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ABSTRACT 

Background: Recently, it has become apparent 
that reactive oxygen species (ROS) play a criti- 
cal role in the initiation of atherosclerosis. In 
this study, the effect of radical scavenger edara- 
vone to the leukocyte rolling and to the expres- 
sion of adhesion molecules on microvascular 
endothelium was investigated. Methods: DSS 
induced rat colitis model was used as an inflam- 
mation model. Edaravone (10.5 mg/kg, Mitsubi- 
shi Tanabe Pharma Corporation, Japan) was us- 
ed to examine the action of ROS. Images of leu- 
kocyte rolling in mesenteric microvessels were 
investigated in a fluorescence bio-imaging mo- 
del. Each cross section from the target blood 
vessel (aotic root, aorta, superior mesenteric 
artery) were examined by immune-peroxidase 
staining with anti-P-selectin, E-selectin, ICAM-1 
antibody using the streptavidin/biotinylated hor- 
seradish peroxidase method. Results: 1) Leu-
kocyte rolling in mesenteric microvessels was 
significantly increased in colitis. The number of 
rolling leukocyte was significantly decreased in 
edaravone group than placebo group (501.3 ± 
39.2 vs 252.2 ± 37.2 count/100 µm/10 min). 2) The 
expression of P-selectin in endothelial cell was 
significantly increased in colitis. However, this 
expression was decreased in edaravone group. 
3) The expression of E-selectin was not induc- 
ed to intact aortic root and aorta. In the superior 
mesenteric artery, the expression was induced 
by inflammation, and it was attenuated by eda- 
ravone. 4) There was little expression of ICAM-1 
in both intact aortic root and aortas. While, in the 
superior mesenteric artery, the expression was 
confirmed only in placebo group in colitis, and it 
was attenuated in edaravone group. Conclu- 
sions: It was suggested that administration of 
edaravone led to improving a haemostasis of 
microcirculation based on down-regulation of 

adhesion molecules. These results support the 
evidence that ROS plays a critical role in micro- 
vascular dysfunction. 
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1. INTRODUCTION 

Various risk factors concerning the life style related 
diseases generate reactive oxygen species (ROS). The li- 
poperoxide production [1,2] and cell damage [3] induced 
by ROS leads to the formation of arteriosclerotic lesion 
and microcircular damages. The majority of ROS gener- 
ated in vivo is extinguished by antioxidant and anti-oxi- 
dative enzyme. However, ROS excessively generated 
oxidizes critical biogenic substances such as DNA, lipid, 
enzyme and protein [4]. Especially, a lot of reports show 
that the oxidative damage of such a biogenic substance 
leads to the crises and development of atherosclerosis [5- 
7]. Oxidized LDL in the oxidized biogenic substances is 
believed to increase especially by enhancement of oxida- 
tive stress. 

Oxidized LDL contributes to the crises and develop- 
ment of human coronary artery plaque along with the 
disturbance of vascular endothelial cell and the accumu- 
lation of inflammatory cell. In addition, the possibility 
that this oxidized LDL contributes to the plaque destabi- 
lizing is pointed out [8,9]. This oxidized LDL is unre- 
strictedly ingested through the scavenger receptor, and 
leukocyte, especially monocyte and macrophage be- 
comes foam cells. This is an essence of the arterioscle- 
rotic lesion, and the leukocyte initiates the rolling phe- 
nomenon to infiltrate into the subendothelial. Leukocyte 
tissue invasion is admitted in the formation of basic arte- 
riosclerotic lesion [10,11]. Therefore, the leukocyte roll- 
ing phenomenon and the leukocyte adhesion are admitted 
in leukocyte tissue invasion. The cell adhesion molecule- 
sare related to this rolling phenomenon and adhesion. 
However, in vivo, the interaction between these phe- 
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nomena and ROS are not well understood. 3-Methyl-1- 
1-phenyl-2-pyrazolin-5-one (edaravone), a free-radical 
scavenger, has been used clinically in Japan for the 
treatment of cerebral infarction since 2001, and it has 
been reported to improve clinical outcomes in patients 
with ischemic stroke [12-14]. The oxidative stress that 
occurs after an ischemic stroke produces reactive oxygen 
species (ROS) like hydrogen peroxide (H2O2), hydroxyl 
radical ( ) and superoxide anion radical ( 2HO O  ) that 
bring about membrane lipid peroxidation and vascular 
endothelial cell injury [15,16]. Edaravone traps a variety 
of freeradical species including hydroxyl radicals, and is 
a low molecular weight lipophilic free radical scavenger. 
The primary focus of edaravone research has revolved 
around its potential to scavenge hydroxyl, peroxyl and 
superoxide radicals that mediate neuronal and vascular 
damage. Experimental studies have revealed that edara- 
vone decreases oxidative stress [17], and its neuroprotec- 
tive effects are indisputable [18,19]. 

