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(n=6-10 for each group). *p<0.05 vs. Sham/CON, p <0.05 vs. AAA/CON.

MMP-2 and pro-MMP-2 bands was measured as total MMP-2 activ-
ity.

2.5. Immunoblotting analysis

For Western blotting, preparation of aortic tissue and mea-
surements of protein concentration were performed as described
in the section of gelatin zymography. Immunoblotting analysis
was carried out as previously described [20]. Equal amounts of
10 g protein were electrophoresed on 10% SDS polyacrylamide
gels (150V, 60 min). Proteins were electroblotted onto nitrocel-
lulose membranes (Amersham Biosciences, Piscataway, NJ, USA)
for 60 min at 100V. After blocking with 5% non-fat dried milk in
Tris buffered saline for 60 min, the membranes were incubated
with the first antibody p65 (#3034, Cell Signaling Technology)
and phospho-p65 (#3033, Cell Signaling Technology) for 60 min,
followed by exposure to the second antibody for 60 min. GAPDH
(sc-25778, Santa Cruz Biotech, Santa Cruz, CA, USA) immunoblot
was used for protein loading control. The immunoblots were devel-
oped by enhanced chemiluminofluorescence method. The signals
were quantified by densitometry (GS-800, Bio-Rad, Hercules, CA,
USA).

2.6. Statistical analysis

Categorical variables were reported as frequencies with per-
centages, and compared between groups using chi-squared test
(with Yates’ continuity correction). All continuous data were

expressed as mean value + SD. Statistical significance of differ-
ences between multiple groups was determined using ANOVA
and post hoc analysis with Bonferroni test. Statistical significance
was defined as a p value of <0.05. All statistical analyses were
performed using SPSS 15.0 for Windows (SPSS Inc., Chicago, IL,
USA).

3. Results
3.1. Resveratrol prevented the development of AAA

Six weeks after the operation, the diameter of the abdomi-
nal aorta was larger in AAA/CON than in Sham/CON (1.3+0.1
vs. 0.8+0.1 mm, p<0.01). The aortic diameter was decreased in
AAA[RSVT compared with AAA/CON (0.9+0.1 vs. 1.3+0.1 mm,
p<0.05, Fig. 1). Body weight, blood pressure, and heart rate were
comparable among the three groups (Supplemental Table 1).

3.2. Resveratrol attenuated inflammation and oxidative stress,
and preserved ECM structure

HE staining showed that infiltration of inflammatory cells
in the aortic wall was more prominent in AAA/CON than in
Sham/CON. However, it was attenuated in AAA/RSVT (Fig. 2A-F).
EVG staining showed that the wavy structure of elastin was
flattened in AAA/CON compared with Sham/CON. Administra-
tion of resveratrol preserved the wavy structure of the elastic
lamellae (Fig. 2G-L). Victoria Blue staining showed - that the
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elastin structure stained blue of the aortic wall in AAA/CON was
decreased than that in Sham/CON. Treatment with resveratrol
partially restored the elastin structure in AAA (see Supplemental
Fig. S1). Picrosirius Red staining showed that the collagen struc-
ture of the aortic wall in AAA/CON was thinner than that in
Sham/CON. Treatment with resveratrol preserved the thick col-
lagen structure of the aortic wall (AAA/RSVT) (see Supplemental
Fig. 52). DHE fluorescence was enhanced in the aortic wall of
AAA/CON compared with Sham/CON. However, it was decreased
in AAA/RSVT compared with AAA/CON, suggesting attenuation of
oxidative stress by resveratrol treatment (see Supplemental Fig.
S3).

