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Reactive oxygen species modulate growth of cerebral
aneurysms: a study using the free radical scavenger
edaravone and p47phox™’~ mice

Tomohiro Aoki, Masaki Nishimura, Hiroharu Kataoka, Ryota Ishibashi, Kazuhiko Nozaki and Nobuo Hashimoto

Cerebral aneurysm (CA) is a relatively common disease and can cause a catastrophic subarachnoid hemorrhage with a
high mortality and morbidity rate. Despite its clinical and social importance, the detailed mechanism of CA formation
remains to be elucidated, resulting in the absence of effective medical treatment against CAs. Recent studies revealed
that chronic inflammation in arterial walls by hemodynamic force is implicated in CA formation. Reactive oxygen species
(ROS) are a major mediator of inflammation and actively participate in the pathogenesis of various vascular diseases.

In the present study, we first assessed the expression of ROS-producing and -eliminating genes in CA walls by
immunohistochemistry and RT-PCR analysis. The ROS-producing gene, p47phox, was upregulated in infiltrating
macrophages and medial smooth muscle cells in arterial walls. Upregulated ROS-producing genes and suppressed
ROS-eliminating genes suggested that ROS overproduction occurred in aneurysmal walls. In situ superoxide imaging
by dihydroethidium, which showed ROS overproduction in aneurysmal walls, confirmed this hypothesis. Edaravone, a
powerful free radical scavenger, effectively inhibited CA formation by suppressing inflammation-related gene expression
in aneurysmal walls. Furthermore, CA formation was markedly inhibited by p47phox deletion in mice and was
accompanied by decreased inflammation in aneurysmal walls. These data suggested the active participation of ROS and
p47phox in CA formation and the therapeutic potential of an ROS-eliminating agent against CA formation.
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Subarachnoid hemorrhage by rupture of saccular cerebral
aneurysms (CAs) is a life-threatening disease with a 30-day
mortality rate of 45% and mild-to-severe morbidity rate of
30%."% CA is a relatively common disease with a prevalence
ranging from 1 to 5% in a large autopsy series.” Despite its
clinical and public importance, the detailed mechanisms of
the initiation, progression and rupture of CAs remain to be
elucidated, resulting in the absence of effective medical
treatment for CAs. Many patients with unruptured CAs are
followed up without effective medical treatment. A small
number of patients undergo invasive microneurosurgical
clipping or coiling with a risk of complications. Clarification
of the mechanisms underlying CAs is necessary and there is
an urgent requirement for developing therapies to reduce the
burden on public health.

An animal model of CA was developed in our institute in
1978 by Hashimoto et al.* This model is a very useful tool for

studying CAs because they are spontaneously induced with-
out direct handling of cerebral arteries by induction of ex-
cessive hemodynamic stress at the arterial bifurcation site.
Using this model we have clarified that CAs are induced as a
result of chronic inflammation of the arterial walls mainly by
infiltrating macrophages.>®

Reactive oxygen species (ROS) are a major mediator of
various inflammatory cascades and are responsible for the
pathogenesis of various diseases including arteriosclerosis
and abdominal aortic aneurysms. ROS is produced by mac-
rophages and some other cells and is important in in-
flammatory responses and tissue destruction. As regards, CAs
only restricted information has been elucidated and little is
known about the function of ROS in CA formation. ROS is
produced by enzymatic oxidation. One of the enzymes re-
sponsible for ROS production is a family member of the
NADPH oxidases. NADPH oxidase is formed as an
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aggregation of subunits,”® including p47phox, which is
expressed mainly in neutrophils and macrophages.”"
Macrophages are the main inflammatory cells in CA walls
and are critical in CA formation, which suggests a function of
p47phox in CA formation.’

We hypothesized that ROS and the ROS-producing gene,
p47phox, participated in CA formation. In the present study,
using previously established CA models in rats and mice, we
first clarified the critical function of ROS in CA formation.