The present study aimed to examine the influence of 
edaravone on leukocyte rolling and adhesion molecules 
expression in vivo. 

2. MATERIAL AND METHODS 

2.1. Experimental Animals 

Male Wistar-ST rats weighing 250 to 330 g were ob- 
tained from Japan SLC, Inc. (Hamamatsu, Japan). All 
animals were maintained in air-conditioned rooms (tem- 
perature: 22.5˚C ± 0.5˚C; humidity: 50% ± 5%) with a 
12-h light-dark cycle. Animals had free access to food 
and drinking water. All procedures were conducted in 
compliance with the Guiding Principles for the Care and 
Use of Animals in the Field of Physiological Science of 
the Physiological Society of Japan. 

2.2. Free-Radical Scavenger 

Edaravone (MCI-186; [3-Methyl-1-1-phenyl-2-pyra- 
zolin-5-one), a free-radical scavenger, was kindly do- 
nated by Mitsubishi Pharma Corporation (Tokyo, Japan). 
Edaravone was administered to rats by infusion into the 
femoral vein with an infusion pump over a period of 60 
min (10.5 mg·kg–1·h–1). 

2.3. DSS-Induced Rat Colitis Model 

Three-percent DSS (dextran sulfate sodium salt; Naca- 
lai Tesque, Inc. Japan) in water was orally administered 
to rats for 5 days after pre-feeding to induce colitis [20]. 
Oral administration of DSS solution to rodents is widely 
employed as a model of human ulcerative colitis because 
it causes acute inflammatory reactions and ulceration 
along the entire colon that are similar to those observed 
in human colitis [21,22]. This DSS-induced colitis model 

was used to this study as an inflammatory model. 

2.4. Intravital Imaging of Leukocyte Rolling  
in the Mesenteric Microcirculation 

Rats were anesthetized by intramuscular injection with 
pentobarbital (65 mg/kg) and then used in a bio-imag- 
ing model. The bio-imaging system consisted of a bio- 
logical microscope (Olympus BX51), a confocal scanner 
unit (CSU-X1; Yokokawa Electric Corporation, Japan), 
EMCCD camera (Electron multiplying CCD camera 
YHQ-CascadeII512B; Nippon Roper, Japan), a DPSS 
(Diode-pumped solid-state ) laser combiner system (Yo- 
kokawa Electric Corporation, Japan), and a shutter con- 
troller (Yokokawa Electric Corporation). Images were 
acquired along the z-axis by connecting objects of micro- 
scope with a piezo system (Nippon Roper).  

The femoral artery and vein were cannulated with a 
polyethylene catheter. The abdomen was opened via a 
midline incision, and the ileocecal portion of the mesen- 
tery was exposed. The mesentery was continuously per- 
fused at 2.0 mL/minwith Krebs-Henseleit buffer satu- 
rated with 95% N2/5% CO2 at 2.0 mL/min at 37˚C. 
Blood flow was assessed by measuring red cell velocity 
by a fiber-optic laser-Doppler anemometer microscope 
(FLDAM) [23]. Edaravone (10.5 mg/kg/4 mL, edaravone 
group) or saline (placebo group) was administered to rats 
through the femoral vein over a period of 60 min by us- 
ing an infusion pump. 

In the exposed mesenteric microvessels, the target mi- 
crovessels, which have in 30 - 35 μm diameter and 5.0 ± 
0.2mm/sec blood flow velocity, were selected for deter- 
mination of leukocyte rolling. CFSE (1 mg/ml, 300 μl) 
(5- or 6-(N-Succinimidyloxycarbonyl)-fluorescein 3’,6’- 
diacetate, Dojindo Molecular Technologies, Inc. Japan) 
was administered from the right femoral veinover a pe- 
riod of 1 min at 30 min after the start of edaravone infu- 
sion. CFSE is cell-membrane permeable and readily ac- 
cumulates inside viable leukocytes where it covalently at- 
taches to intracellular proteins. Hydrolyzed CFSE emits 
fluorescence and covalently attached fluorescein mole- 
cules are kept in the inside of cells. Hydrolyzed CFSE 
emits fluorescence and covalently attached fluorescein 
molecules are kept in the inside of cells. Subsequently, 
the CFSE was excited at a wavelength of 480 nm, and 
images were collected through a 535/40-nm band-pass 
emission filter for 10 minutes. 