3.3. Resveratrol decreased macrophage infiltration,
neovascularization, and oxidative stress

Fig. 3 shows immunohistochemical staining for Mac-2, CD31,
8-OHdG, and 4-HNE. Marked infiltration of Mac-2-positive
macrophages was shown in the aortic wall of AAA/CON
compared with Sham/CON. Resveratrol treatment decreased
Mac-2-positive macrophage count (Fig. 3M). Treatment with
resveratrol also reduced the number of CD31-positive ves-
sels in periaortic tissue compared with AAA/CON (Fig. 3N).
8-OHdG-positive cell count and 4-HNE-positive cell count
were increased in AAA/CON compared with Sham/CON. How-
ever, they were reduced by resveratrol treatment (Fig. 30,
P).

3.4. Resveratrol attenuated the expression of inflammatory
markers and oxidative stress markers

Fig. 4 shows the data of real time-RT-PCR. mRNA expression
of MCP-1, TNF-o, ICAM-1, (D68, and VEGF-A was upregu-
lated in AAA/CON compared with Sham/CON (all p<0.05). In
AAARSVT, the expression of MCP-1, TNF-«, ICAM-1, CD68,
and VEGF-A was significantly lower than that in AAA/CON
(all p<0.05). Compared with AAA/CON, AAA/RSVT also showed
reduced mRNA expression of p47, GPX1, and GPX3 (all
p<0.05).

3.5. Resveratrol treatment decreased MMPs activity

Zymographic active form of MMP-9 and MMP-2 abundance was
increased in AAA/CON compared with Sham/CON. Its abundance
was attenuated by resveratrol treatment (Fig. 5A-C).

3.6. Treatment with resveratrol attenuated p65 phosphorylation

Protein expression of p65 was comparable between Sham/CON,
AAA[CON and AAA/RSVT. Expression of phospho-p65 was signif-
icantly higher in AAA/CON than in Sham/CON. Treatment with
resveratrol attenuated the expression of phospho-p65 (Fig. 5D-F).

4. Discussion

In the present study, we demonstrated that resveratrol pre-
vented the development of CaCly-induced AAA in association
with attenuation of neoangiogenesis, oxidative stress, chronic
inflammation, and ECM degradation in the aortic wall, suggest-
ing therapeutic potential of resveratrol for the treatment of
AAA.

Increased adventitial vasculogenesis is one of the pathologi-
cal features of AAA, and is thought to play an important role in
the development of AAA, possibly through creating a conduit for
inflammatory cell transport and establishing chronic inflammation

in the aortic wall [21]. We demonstrated that resveratrol treat-
ment resulted in downregulation of VEGF-A, a potent angiogenic
and vascular permeability factor, and decreased neoangiogen-
esis in the aortic wall. Our observations are consistent with
former findings that resveratrol attenuated pathological angiogen-
esis [6]. The decreased neoangiogenesis by resveratrol treatment
was associated with attenuation of macrophage infiltration and
proinflammatory cytokines expression. Norata et al. reported that
resveratrol treatment reduced the expression of inflammatory
markers and atherosclerotic plaque formation in ApoE knock-
out mice [5]. Therefore, anti-angiogenic and anti-inflammatory
effects of resveratrol may contribute to the prevention of AAA
development. ‘

Vascular oxidative stress is another key component in the patho-
genesis of AAA. Previous studies showed that oxidative stress is
augmented during the process of AAA development [22-24]. We
found that oxidative stress, indicated by increases in the expres-
sion of p47 and GPXs and the number of 8-OHdG-positive cells
and 4-HNE-positive cells in the aortic wall of AAA, were atten-
uated by resveratrol treatment. Moreover, DHE staining showed
that increased ROS production in the aortic wall of AAA was
dramatically decreased by resveratrol treatment. Resveratrol has
antioxidant effects through several mechanisms, such as scaveng-
ing ROS [2], inhibiting production of ROS by inflammatory cells
[2], inhibiting vascular NADPH oxidase activity [3], and stimulating
biosynthesis of endogenous antioxidants by nuclear factor-E2-
related factor-2 (Nrf2) [25]. The reduction of ROS by resveratrol
may be related to its preventive effect against AAA development.
Recently, it has been widely recognized that NF-kB, especially p65
signaling, plays a pivotal role in promoting the transcription of
MCP-1 and ICAM-1. NF-kB is a known redox-sensitive transcrip-
tion factor functioning as a proinflammatory signal, downstream
of oxidative stress [26], and genetic deletion of NF-«B is reported
to inhibit the development of experimental model of AAA [15].
In the present study, increased expression of phospho-p65 in the
aortic wall of AAA was attenuated by treatment with resveratrol.
This finding is compatible with those of several recent in vitro
studies showing that resveratrol inhibited TNF-a- or LPS-induced
NF-«B activation in vascular endothelial cells and adipocytes [27].
The anti-inflammatory effects of resveratrol shown in the present
study were thought to be sequential events whereby its antioxi-
dant action led to the inhibition of NF-kB-induced expression of
inflammatory molecules, such as ICAM-1 and MCP-1.