MATERIALS AND METHODS

Induction of Experimentally Induced CAs

Cerebral aneurysms were induced as previously described.'
After the induction of pentobarbital anesthesia (50 mg/kg,
i.p.), the left carotid artery and posterior branches of the
bilateral renal arteries were ligated at the same time with 10-0
nylon in 7-week-old male Sprague-Dawley rats (Oriental
Bioservice, Osaka, Japan). Animals were fed a high-salt diet
containing 8% sodium chloride and 0.12% f-aminopropio-
nitrile (Tokyo Chemical, Tokyo, Japan), an inhibitor of lysyl
oxidase that catalyzes the cross-linking of collagen and
elastin. Blood pressure was measured by tail-cuff method
twice in each rat without anesthesia.

Three months after aneurysm induction, the anterior
cerebral artery/olfactory artery (ACA/OA) bifurcation was
stripped and observed under a light microscope after Elastica
van Gieson staining. To evaluate the pathological changes
occurring in the aneurysmal walls, we analyzed the degen-
eration of internal elastic lamina (IEL), the thinning of the
medial smooth muscle cell layer and the aneurysm size. IEL
was classified into the following three categories: continuous,
fragmented and completely disappeared; and each category
was designated as the score 0, 1 and 2, respectively. The
thickness of the media was evaluated by the ratio of the
minimal thickness of the media in aneurysmal walls to the
thickness of the media in surrounding normal arterial walls.
Aneurysm size was calculated as the mean of the maximal
longitudinal diameter and the maximal transverse diameter.

Animal care and experiments complied with Japanese com-
munity standards on the care and use of laboratory animals.

Immunohistochemistry

Three months after CA induction, all rats were deeply
anesthetized and perfused transcardially with 4% paraf-
ormaldehyde. As a control, age-matched male Sprague-
Dawley rats were killed as described above. The ACA/OA
bifurcation was stripped and embedded in OCT compound.
Sections of 5um were cut and mounted on silane-coated
slides. After blocking with 5% donkey serum (Jackson Im-
munoResearch, Baltimore, MD, USA), primary antibodies
were incubated for 1h at room temperature followed by in-
cubation with fluorescence-labeled secondary antibodies
(FITC-conjugated donkey anti-rabbit IgG antibody, FITC-
conjugated donkey anti-goat IgG antibody, FITC- or
Cy3-conjugated donkey anti-mouse IgG antibody (Jackson
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ImmunoResearch)) for 1h at room temperature. Then the
slides were covered with Permafluor (Immunotech, Marseille,
France) and excited for fluorescence by illumination through
a fluorescence microscope system (BX51N-34-FL-1;
Olympus, Tokyo, Japan).

The primary antibodies used in the present study were the
following: rabbit polyclonal anti-p47phox (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal anti-
superoxide dismutase-1 (SOD-1; Santa Cruz Biotechnology),
goat polyclonal anti-heme oxygenase-1 (HO-1; Santa Cruz
Biotechnology), mouse monoclonal anti-8-hydroxy-2-deoxy-
guanosine (8-OHdG; Japan Institute for the Control of
Aging, Shizuoka, Japan), rabbit polyclonal anti-monocyte
chemoattractant protein-1 (MCP-1; Santa Cruz Biotechno-
logy), rabbit polyclonal anti-vascular cell adhesion molecule-
1 (VCAM-1; Santa Cruz Biotechnology), rabbit polyclonal
anti-CD68 (HyCult biotechnology, Uden, the Netherlands),
mouse monoclonal anti-smooth muscle a-actin (Lab Vision,
Richmond, CA, USA), mouse monoclonal anti-nuclear
factor-x B (NF-xB) p65 subunit antibody that recognizes
only the DNA-binding form of p65 (Chemicon, Temecula,
CA, USA), mouse monoclonal anti-endothelial nitric oxide
synthase (eNOS: Biomol Research Laboratories, PA, USA).

