases from macrophages. Activation of 
matrix metalloproteinase (MMP)-9 and MMP-12, but 
not MMP-2, was suppressed in the aneurysm wall by 
chimeric R-ODN, whereas recruitment of macrophages 
was not inhibited. Treatment with chimeric R-ODN also 
inhibited the secretion of cathepsin B and K from mac-
rophages. Overall, the present study demonstrated that 
systemic administration of chimeric R-ODNs prevented 
aneurysm formation in a rat model. Further modifica-
tion of the decoy strategy would provide a means of less 
invasive molecular therapy for human AAA.
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Introduction
Abdominal aortic aneurysm (AAA) is a common degenerative 
condition with high mortality in older men. Elective surgical 

or endovascular repair is performed to prevent rupture of large 
AAAs. However, survival of patients with a small AAA is not 
improved by these invasive procedures.1,2 In addition, there is 
no proven medical therapy to inhibit AAA progression in the 
clinical setting. Therefore, despite gradual expansion of AAA, 
patients with a small AAA do not receive effective treatment. With 
advances in vascular biology, the mechanism of AAA formation 
has been elucidated at the cellular and molecular levels.3 Based on 
these basic investigations, we have focused on two important tran-
scription factors, nuclear factor κB (NFκB) and ets, for regulating 
a set of genes associated with AAA formation. The human aneu-
rysm wall is characterized by chronic inflammation and matrix 
degradation, and NFκB is well known to control transcription of 
many genes in inflammatory and immune responses. Similarly, 
members of the ets family play important roles in regulating gene 
expression in response to multiple developmental and mitogenic 
signals, including cell differentiation and apoptosis. Importantly, 
these transcription factors directly enhance expression of a num-
ber of proteases and inhibit the transcription of extracellular 
matrix protein genes such as elastin and collagen.4–11 Indeed, our 
previous study showed marked activation of NFκB and ets in the 
human aneurysm wall, and demonstrated preventive and regres-
sive effects of inhibition of NFκB and/or ets using a decoy strategy 
in experimental AAA models.12,13

The decoy approach is a new class of antigene strategy that 
utilizes modulation of endogenous transcriptional regulation.14 
The decoy is a synthetic double-stranded cis-element oligodeoxy-
nucleotide (ODN), and chemical modifications such as phospho-
rothioation are usually utilized to increase the stability. However, 
local application is required for in vivo usage of conventional 
phosphorothioate linear-type decoy ODNs (PS-ODNs), because 
of their rapid degeneration from the 3′-terminus by several nucle-
ases under physiological conditions.15 Therefore, we employed a 
cellulose-based delivery sheet-containing decoy ODNs for direct 
application in previous studies.12,13 Although this approach is use-
ful to introduce decoy ODNs into the outer aneurysm wall, low 
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invasive procedures, such as laparoscopy, might be necessary for 
clinical utility. To overcome this limitation, we further developed 
a novel decoy ODN with a ribbon-shaped circular structure, to 
increase the stability without chemical modification (Figure  1). 
Our basic investigations demonstrated that ribbon-type decoy 

ODN (R-ODN) was more stable than the conventional PS-ODN 
after incubation in the presence of exonuclease or serum, without 
interfering with its binding activity.16,17 Therefore, we hypothesized 
that R-ODN could be applicable for systemic administration as a 
less invasive approach to treat AAA. In addition, we have devel-
oped a chimeric decoy strategy to regulate multiple transcription 
factors. Our previous studies demonstrated that chimeric decoy 
ODN against NFκB and ets was very potent as compared to single 
transfection of NFκB or ets decoy ODN.12,13 Thus, in this study, 
the effects of intraperitoneal administration of chimeric R-ODN 
against NFκB and ets on the formation of AAA were evaluated in 
an elastase-induced rat AAA model.