Inflammation and oxidative stress are closely associated with
the activation of MMPs, which induces ECM degradation, result-
ing in the development and progression of AAA. Once expansion
of the aorta occurs by degradation of ECM, wall stress rises
in accordance with Laplace's law, leading to acceleration of
aneurysmal enlargement. Thus, MMPs are pivotal downstream
components in the pathogenesis of AAA. Macrophages are thought
to be the most important source of MMPs. Previous studies have
demonstrated that macrophage-derived MMP-9 is essential for
AAA formation [17,28,29]. Therefore, attenuation of macrophage
infiltration by resveratrol treatment may largely contribute to
the decreased MMPs activity. Alternatively, resveratrol is known
to reduce MMP production and activation through its direct
effect [30]. Gao et al. reported that resveratrol has a protec-
tive effect against cerebral ischemia-reperfusion injury in mice
through inhibition of MMP-9 [28]. The present study showed
that treatment with resveratrol resulted in preservation of the
wavy structure of the elastic lamellae and the collagen struc-
ture in the media of the aortic wall in association with decreased
activity of MMP-9 and MMP-2. It is possible that resveratrol
might both directly and indirectly reduce the activity of MMPs
in the aortic wall, and thereby attenuate the development of
AAA.
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We recognize that the present study has some limitations. We
did not check other dose or timing of resveratrol administration
in this study. Pretreatment of resveratrol might be more effective
for prevention of AAA development. Appropriate dose and timing of
resveratrol administration should be determined in further studies.

5. Conclusion

Treatment with resveratrol in mice prevented the develop-
ment of AAA, in association with a reduction of neoangiogenesis,
oxidative stress, inflammatory response, MMPs activity, and ECM
disruption. These findings suggest therapeutic potential of resver-
atrol for AAA.
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Abdominal aortic aneurysm (AAA) is characterized by chronic
inflammation and degradation of the extracellular matrix by pro-
teases, such as matrix metalloproteinases (MMPs), leading to
segmental dilatation of the aortic wall and eventual rupture with a
high mortality [1,2]. Because most AAA patients have no symptoms
until the catastrophic rupture, the main purpose of management is
to predict and to prevent the aneurysm rupture, thereby improv-
ing their prognosis. Although AAA diameter and growth rate are
the indices most commonly used to predict rupture, predicting the
risk of rupture for an individual patient is still difficult. Controlling
the growth of AAA is even more difficult and non-surgical therapy
for AAA is not currently available. In this regard, an intraluminal
thrombus (ILT) may be a potential predictor of the prognosis and a
target for the therapeutic intervention.