Characterization of p47phox-Secreting Cells

The number of CD68/p47phox double-positive cells was
counted in one section under a microscope (n=>5). The
number of smooth muscle a-actin/p47phox double-positive
cells and eNOS/p47phox double-positive cells was also
counted in the serial sections. To identify each cell, we per-
formed 4',6-diamino-2-phenylindole staining at the same
time. The ratio of each double-positive cell to the total
p47phox-positive cells was calculated.

RNA Isolation and RT-PCR

At 2 weeks, 1 month or 3 months after aneurysm induction,
rats were killed as described above. Total RNA from the
whole Willis ring was isolated using the RNeasy Fibrous
Tissue Mini kit (Qiagen, Hilden, Germany). Extraction was
performed according to the manufacturer’s instructions.
Total RNA was converted into ¢cDNA using Sensiscript Re-
verse Transcriptase (Qiagen). PCR was performed using
HotStar Taq polymerase (Qiagen). f-Actin was used as an
internal control. The primer sets used were: 5'-caaggt-
tatgttgtgggatge-3' and 5'-ttgectggttggtagagtge-3’ for NADPH
oxidase p47phox subunit; 5'-gcttctgtcgtctecttget-3" and 5'-gec
ttgtgtattgtccccata-3’ for SOD-1; 5'-cacgcatatacccgctacctt-3/
and 5'-gaaggcggtcttagectett-3’ for HO-1; 5'-ggctggacttctc
actctge-3’ and 5'-tcccgaaacgctacacttee-3' for inducible nitric
oxide synthase (iNOS); 5'-ctgataacctggatgcagtcgt-3’ and
5'-ccagccagtccgatttga-3’  for matrix  metalloproteinase-2
(MMP-2); 5'-aagtccctcacectcccaaaag-3’' and 5'-aagcaatgctgt
caccttcec-3' for S-actin. The procedure for PCR was: 95°C for
10min followed by 40 cycles of 95°C for 15s, 55°C for
15s and 72°C for 30s. PCR products were separated by
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electrophoresis in 2% agarose gels. Densitometric analysis
was performed on five independent experiments.

In Situ Imaging of Superoxide

Three months after aneurysm induction, rats (n=26) were
deeply anesthetized as described above. Immediately after
perfusion of physiological saline, the ACA/OA bifurcation
was stripped, embedded and frozen. Sections of 5um were
cut and mounted on silane-coated slides. Slides were
incubated in 20 umol/l dihydroethidium (Wako, Tokyo,
Japan) for 1h at 37°C in a moisture chamber. Differential
interference contrast images were obtained with a 580 nm
filter. The ACA/OA bifurcation from age-matched male
Sprague—Dawley rats served as a control.

Western Blotting

Whole cell lysate from rat Willis ring was extracted using
Complete Lysis-M (Roche, Indianapolis, IN, USA). Lysate
(15 ug) was used in each experiment. After electrophoresis,
transfer to a PDVF membrane (Hybond-P; Amersham,
Buckinghamshire, UK) and addition of ECL Plus blocking
agent (Amersham), the sample was incubated with primary
antibody (1:500, same as in immunohistochemistry) for 1 h
at room temperature followed by incubation with horse-
radish-peroxidase-conjugated  anti-rabbit IgG antibody
(GE Healthcare, Buckinghamshire, UK). The signal was
detected by chemiluminescent reagent (ECL Plus Western
Blotting Detection System; GE Healthcare). «-Tubulin served
as an internal control. Densitometric analysis included five
independent experiments.

Knockout Mice and Induction of Experimentally Induced
CAs in Mice

p47phox7/7 mice, whose genetic background was C57/B6,
were purchased from Jackson Laboratory (Bar Harbor, ME,
USA). When 7 weeks old, CAs were induced in them as
previously described.'® Briefly, the left common carotid ar-
tery was ligated under general anesthesia using fluothane.
After 1 week, the posterior branches of the bilateral renal
artery were ligated. Animals were fed the same food as in the
rat CA model. Blood pressure was measured by the tail-cuff
method as in rats.