Results
Distribution of fluorescent isothiocyanate  
(FITC)-labeled R-ODN
To confirm the successful transfer of R-ODN into the aorta by 
intraperitoneal administration, we first evaluated the distribu-
tion of FITC-labeled R-ODN in a rat AAA model. Histologically, 
fluorescence could be detected mainly in the outer aortic wall and 
retroperitoneal space beside the aorta on day 7 after injection of 
FITC-labeled R-ODNs (Figure 2a). Successfully transfected cells 
were defined as those with localized fluorescence in the nucleus. 
Moreover, immunofluorescent staining revealed that FITC-labeled 
R-ODNs were found in the migrating macrophages (Figure 2b). 
In addition, we evaluated the distribution of FITC signals in other 

Phosphorothioate double-stranded chimeric decoy ODN 

Ribbon-type chimeric decoy ODN 

Ribbon-type scrambled decoy ODN 

Figure 1 C onstruction of decoy ODN. Schema of phosphorothioate 
linear-type chimeric decoy ODN, nonmodified ribbon-type scrambled 
and chimeric decoy ODN. GGGATTTCCC and GGAA are the consensus 
sequences for the NFκB and ets-binding sites, respectively. NFκB, nuclear 
factor κB; ODN, oligodeoxynucleotide.
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Figure 2 D istribution of FITC-labeled R-ODN and inhibition of binding activity of NFκB and ets. (a) Typical photograph of fluorescence in aneu-
rysm wall of rat. Fluorescence could be detected mainly in the outer aortic wall and retroperitoneal space beside the aorta on day 7 after injection of 
FITC-labeled R-ODNs. (b) Immunofluoresent staining for macrophages at 1 week after intraperitoneal injection of FITC-labeled R-ODN. FITC-labeled 
R-ODNs were found in the migrating macrophages. (c) Distribution of FITC-labeled R-ODN in untargeted organs. Fluorescence was detected in the 
spleen and lung. (d) Representative results of electrophoretic mobility shift assay for NFκB and ets-binding sites at 1 week after transfection. Bar 
in a = 200 μm; in b = 20 μm; in c = 200 μm. chimera, AAA model transfected with chimeric R-ODN; FITC-ODN, fluorescent isothiocyanate-labeled 
oligodeoxynucleotide; NFκB, nuclear factor κB; scrambled, AAA model transfected with scrambled R-ODN.
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organs. Fluorescence was also detected in the spleen and lung 
(Figure 2c).

Binding activity of NFκB and ets
The inhibitory effect of R-ODN on transcriptional activation of 
NFκB and ets in the aneurysm wall was confirmed by electropho-
retic mobility shift assay. Activity of these transcription factors was 
significantly increased at 1 week after incubation with elastase. In 
contrast, treatment with chimeric R-ODN significantly inhibited 
the activation of both NFκB and ets (Figure 2d).

Preventive effect of chimeric R-ODN on AAA 
formation
Ultrasound analysis demonstrated that treatment with chimeric 
R-ODN significantly inhibited the progression of elastase-in-
duced aortic dilatation. In contrast, scrambled R-ODN failed to 
prevent aortic dilatation, and there was no significant difference in 
the progression of AAA between control (untransfected animals) 
and scrambled R-ODN-treated animals. Importantly, linear-type 
chimeric PS-ODN did not inhibit the progression of experimen-
tal AAA (Figure 3a,b, Supplementary Table S1). These studies 
clearly demonstrated that chimeric R-ODN was more potent than 
conventional chimeric PS-ODN.

Elastic fibers maintain the structure of the vascular wall against 
hemodynamic stress, resulting in the prevention of aortic dilata-
tion. Thus, the effect of R-ODN on the destruction of elastic fibers 
in the aneurysm wall was examined by histological study. Elastic 
van Gieson’s staining demonstrated that treatment with chimeric 
R-ODN significantly inhibited proteolysis of elastin as compared 
to control and scrambled R-ODN (Figure 4a).
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Figure 3  Prevention of aortic expansion by chimeric R-ODN. 
(a) Representative ultrasound images of aortic dilatation at 4 weeks after 
transfection (short axis view). (b) Time course of aortic size assessed 
by ultrasound (n = 9 per group). Treatment with chimeric R-ODN sig-
nificantly inhibited aortic dilatation as compared to control, scrambled 
R-ODN and chimeric PS-ODN. The bars represent mean ± SEM. *P < 
0.05 versus control, scrambled R-ODN and chimeric PS-ODN, #P < 0.05 
versus control and scrambled R-ODN analyzed by Tukey–Kramer test. 
control, AAA model treated with saline; PS-ODN, phosphorothioate 
linear-type decoy oligodeoxynucleotide; R-ODN, ribbon-type decoy 
oligodeoxynucleotide.
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Figure 4  Preservation of elastic fibers by chimeric R-ODN without suppression of macrophage accumulation. (a) Histological sections of rat 
aorta stained with EVG stain at 4 weeks after transfection, and percentage of area positive for elastic fibers (n = 6). (b) Immunohistochemical staining 
of macrophages at 1 week after operation. The bars represent mean ± SEM. *P < 0.05 versus sham and chimeric R-ODN analyzed by Tukey–Kramer 
test. Bar in a upper panels = 1,000 μm; lower panels = 200 μm; in b = 200 μm. chimera, AAA model transfected with chimeric R-ODN; control, AAA 
model treated with saline; EVG, elastic van Gieson’s; PS-ODN, phosphorothioate linear-type decoy oligodeoxynucleotide; R-ODN, ribbon-type decoy 
oligodeoxynucleotide; scrambled, AAA model transfected with scrambled R-ODN.
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To clarify the mechanisms of preservation of the medial layer 
by chimeric R-ODN, we next examined infiltration of mono-
cytic leukocytes into the aortic wall by immunohistochemical 
study, because inflammation is a major pathologic feature of the 
human aneurysm wall. Interestingly, many macrophages migrated 
into the outer aorta transfected with chimeric R-ODN as well as 
scrambled R-ODN (Figure  4b). Unexpectedly, treatment with 
chimeric R-ODN did not affect macrophage recruitment in the 
process of AAA formation.