The size of an ILT was previously reported to be associated with
the AAA growth rate [3-5]. In addition, the risk of AAA rupture was
related to the size of the ILT [6], as well as the growth rate of the ILT
[7]. These clinical studies strongly suggest that ILT is a useful predic-
tor of AAA progression and rupture, though the precise mechanism
is unclear. The AAA wall covered by the ILT has been shown to be
thinner and exhibit an increased number of inflammatory cells, a
lower density of smooth muscle cells, and severely degraded extra-
cellular matrix, especially elastin, compared to the thrombus-free
wall[8]. The AAA wall underlying a thick ILT was also shown to have
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less tensile strength compared to the wall covered with a thin ILT
[9]. Thus, ILT has been correlated with the degradation and weak-
ness of AAA walls, potentially resulting in an increased risk of AAA
rupture. :

Determining whether a causal relationship exists between ILT
formation and degradation of the AAA wall is important, but diffi-
cult. In this issue of Atherosclerosis, Folkesson et al. [10] have added
important information in this regard. Based on the hypothesis that
a thick ILT is the source of the proteases affecting the wall beneath,
the amounts and activities of various proteases were measured in
thick multilayered ILTs collected from patients undergoing elective
AAA surgery. MMP-9 and neutrophil elastase were abundant in the
lumninal layer of the ILT but had low activity, and the proteases
in the abluminal layer of the ILT adjacent to the AAA walls were
mostly inactive [10]. These results are consistent with a previous
study by Wiernicki et al., who demonstrated that active MMP-9
and neutrophil elastase were significantly less abundant in AAA
wall segments covered by a thick ILT, compared to the wall covered
withathinILT[11]. Therefore, Folkesson and co-workers concluded
that a thick ILT could not directly affect the AAA wall by providing
active proteases. Then, why did previous studies show a correlation
between the ILT and pathological severity of the AAA walls?

Here, we suggest a hypothetical model of the relationships
among ILT formation, dilation of the aortic diameter and pathologi-
cal changes in AAA (Fig. 1). As previously proposed by Swedenborg
[12], elastin loss would lead to elongation and tortuosity of aor-
tic walls, resulting in turbulent flow and ILT formation in AAA.
Accordingly, the more an AAA grows in diameter, the more an ILT
is likely to accumulate. In the meantime, it has been proposed that
histopathology of human AAA walls can be categorized in three
regions: inflammatory, active and amorphous [13]. We and oth-
ers have found that the transitional area next to the neck area is
more likely to contain the inflammatory region that is character-
ized by a large number of inflammatory cells with fairly preserved
elastic lamellae, and the active region that is characterized by the
high protease activities and the progressive degradation of elastic
lamellae [14]. Meanwhile, most of the maximally dilated area in
a large AAA is more likely to contain the amorphous region that
is characterized by the depletion of smooth muscle cells and elas-
tic lamellae, abundant fibro-collagenous extracellular matrix and
low protease activities. Accordingly, the transitional area, likely to
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Fig. 1. The proposed relationships among intraluminal thrombus, wall shape and distinct pathological regions in an abdominal aortic aneurysm. HE, hematoxylin & eosin;

EVG, elastic Van-Gieson.
Partially adapted from Yoshimura et al. [14].

be covered with a thin ILT, would correspond to the inflammatory
and active regions with the increase in the cellular infiltration and
the protease activities. The maximally dilated area, likely to be cov-
ered with a thick ILT, would correspond to the amorphous region
with less tensile strength. In this model, an ILT would be associ-
ated with the pathological severity, but may not necessarily be an
active source of proteases, as reported by Folkesson et al. in this
issue of Atherosclerosis [10]. While this model needs to be tested
in the future studies, it suggests that the ILT per se may not be a
strong candidate for the therapeutic target. It is, however, still pos-
sible that ILT plays an active role in AAA, for example by producing
inflammatory mediators.

Platelet inhibition has been reported to limit the development
of AAA in a rat model [15]. A clinical study also demonstrated that
aspirin use was associated with the reduced progression of a small
AAA [16]. However, the larger and more recent studies have found
no significant association between anti-platelet therapy and AAA
expansion [17-19]. Although ILT is likely to be helpful as a predictor
of AAA progression and rupture, new discoveries about the role of
ILT will be required to re-evaluate it as an important therapeutic
target for AAA.
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A 40-year-old male patient, who had had Kawasaki disease (KD) at
4 months of age and was left with the left giant coronary artery
aneurysm (gCAA), being 12 mm in diameter, and the occluded giant
right gCAA, visited us for cardiac evaluation. He has been taking
aspirin since the acute phase of KD and remained well without any
cardiac event or sign of inflammatory disease. He has smoked since
18 years of age but stopped last year.