Five months after aneurysm induction, mice were killed
and frozen sections were prepared as described above. This
time course and CA formation in a mouse model were de-
scribed in our previous report.”> After Elastica van Gieson
staining, aneurysm formation at the ACA/OA bifurcation was
assessed under a light microscope. Aneurysm size was
measured as described for the rats. Some mice were subjected
to immunohistochemistry. The detailed methods and anti-
bodies used were the same as previously described.

Free Radical Scavenger Treatment

For further evaluation of the effect of free radicals, we used
the free radical scavenger edaravone: 3-methyl-1-phenyl-2-
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pyrazolin-5-one (Mitsubishi Pharma Corporation, Osaka,
Japan). Edaravone, 100 mg/kg per day was orally adminis-
tered, starting just after aneurysm induction in rats. Control
rats were fed the same food without edaravone. The dose was
decided from previous preliminary studies in vivo and
in vitro for adequate inhibition of production of free radicals.
ICs of edaravone for inhibition of production of free radicals
was 6.7uM and, after oral administration of edaravone
100 mg/kg per day, the serum concentration of edaravone
was 63.1+34.8uM by HPLC (n=3). Three months after
aneurysm induction, rats were killed as described above.
Aneurysm formation was evaluated as already described.

Calculation of Macrophage Infiltration

Macrophages were defined as CD68-positive cells in im-
munohistochemistry. The number of infiltrating macro-
phages was calculated by counting the CD68-positive cells in
a 10000 um” around the dome of the ACA/OA aneurysms in
rats and in a 2500 um?® in mice.

Statistical Analysis

Data (meants.d.) were analyzed by the Mann-Whitney
U-test for a two-group comparison and Kruskal-Wallis
one-way ANOVA by ranks followed by the Tukey—Kramer
test for a multiple comparison. The incidence of aneurysmal
changes was analyzed by the use of Fisher’s exact test. Dif-
ferences were considered statistically significant at P<0.05.

RESULTS

Superoxide Production in CA Walls of Rats

Superoxide production assessed by dihydroethidium staining
dramatically increased in CA walls compared to control
arterial walls (Figure 1c and d) in rats. The oxidative product
of DNA induced by ROS, 8-OHdG, also increased in
aneurysmal walls in immunohistochemistry (Figure la and b).

Expression of ROS-Related Genes during Aneurysm
Progression in Rats

NADPH p47phox mRNA expression significantly increased
during CA progression (OM vs 0.5M: P=0.030, 0.5M vs 1M:
P<0.01, n=5) (Figure 2a and b) in RT-PCR. iNOS
expression and MMP-2 expression increased 2 weeks after
aneurysm induction and were maintained at a high level
during CA progression. HO-1 expression gradually increased
over 1 month after aneurysm induction but, after 3 months,
the expression decreased to its initial level. SOD-1 expression
significantly decreased during CA progression (Figure 2a).
Immunostaining of p47phox was absent in control arterial
walls but was increased 1 and 3 months after aneurysm
induction in aneurysmal walls (Figure 3d-f). In western
blots, p47phox expression was upregulated 3 months after
aneurysm induction (1 month vs 3 months: P<0.01, n=>5)
(Figure 3m and n) coinciding with the results of immuno-
histochemistry. Immunostaining showed SOD-1 abundantly
present mainly in the media of control arterial walls and it
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Figure 1 ROS production in aneurysmal walls in rats. (a—d) Immunostaining of 8-OHdG (a and b) and in situ detection of superoxide by dihydroethidium
(c and d) in rats 3 months after aneurysm induction (3M) (b and d) and in control rats (OM) (a and c). Bar =20 um.

gradually decreased during aneurysm progression (Figure
3g—i). Immunostaining of HO-1 was only weak in control
arterial walls but markedly increased 1 month after aneurysm
induction. Three months after aneurysm induction, expres-
sion of HO-1 was weaker than 1 month after aneurysm
induction (Figure 3j-1). The expression pattern of these
molecules was consistent with mRNA expression.