Finally, we investigated the effects of chimeric R-ODN on 
protease secretion in the aneurysm wall. Both matrix metal-
loproteinase (MMP)-2 and MMP-9 activity were significantly 
increased at 1 week after incubation with elastase. However, 
transfection of chimeric R-ODN significantly reduced the acti-
vation of MMP-9, but not MMP-2, as compared to scrambled 
R-ODN (Figure 5a). Similarly, the expression of MMP-12 was 
also inhibited by treatment with chimeric R-ODN (Figure 5b). 
As cathepsins are the other major proteases associated with the 
degradation of extracellular matrix protein, we examined the 
expression of cathepsins in the aneurysm wall by western blot-
ting. Treatment with chimeric R-ODN significantly inhibited 
cathepsin B and K expression as compared to scrambled R-ODN 
(Figure  6a). In addition, double immunofluorescent staining 
using tissue sections from scrambled R-ODN-treated rats dem-
onstrated an increase in cathepsin B- and K-positive cells in 

the outer aneurysm wall, and these cathepsins were detected in 
migrating macrophages (Figure 6b).

Discussion
Several chemical modifications of ODN have been introduced 
to improve the efficacy of ODN-based therapeutics. The circular 
structure of double-stranded termini of decoy ODN possesses 
increased nuclease resistance and structural stability, leading to 
enhanced target affinity and biological potency.16–18 Utilizing this 
advantage, we examined the possibility of less invasive therapy, 
via systemic administration, for inoperable AAA. First, we inves-
tigated whether R-ODN could be introduced into target cells by 
intraperitoneal administration. After injection of FITC-labeled 
R-ODN, fluorescence could be detected in macrophages migrat-
ing into the aneurysm wall. Since ODN internalization is thought 
to occur by some form of endocytosis, high endocytotic activity of 
macrophages might become an advantage for the introduction of 
decoy ODN.19 In addition, R-ODN is reported to enhance cellular 
uptake, and our previous in vitro study showed successful trans-
fection of R-ODN into macrophages without the use of a deliv-
ery system.17,20 In contrast, we could not detect fluorescence of 
FITC-labeled ODN in vascular smooth muscle cells. As vascular 
smooth muscle cells have relatively low-level endocytotic activity, 
the injected dose of decoy ODN was not sufficient to introduce 
decoy ODN into vascular smooth muscle cells. These data suggest 
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Figure 5  Inhibition of MMP expression in aneurysm wall by chimeric R-ODN. (a) Representative gelatin zymography and silver staining as a 
loading control (lower panel) at 1 week after transfection, and densitometric evaluation of gelatin zymography (n = 5). (b) Inhibition of MMP-12 
expression by chimeric R-ODN in aneurysm wall at 1 week after transfection assessed by western blotting (n = 5). β-Actin was used as the internal 
control for normalization. The bars represent mean ± SEM. *P < 0.05 versus sham, #P < 0.05 versus sham and chimera analyzed by Tukey–Kramer 
test. chimera, AAA model transfected with chimeric R-ODN; R-ODN, ribbon-type decoy oligodeoxynucleotide; MMP, matrix metalloproteinase; 
scrambled, AAA model transfected with scrambled R-ODN.
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that R-ODN injected into the peritoneal cavity mainly acts on 
migrating macrophages. Consistent with this distribution study, 
intraperitoneal administration of chimeric R-ODN simultane-
ously inhibited the binding activity of both NFκB and ets in the 
aneurysm wall, whereas these transcription factors were mark-
edly activated at the sites of AAA formation treated with saline or 
scrambled R-ODN.