The number of rolling luekocytes was derived from 
the fluorescence of CSFE-stained luekocytes. Confocal 
images were captured for ten minutes by the rate of 60 
frames per second. The number of rolling luekocytes was 
counted with image analysis software (Image-Pro, Nip- 
pon Roper, Media Cybernetics) by the following ratio, 
counts/100 μm length/10 minutes. 
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2.5. Immunochemistry 

Immediately after administering of edaravone, anes- 
thetizedrats hearts were exposed by dissection and a 
wing-shaped needle was inserted into the left ventricle. 
The blood vessels were then washed thoroughly with 
buffer (10 mM PBS, pH 7.4) by infusion in situ for ap- 
proximately 3 min. The target blood vessel areas in each 
group (aortic root, aorta, superior mesenteric artery) 
(Figure 1) were excised, fixed with 4% paraformalde- 
hyde phosphate buffer solution (Wako Pure Chemical 
Industries Ltd., Japan), soaked in Optimal Cutting Tem- 
perature compound (Tissue-Tek and Sakura), and frozen 
with dry ice and acetone. Six micrometer-thick frozen 
sections were cut with a cryostat, placed on poly-L-ly- 
sine-coated microscope slides (Muto Pure Chemicals, 
Co., Ltd., Japan), wrapped in aluminum foil, and stored 
at –80˚C. Sections were examined by immunoperoxidase 
staining with anti-P-selectine antibody, anti-E-selectine, 
anti-ICAM-1, anti-VCAM-1 (Lab Vision Corporation) us- 
ing the streptavidin-biotinylated horseradish peroxidase 
method (LSAB2 kit; Dako, Japan) [24]. 

2.6. Statistical Analysis 

Results were expressed as mean ± SEM. Normal dis- 
tribution was examined, and all data showed the normal 
distribution. Comparisons among groups were made by 
using 1-way factorial ANOVA, followed by the Fisher 
PLSD test, Dunnett’s multiple comparison post-test. Dif- 
ferences between means were considered significant at p 
< 0.05. 
 

 

Figure 1. Area for immunohistochemical staining ① 
Aortic root; ② Aorta; ③ Superior mesenteric artery. 

3. RESULTS 

3.1. Imaging of Leukocyte Rolling in DSS  
Induced Colitis Model 

Typical images that compared the influences of eda- 
ravone on the leukocyte rolling was shown in Figure 2. 
Image (a) was obtained in placebo group. Image (b) was 
obtained in edaravone group. The number of rolling leu- 
kocyte in edaravone group decreased significantly com- 
pared with placebo group. 

3.2. The Influence of Edaravone on the  
Leukocyte Rolling in DSS Induced  
Colitis Model 

The results that compared the influences of edaravone 
on the leukocyte rolling was shown in Figure 3. The 
number of leukocyte rolling in edaravone group de- 
creased significantly compared with placebo group. The 
number of leukocyte rolling per 100 um vessel length for 
10 minutes was 501.3 ± 39.2 in placebo group, 252.2 ± 
37.2 in edaravone group respectively (Figure 3). 

3.3. The Expression of P-Selectine on the  
Endothelial Cell 

The expression of P-selectine in the vascular endothe-  
 

 

Figure 2. Imaging of leukocyte rolling with CFSE in 
colitis model (a) Placebo group; (b) Edaravone group 
(10.5 mg/kg/hr); The diameter of vessel: 30 μm (mes- 
enteric artery). 

 

 

Figure 3. Comparison of rolling leukocytes in 
colitis model □: Placebo group; ■: Edara- 
vone group (10.5 mg/kg/hr); n = 8, **: p < 0.01. 
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lium in each group was examined by immunohistochem- 
istry of cross-sections. Surface P-selectine was constant- 
ly observed regardless of inflammatory or non-inflam- 
matory in placebo group, but not in edaravone group. 
Typical result in aortic root was shown in Figure 4 and, 
the same results were obtained at other area (aorta, supe- 
rior mesenteric artery) (data not shown). 

3.4. The Expression of E-Selectine on the  
Endothelial Cell 

The expression of E-selectine in the vascular endothe- 
lium in each group was examined by immunohistochem- 
istry of cross-sections. Surface E-selectine was not ad- 
mitted in non-inflammatory model. While, in inflamma- 
tory model the expression of E-selectine was admitted in 
placebo group, but not in edaravone group. Typical result 
in aortic root was shown in Figure 5 and, the same re- 
sults were obtained at other area (aorta, superior mesen- 
teric artery) (data not shown). 