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 89 July 2009

Characterization of p47phox-Expressing Cells in
Aneurysmal Walls in Rats

The main p47phox-expressing cells in aneurysmal walls of
rats were macrophages and smooth muscle cells (endothelial
cell (EC): 9.747.1%, macrophage: 53.1+5.1%, smooth
muscle cell: 38.2+6.7%, EC vs macrophage: P<0.01, EC
ys smooth muscle cells, P<0.01, n=5). Almost all
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macrophages expressed the p47phox subunit (91.3 £ 8.1%,
n=>5) (Figure 4) in immunohistochemistry.

CA Formation in p47phox "/ and p47phox/~ Mice

In p47phox '~ mice, immunostaining of p47phox was absent
(Figure 5j). The size of the induced CAs was significantly
smaller in p47phox /= mice than p47phox™' ™ mice
(p47phox "/ *:  250%27.0um, n=14 p47phox '
7.0+ 11.8 um, n=10; P=0.044) (Figure 5a). After aneurysm
induction, systemic blood pressure significantly increased but
there was no difference between p47phox ™/ and p47phox '~
mice (OM: p47phox+/+ mice: 90.5+17.7mmHg, n=10;
p47phox '~ mice: 90.5%16.4mmHg, n=11; 5M:
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Figure 2 Expression of ROS-related genes in RT-PCR. (a) Representative
images of RT-PCR from five independent experiments. -Actin was used as
an internal control. (b) Densitometric analysis of NADPH oxidase p47phox
mMRNA (n=>5). Data were analyzed by Kruskal-Wallis one-way ANOVA by
ranks followed by the Tukey-Kramer test. **P<0.01. OM: before aneurysm
induction, 0.5M: 2 weeks after aneurysm induction, TM: 1 month after
aneurysm induction, 3M: 3 months after aneurysm induction.

p47phox+/+ mice: 133.2 + 12.0 mmHg, n=10; p47phox_/_
mice: 138.4 + 15.2 mmHg, n=11) (Figure 5b). A representa-
tive image of induced CAs in mice clearly demonstrated the
effect of p47phox deficiency on CA formation (Figure 5¢c and
d). Macrophage infiltration into aneurysmal walls was
significantly inhibited in p47phox '~ mice compared to
p47phox "'+ mice (p47phox /" mice: 3.7+ 1.5 cells per
50 um, n=14; p47phox7/7 mice: 1.8+ 1.3 cells per 50 um,
n=10; P<0.01) (Figure 5e). In p47phox7/7 mice, immuno-
staining of 8-OHdG was markedly reduced suggesting that
ROS production was inhibited (Figure 5g and k). Im-
munostaining of the DNA-binding form of NF-«kB p65
subunit and MCP-1 was apparently inhibited in p47phox '~
mice (Figure 5h, i, | and m).

Effect of Edaravone, a Free Radical Scavenger, on CA
Formation and Macrophage Infiltration into Aneurysmal
Walls in Rats

The size of induced CAs was significantly smaller in the
edaravone-treated group than in the control group 3 months
after aneurysm induction (control group: 71.2%24.5 um,
n=21; edaravone-treated group: 32.5%20.7 um, n=10;
P<0.01) (Figure 6a). Changes of IEL by scoring criteria,
described in Materials and methods, were also significantly
inhibited by edaravone treatment (control group: 1.47 £ 0.51,
n=21; edaravone-treated group: 1.2010.21, n=10;
P=10.043) (Figure 6b). The thickness of the media was sig-
nificantly greater in the edaravone-treated group than in the
control group (control group: 0.44 + 0.20, n =21; edaravone-
treated group: 0.75+0.19, n=10; P<0.01) (Figure 6c).
Systemic blood pressure was significantly elevated 3 months
after aneurysm induction both in control and edaravone-
treated groups but there was no significant difference
between the two groups (OM: 103.7 + 3.2 mmHg, n==6; 3M:
control group: 170.6+14.6mmHg, n=10; edaravone-
treated group: 163.6+16.7mmHg, n=11) (Figure 6d).
Representative images of induced CAs clearly demonstrated
the effect of edaravone on CA formation such as the
prevention of medial degeneration and IEL disruption
(Figure 6e and f).