The present study demonstrated that treatment with chimeric 
R-ODN via intraperitoneal administration significantly prevented 
aortic dilatation in a rat AAA model. However, chimeric PS-ODN 
without a ribbon structure failed to show in vivo efficacy to inhibit 
AAA formation, despite chemical modification. In our previous 

studies, local application of PS-ODN showed a potent therapeutic 
effect on AAA formation.12,13 Therefore, these results clearly indi-
cate that increased structural stability and nuclear resistance are 
important to enhance the pharmacological effects of systemically 
administrated decoy ODN. In addition, although phosphorothio-
ate ODN are relatively nuclease resistant, these molecules bind 
numerous serum proteins, thus inducing cellular toxicity and 
side effects.21 Therefore, it might be important to induce a spe-
cific inhibitory effect on aneurysm development by nonmodified 
R-ODN.

The therapeutic effect of chimeric R-ODN was also confirmed 
to show preservation of the medial layer. The normal aortic wall 
exhibits strict regulation of the turnover of extracellular matrix 
protein. However, increased expression of a variety of proteases 
causes destruction of the medial layer, leading to aneurysm growth 
and rupture. Activated macrophages are thought to be the main 
cells secreting proteases.22 Therefore, the inhibition of inflamma-
tory cell accumulation has emerged as a therapeutic target for the 
treatment of AAA.23 Unexpectedly, intraperitoneal injection of 
chimeric R-ODN did not inhibit the recruitment of macrophages 
in the aneurysm wall. Migration of macrophages is mainly due 
to the expression of adhesion molecules and chemotactants in 
residual vascular cells. Although NFκB controls the expression of 
intercellular adhesion molecule 1, vascular cell adhesion molecule 
1, and monocyte chemotactic protein 1, it might be not enough to 
introduce decoy ODN into residual cells and reduce the expres-
sion of these factors by intraperitoneal administration.

Among a number of proteases, MMPs are considered to be 
the predominant proteases in the process of destruction of the 
aortic wall.24,25 MMP-9 activation and MMP-12 expression were 
inhibited in the aneurysm wall as a result of transfection of 
chimeric R-ODN into macrophages. MMP gene expression is 
primarily regulated at the transcriptional level. NFκB and ets-
binding sites have been found in almost all inducible MMP pro-
moters, including MMP-9 and MMP-12.4–6,9–11,26 Therefore, these 
therapeutic effects were associated with direct inhibition of MMP 
gene expression driven by either the NFκB or ets-binding site. 
Importantly, enhanced expression of MMP-9 and MMP-12 is 
observed in the human aneurysm wall, and MMP-9 and MMP-12 
knockout mice were resistant to AAA development in experimen-
tal studies.24,25,27–30 Moreover, the importance of MMP-9 secre-
tion from macrophages is supported by the report that AAA was 
reconstituted in MMP-9 knockout mice by intravenous injection 
of wild-type macrophages.30 In contrast, chimeric R-ODN trans-
fection did not inhibit MMP-2 activity, although MMP-2 expres-
sion is also regulated by NFκB and ets.6,9 It has been reported that 
MMP-2 was mainly secreted from vascular smooth muscle cells, 
whereas the main cells that secreted MMP-9 and MMP-12 were 
activated macrophages.22,30,31 The difference in cell types might 
explain these findings.

Recently, cysteine proteases have received attention in the 
process of AAA formation. Cathepsins are cysteine proteases and 
express potent elastolytic and collagenolytic activity. In human 
studies, the activity of cathepsin B, D, H, K, L, and S was increased, 
and an endogenous inhibitor of cathepsin, cystein C, was decreased 
in aneurysm lesions as compared with the wall in aortic occlusive 
disease or normal aorta.32,33 In addition, cysteine proteases, such as 
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Figure 6  Inhibition of cathepsin B and K secretion from migrating 
macrophages by chimeric R-ODN. (a) Inhibition of cathepsin B and K 
expression by chimeric R-ODN in aneurysm wall at 1 week after transfec-
tion assessed by western blotting (n = 5). β-Actin was used as the inter-
nal control for normalization. (b) Double immunofluorescent staining 
for cathepsins and macrophages in the tissue sections from scrambled 
R-ODN-treated rats. The bars represent mean ± SEM. *P < 0.05 versus 
sham and chimera, #P < 0.05 versus sham analyzed by Tukey–Kramer 
test. Bar in b = 20 μm. chimera, AAA model transfected with chimeric 
R-ODN; R-ODN, ribbon-type decoy oligodeoxynucleotide; scrambled, 
AAA model transfected with scrambled R-ODN.