He was not obese with 21 kg/m? of body mass index and had a
normal resting blood pressure of 103/72 mm Hg. Laboratory data
showed normal total cholesterol of 1370 mg/L, low-density-
lipoprotein-cholesterol of 1039 mg/L, and glucose tolerance with
hemoglobin Alc of 4.8%, but mildly low high-density-lipoprotein-
cholesterol of 281 (reference 400-960) mg/L and mildly elevated C-
reactive protein of 0.22 mg/L, indicating ongoing systemic
inflammation.

A multi-detector X-ray computed tomography (MDCT) revealed
persistent gCAA of 12 mm in diameter at segment 6 with a low density
area inside it, stenosis distal to this gCAA, a persistent gCAA of 12 mm in
diameter at segment 11, and total occlusion of right coronary artery
orifice with recanalization and collaterals (Fig. 1). To determine if
an active inflammatory process was present in the coronary arterial
wall, the patient underwent positron emission tomography (PET) using
18-fluorodeoxyglucose (FDG), with co-registration of MDCT using gCAA
as guiding structure. PET indeed showed FDG accumulation starting
around the left coronary orifice of the aortic wall and extending to the
proximal left gCAA wall (Fig. 2).
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University School of Medicine, Asahi-Machi 67, Kurume 830-0011, Japan. Tel.: + 810942
317565; fax: + 810942 38 1792.
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An intravascular ultrasound examination showed significant
intimal thickening of left gCAA wall compatible with the site of FDG
accumulation and he was merely placed on statin to prevent further
progression of the stenosis because cardiac catheterization did not
indicate significant stenosis.

KD, a systemic vasculitis syndrome with unknown etiology, is the
most frequently observed acquired heart disease in the developed
countries. The most significant complication of KD is the development
of gCAA, >80 mm in diameter, and more than half of the patients
with gCAA require coronary artery intervention for progressive coronary
artery stenosis adjacent to the gCAA with time [1]. As the mechanism of
this ongoing coronary remodeling, persistent coronary arterial inflam-
mation, as evidenced by increased biomarkers such as high sensitivity C-
reactive protein and serum amyloid A [2], has been proposed.

On the other hand, recent robust technological innovation in MDCT
and PET allows us to visualize and identify coronary artery inflamma-
tion. Rogers et al. [3] described successful evaluation of
coronary arteries using FDG-PET imaging in patients with acute
coronary syndrome. In FDG-PET, FDG uptake reported to correlate
with macrophage accumulation and inflammation [4] and therapy
with anti-inflammatory agents has demonstrated to reduce plaque
FDG uptake in the arterial vasculature {5]. This report is the first direct
documentation of persistent inflammation of gCAA wall after KD and
FDG-PET has a potential to monitor gCAA inflammation visually.
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Japan. The authors of this manuscript have certified that they comply
with the Principles of Ethical Publishing in the International Journal of
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Fig.1. a. A multi-detector X-ray computed tomography revealed persistent giant coronary artery aneurysms at segment 6 and at segment 11 (thin arrows) and collateral arteries that

connect left coronary artery and recanalized right coronary artery (thick arrow). b. A longitudinal view of the left anterior descending artery revealed a giant coronary artery
aneurysm and stenosis (arrow head) just distal to the aneurysm.

Fig. 2. The co-registration of multi-detector x-ray computed tomography of the proximal left coronary artery with giant coronary artery aneurysm (Fig. 2a) and positron emission

tomography using 18-deoxyfluoroglucose at the same plane (Fig. 2b) showed significant isotope accumulation starting from the left coronary orifice of the aortic wall and extending
to the proximal left coronary artery aneurysm (Fig. 2c¢).
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