Macrophage infiltration into aneurysmal walls was sig-
nificantly inhibited by edaravone treatment (control group:
5.0 % 2.6 cells per 10 000 um?, 1 = 21; edaravone-treated group:
3.4+ 1.5 cells per 10000 um?, n = 10; P=0.047) (Figure 6g—i).

>

Figure 3 Expression of p47phox, SOD-1 and HO-1 in aneurysmal walls by immunohistochemistry and western blotting. Differential interference contrast
images of the ACA-OA bifurcation in control rats (OM) (d, g and j), rats 1 month after aneurysm induction (1M) (e, h and k) and 3 months after aneurysm
induction (3M) (f, i and I). (a—c) Elastica van Gieson staining. (d—f) p47phox staining (FITC: green) of the serial section of a. (g-i) Superoxide dismutase-1,
SOD-1 ( FITC: green), staining of the serial section of b. (j-1) Heme oxygenase-1, HO-1 (FITC: green), staining of the serial section of c. Red color (Cy3) shows
the expression of smooth muscle «-actin. Bar =30 um. (m and n) Western blotting (m) and densitometric analysis (n) of NADPH oxidase p47phox subunit.
Representative images from five independent experiments are shown (n=5). Data were analyzed by Kruskal-Wallis one-way ANOVA by ranks followed by

the Tukey-Kramer test. **P<0.01.
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Figure 4 Characterization of p47phox-producing cells in aneurysmal walls. (a-c) Double staining of p47phox (FITC: green) and eNOS (Cy3: red) (a), p47phox
(FITC: green) and CD68 (Cy3: red) (b), p47phox (FITC: green) and smooth muscle a-actin, SMA (Cy3: red) (c). (d) The ratio of double-positive cells in the total
p47phox-positive cells (white bar) or in each cell type (black bar) (n=5). mean *s.d; EC, endothelial cell; SMC, smooth muscle cell. Bar =20 um.

Effect of Edaravone on ROS Production and DNA
Oxidation

Superoxide production by dihydroethidium staining was
markedly inhibited by edaravone treatment (Figure 7c¢
and d). The number of 8-OHdG-stained cells in aneurysmal
walls was significantly smaller in the edaravone-treated
group than in the control group (control group: 12.8 £ 3.6
cells per 10000 ,umz, n=1>5; edaravone-treated group:
6.3 +2.3 cells per 10000 um?>, n=>5; P=0.044) (Figure 7a, b
and e).

Effect of Edaravone on NF-«B p65, MCP-1, VCAM-1 and
MMP-2 Expression

Edaravone markedly inhibited the expression of the DNA-
binding form of the NF-xB p65 subunit, MCP-1, VCAM-1
and MMP-2 in aneurysmal walls as shown by im-
munohistochemistry (Figure 7f-o).

DISCUSSION
In the present study, we clarified that ROS and macrophage-
expressing ROS-producing enzyme NADPH oxidase p47phox
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is critical in CA formation. Furthermore, we suggest the
possibility of medical treatment for CAs using the free radical
scavenger edaravone.