186� www.moleculartherapy.org  vol. 19 no. 1 jan. 2011    

© The American Society of Gene & Cell Therapy
Ribbon-type Decoy ODN Prevents Aneurysm Formation

cathepsin B, can activate cytokines and other proteases including 
MMPs.34,35 The present study demonstrated that transfection 
of chimeric R-ODN inhibited cathepsin B and K expression in 
migrating macrophages. Several basic studies demonstrated that 
macrophages are capable of releasing active cathepsins, and the 
expression of these cathepsins is controlled by NFκB and ets.36–39 
These findings suggest that treatment with chimeric R-ODN sup-
pressed not only MMP expression, but also expression of cysteine 
proteases, leading to potent therapeutic effects on the degeneration 
of extracellular matrix protein during AAA formation.

Here, the present study provided a novel strategy to treat AAA by 
simultaneous inhibition of NFκB and ets in migrating macrophages 
via intraperitoneal administration of R-ODN in a rat model. The 
therapeutic effects of chimeric R-ODN were mainly due to inhibi-
tion of protease secretion from macrophages, but not migration, 
through direct inhibition of gene expression of several proteases. 
Excess accumulation and/or inappropriately controlled activation 
of macrophages can cause extensive damage to the host in several 
inflammatory diseases, including AAA and atherosclerosis. However, 
monocytes/macrophages play an important role in response to vari-
ous inflammatory and immune stimuli for host defense and tissue 
repair. Therefore, regulation of inappropriate macrophage function 
is though to be a potent therapeutic target for inflammatory diseases. 
Taken together, these results indicate that the ribbon-type decoy 
strategy could provide a novel therapeutic approach for treating 
human AAA, as less invasive molecular therapy.

Materials and Methods
Synthesis of ODN and selection of target sequences. The sequences of 
chimeric PS-ODN, scrambled R-ODN, and chimeric R-ODN are shown 
in Figure 1. To develop R-ODN, we designed two single strands of ODN 
(30-mer) and ligated their extremities. Then, 3 μl T4 DNA ligase (Takara, 
Otsu, Japan) was added to a mixture of 5′-phosphorylated ODN and buffer 
(Takara), followed by incubation for 24 hours at 16 °C to generate cova-
lently ligated R-ODN.

Experimental animal models and intraperitoneal administration of decoy 
ODN. Male Sprague Dawley rats (250–350 g; Charles River Laboratories, 
Yokohama, Japan) were used in this experiment as described previously.12 
Briefly, the abdominal aorta was isolated from the level of the left renal 
vein to the bifurcation. The right femoral artery was exposed, and a PE-10 
polyethylene tube (Becton Dickinson, Franklin Lakes, NJ) was introduced 
through the femoral artery into the distal aorta. The aorta was clamped 
above the level of the tip of the polyethylene tube and ligated with a silk 
suture near the aortic bifurcation, followed by perfusion with 1 ml saline 
containing 50 U type I porcine pancreatic elastase (Sigma, St Louis, MO) 
for 1 hour at 100 mm Hg. After incubation with elastase, the retroperito-
neum was tightly closed with 6-0 silk sutures. The elastase-induced AAA 
model is very popular, and is considered to be very suitable for analysis of 
the mechanisms of pathogenesis of human AAA. Indeed, numerous previ-
ous reports have shown that elastase activity plays an important role in the 
progression of AAA.40,41

Before abdominal cavity closure, transfection of decoy ODN was 
performed without the use of viral vectors or other delivery techniques. Then, 
2 ml phosphate-buffered saline containing 50-nmol naked decoy ODN was 
injected into the peritoneal cavity. Then, rats were also administered naked 
decoy ODN (50 nmol/week) intraperitoneally for 1 week using an osmotic 
mini-pump (Alzet, model 2001; Durect, Cupertino, CA). Animals were 
divided into five groups (n = 9 each): sham, control, chimeric PS-ODN, 
scrambled R-ODN, and chimeric R-ODN treatment.

This study was performed under the supervision of the Animal 
Research Committee in accordance with the Guidelines on Animal 
Experiments of Osaka University Medical School and the Japanese 
Government Animal Protection and Management Law (No. 105).

Measurement of size of AAA by ultrasound. Ultrasonography was used 
to assess dilatation of the abdominal aorta.12 A cardiovascular ultrasound 
system (Power Vision 6000; Toshiba, Tokyo, Japan) and linear transducer 
(15 MHz) were used to image the abdominal aorta noninvasively in anes-
thetized rats (n = 9 each). Rats were scanned transversely and longitudi-
nally to obtain images for measurement of the luminal diameter and the 
area of the lumen of the aneurysm in the segment with maximum diam-
eter. The aortic size was measured before and after operation once a week 
up to 4 weeks.

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay 
was performed to analyze the expression of NFκB and ets in nuclear 
extracts (10 µg) of the rat aneurysm wall at 1 week after the operation, with 
a gel shift assay system (Promega, Madison, WI), according to the manu-
facturer’s specifications. Double-stranded ODNs containing the NFκB 
binding site (5′-CCTTGAAGGGATTTCCCTCC-3′; only sense strand 
is shown) or ets-binding site (5′-GTGCCGGGGTAGGAAGTGGGCTG 
GG-3′; only sense strand is shown) were used as primers.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis zymography. 
MMP-2 and MMP-9 activity in the aneurysm wall were measured in each 
group (n = 5) as previously described.13 Rats were sacrificed at 1 week after 
operation, and total protein extracts of the aneurysm wall (20 µg) were 
examined by sodium dodecyl sulfate polyacrylamide gel electrophore-
sis zymography. Areas of protease activity appeared as unstained bands 
against a blue background. After electrophoresis, the upper portion of the 
gel was divided and stained with silver stain to confirm equal amounts of 
loaded protein in each lane. The density of each band was measured by 
densitometry.

Histological and immunohistochemical studies. Animals were sacrificed at 
4 weeks after operation. The aorta was carefully dissected to remove adher-
ent tissue, fixed in 10% neutral-buffered formalin, and processed for routine 
paraffin embedding. Aortic tissue cross-sections (6 µm) were stained with 
both hematoxylin and eosin and elastic van Gieson’s stain in a standard man-
ner. To evaluate residual mature elastin, the area of elastic fibers in elastic van 
Gieson’s-stained sections was calculated by quantitative morphometric anal-
ysis with a computerized sketching program (n = 6). Results were expressed 
as a percentage of the total fractional area of the cross-section.

Mouse monoclonal antibodies against rat CD68 (1:300; Serotec, 
Oxford, UK) were used to analyze macrophage recruitment in the aortic 
wall at 1 week after operation. For negative control experiments, the primary 
antibody was omitted. Immunohistochemical staining was performed 
using the immunoperoxidase avidin–biotin complex system, and slides 
were counterstained with hematoxylin. Double immunofluorescent 
staining was also performed to identify the expression of cathepsin B and K 
in macrophages in aneurysm tissues from scrambled R-ODN-treated rats. 
Monoclonal mouse antibodies against CD68, rabbit polyclonal antibodies 
against cathepsin B (10 µg/ml; Upstate, Lake Placid, NY) and goat polyclonal 
antibodies against cathepsin K (1:200; Santa Cruz Biotechnology, Santa Cruz, 
CA) were used. Protein reacting with primary antibodies was visualized 
with fluorescence-conjugated anti-mouse immunoglobulin G (Alexa 568; 
Invitrogen, Carlsbad, CA) for macrophages, anti-rabbit immunoglobulin 
G (Alexa 488) for cathepsin B, and anti-goat immunoglobulin G (Alexa 
488) for cathepsin K. The images were visualized using fluorescence 
microscopy.

Western blot analysis. Protein extracts from the aneurysm wall (20 µg) 
were examined by western blot using polyclonal antibodies against 
cathepsin B (4 µg/ml), cathepsin K (1:200), MMP-12 (1:200; Santa Cruz 
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Biotechnology) and β-actin (1:10,000; Sigma) at 1 week after operation 
(n  = 5). The density of each band was measured by densitometry, and 
expression of MMP-12, cathepsin B and K was determined relative to the 
expression of β-actin.

Statistical analysis. All values are expressed as mean ± SEM. One-way 
analysis of variance and Tukey–Kramer multiple range test were used for 
comparisons among multiple groups. P < 0.05 was considered significant.

SUPPLEMENTARY MATERIAL
Table S1.  Time course of aortic size.
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