Cerebral aneurysm has a high prevalence ranging from 1 to
5% in a large autopsy series.’ It can cause a catastrophic
subarachnoid hemorrhage, which is a severe form of stroke,
with a 30-day mortality rate of 45% and mild-to-severe
morbidity rate of 30%."* Currently, treatment options for
unruptured CAs are observation, microneurosurgical clip-
ping and endovascular coil embolization. Many patients with
small CAs, poor general condition or who have been refused
surgical procedures are followed up with sequential
radiological evaluation but with no options for medical
treatment at present. We have only a restricted knowledge of
the mechanisms of CA formation and progression, which is
the main reason for the current treatment situation. To de-
velop effective medical treatment, we used previously estab-
lished CA models of rats* and mice,'* and clarified some of
the important mechanisms of CA formation and progression.
CA is a chronic inflammatory disease in arterial walls trig-
gered by excessive hemodynamic stress. We determined
NF-xB as a critical mediator of CA formation by inducing
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Figure 5 Aneurysm formation in p47phox knockout mice. (a) Size of induced aneurysms. Data were analyzed by the Mann-Whitney U-test. (b) Blood
pressure of each mouse. Data were analyzed by the Kruskal-Wallis one-way ANOVA by ranks followed by the Tukey-Kramer test. **P<0.01. OM: before
aneurysm induction; 5M: 5 months after aneurysm induction. (c and d) Representative image of induced CAs in p47phox*’* (c) and p47phox ™~ mice (d).
Bar =20 um. (e) Macrophage infiltration in aneurysmal walls. Data were analyzed by the Mann-Whitney U-test. **P<0.01. (f~-m) Immunostaining of the
p47phox subunit (f and j), 8-OHdG (g and k), DNA-binding form of the NF-kB p65 subunit (h and 1) and MCP-1 (i and m) in p47phox+/+ (f-i) and
p47phox™/~ mice (j-m). Bar =20 um.
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Figure 6 The effect of edaravone on CA formation in rats. (a—c) Aneurysm size: (a), changes of internal elastic lamina (b) and thickness of media (c) 3
months after aneurysm induction. Data were analyzed by the Mann-Whitney U-test. (d) Blood pressure of each rat. Data were analyzed by Kruskal-Wallis
one-way ANOVA by ranks followed by the Tukey-Kramer test. **P<0.01. OM, before aneurysm induction; 3M: 3 months after aneurysm induction. (e-i)
Macrophage infiltration into aneurysmal walls without (g) or with (h) edaravone treatment. (e and f) Elastica van Gieson staining serial sections of g (e) and
h (f). Bar =30 um. (i) Number of macrophages infiltrated into aneurysmal walls. Data were analyzed by the Mann-Whitney U-test.
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Figure 7 Effect of edaravone on superoxide production and inflammation-related molecule expression in the aneurysmal wall. (a-d) Immunostaining of 8-
OHJG (a and b) and in situ detection of superoxide by dihydroethidium (c and d), without (a and ¢) or with (b and d) edaravone treatment, 3 months after
aneurysm induction. Bar =30 um. (e) Number of 8-OHdG-positive cells. Data were analyzed by the Mann-Whitney U-test. (f~0) Immunostaining of the DNA-
binding form of the NF-«xB p65 subunit (p65) (g and 1), MCP-1 (h and m), VCAM-1 (i and n) and MMP-2 (j and o) without (g-j) or with edaravone treatment
(I-0) 3 months after aneurysm induction. (f and k) Elastica van Gieson staining (EvG) of serial sections of g (f) and I (k). Bar =30 um.

macrophage infiltration and chronic inflammation in
arterial walls.® Inflammation-related genes upregulated
in aneurysmal walls are iNOS,'* MMP®> MCP-1 and
VCAM-1 (unpublished data).

Reactive oxygen species is a major and critical mediator of
the inflammatory cascade.'®'” It is produced through enzy-
matic reactions mainly by NADPH oxidase, HO-1 and
iNOS.'®' ROS production is diminished by antioxidants
such as SOD-1. We previously clarified that iNOS was up-
regulated in aneurysmal walls and was important in CA
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formation,'*'” using experimentally induced CA models in

rats'' and mice'’ that had similar pathological features
to human CAs.?’ However, the function of ROS on CA
formation remains to be elucidated. In abdominal or thoracic
aortic aneurysms, ROS is abundantly produced by NADPH
oxidase or iNOS and is critical on aneurysm formation by
inducing inflammation in arterial walls, upregulating tissue-
destructive enzymes such as MMPs, and inducing apoptosis
of smooth muscle cells of the media.'™* In the present
study, we have confirmed the excessive production of ROS in
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aneurysmal walls by dihydroethidium staining or evaluation
of oxidative DNA products (Figure 1). In CAs of rats, ROS-
producing enzymes, NADPH p47phox, iNOS and HO-1,
were upregulated in the arterial walls accompanied by
decreased expression of the ROS-eliminating gene, SOD-1,
resulting in the overproduction of ROS in the CA walls
(Figures 2 and 3). Macrophages are major inflammatory cells
in CA walls. Macrophages infiltrate the arterial walls through
transcriptional upregulation of MCP-1 and VCAM-1
expression by NF-xB activation and are important in CA
progression by increasing expression of tissue-destructive
MMPs or iNOS.® Macrophages also have a close relationship
with ROS production. NAPDH oxidase has several sub-
units.>1%3° Among these, p47phox, which is known as neu-
trophil cytosol factor-1, is a subunit mainly expressed in
neutrophils and macrophages.”'**"** Deletion of p47phox
attenuated abdominal aortic aneurysms in mice.*® The
p47phox subunit of NADPH oxidase was mainly expressed in
macrophages infiltrating CA walls and was upregulated
during CA formation and progression (Figures 2—-4). By
deletion of p47phox, CA formation was markedly reduced
without influencing systemic blood pressure, suggesting the
importance of p47phox subunit-producing ROS in CA for-
mation (Figure 5). Interestingly, by deletion of p47phox,
macrophage infiltration by MCP-1 upregulated by NF-xB
activation, was also inhibited suggesting that macrophage-
producing ROS further accumulated macrophages in CA
walls. ROS is also produced by other enzymes in aneurysmal
walls. To further assess the involvement of ROS in CA for-
mation, we used the free radical scavenger edaravone in the
present study. Edaravone is a widely used free radical sca-
venger in patients with acute cerebral infarction.”** Edar-
avone has some other potential uses in protecting against
various vascular diseases including arteriosclerosis.’>>® Oral
intake of edaravone 100 mg/kg per day effectively inhibited
ROS production and DNA oxidation in CA walls of our rat
model (Figure 7a—e). With edaravone, enlargement and
medial degradation of CAs were remarkably inhibited with-
out influencing systemic blood pressure (Figure 6a—d).
Furthermore, rate of rat with no apparent degeneration in
media was significantly lower in edaravone-treated group
suggesting the possibility of preventive effect of edaravone
against rupture (control group: 2 among 21 rats; edaravone-
treated group: 7 among 10 rats; P<0.01). Edaravone,
through ROS elimination, effectively inhibited the NF-xB
activation resulting in decreased expression of MCP-1,
VCAM-1 and MMP-2 (Figure 7). Macrophage infiltration
was significantly prevented by inhibition of MCP-1 and
VCAM-1 (Figure 6e—1i).

Reactive oxygen species is a major mediator of in-
flammation. It is excessively produced through upregulation
of NADPH oxidase p47phox in macrophages, iNOS and HO-
1 in aneurysmal walls accompanied by decreased expression
of ROS-eliminating genes. ROS is critical in CA formation
through inflammatory reactions started by NF-xB activation
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in the aneurysmal walls. Edaravone is one of the leading
candidates for treatment of CAs in humans by elimination of
ROS in aneurysmal walls.

For clinical application, CA must be regressed by medical
treatment because CA is always found as a preexisting form.
Because in rat or mouse model of CA, induced aneurysm is
so small, today, we cannot assess the effect of Edaravone
against preexisting CAs in vivo. This point is so important
that it needs to be examined in future.

In the present study, we clarified the critical function of
ROS in CA formation. The results of the present study
provide a new insight into mechanisms of CA formation.
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