3.5. The Expression of ICAM-1 on the  
Endothelial Cell 

The expression of ICAM-1 in the vascular endothe- 
lium in each group was examined by immunohistochem- 
istry of cross-sections. In aortic root and aorta, ICAM-1 
expression in both groups was not admitted regardless of 
inflammation (data not shown). Similarly, in superior 
mesenteric artery, the expression of ICAM-1 was not 
admitted in non-inflammatory model (Figures 6(a) and 
(b)). However, the expression was admitted in placebo 
group of inflammatory model (Figure 6(c)). On the other 
hand, the expression was not admitted in edaravone 
group (Figure 6(d)). 
 

 

Figure 4. Immunohistologic findings in each group. (a) P-se- 
lectine staining in placebo group, (b) P-selectine staining in 
edaravone group (10.5 mg/kg/hr), (c) P-selectine staining in 
DSS group, (d) P-selectine staining in DSS + edaravone group 
(10.5 mg/kg/hr); (a) (b): non-inflammatory model, (c) (d): in- 
flammatory model, Magnification: ×20, ×200. 

 

Figure 5. Immunohistologic findings in each group. (a) E- 
selectine staining in placebo group, (b) E-selectine staining in 
edaravone group (10.5 mg/kg/hr), (c) E-selectine staining in 
DSS group, (d) E-selectine staining in DSS + edaravone group 
(10.5 mg/kg/hr); (a) (b): non-inflammatory model, (c) (d): in- 
flammatory model, Magnification: ×20, ×200. 
 

 

Figure 6. Immunohistologic findings in each group. (a) ICAM- 
1 staining in placebo group, (b) ICAM-1staining in edaravone 
group (10.5 mg/kg/hr), (c) ICAM-1 staining in DSS group, (d) 
ICAM-1stainingin DSS + edaravone group (10.5 mg/kg/hr); (a) 
(b): non-inflammatory model, (c) (d): inflammatory model, 
Magnification: ×20, ×200. 

4. DISCUSSION 

In the process to arteriosclerotic plaque formation, 
ROS and leukocytic dynamics are very critical. The pre- 
sent study examined the interaction of ROS and the leu- 
kokinetics from leukocyte rolling and the adhesion mole- 
cule expression with a radical scavenger. Especially, a lot 
of reports show that the oxidative damage of such a bio- 
genic substance leads to the crises and development of 
atherosclerosis [7,25,26]. The leukocyte is one of the 
main ROS production sources in the site of inflammation. 
Some reports indicate that in vitro, the radical has work- 
ing that improves the cell adhesion through inducing the 
expression of endothelial adhesion molecules (selectin 
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and ICAM-1) [27], and an increasing of non-specific cell 
adhesion due to the damage of glycocalyx (glycocalyx) 
on the cell-surface [28] The present study examined the 
influence of edaravone on the leukocyte rolling and ad- 
hesion molecule expression that is the early response of 
leukocyte tissue-infiltrating by using in vivo model. The 
determination of the leukocyte rolling applied the bio- 
technology imaging model. The leukocyte was labeled 
by using CFSE as a fluorescent probe. CFSE, as a fluo- 
rescent probe, remains in the intracellular for a long time. 
The number of rolling leukocyte was based on the men- 
suration against a constant length of microvessel by real 
time confocal imaging in vivo. 

The inflammatory condition based on increasing ROS 
production by accumulating leukocyte led to increasing 
the number of rolling leukocyte. The rolling leukocyte in 
inflammation model was significantly increased com- 
pared with non-inflammation model, and an increase in 
this leukocyte rolling was inhibited significantly by eda- 
ravone. So, the expression of selectin that play a key role 
for leukocyte rolling was examined. The cytokine stimu- 
lation by inflammation upregulated the expression of 
P-selectine. And this result supported the report that 
soluble P-selectin levels are critical as a risk factor for 
future vascular events [29]. P-selectin expression admit- 
ted at intact living endothelial cell, is an one evidence 
that P-selectin is necessary for microcirculatory homeo- 
stasis. On the other hand, this expression was signifi- 
cantly inhibited by edaravone. This result coincided with 
the imaging result that edaravone decreased rolling leu- 
kocytes in the bio-imaging model. The present study is 
primal report that experimentally showed that edaravone 
inhibits the P-selectin expression. These results suggest 
that ROS induces up-regulation of P-selectin expression. 
On the other hand, in non-inflammation model, the ex- 
pression of E-selectin was hardly admitted in both groups 
at aortic root and aorta. The expression of E-selectin, 
unlike P-selectin, was not admitted in an intact endothe- 
lial cell. However, in inflammatory model, the expres- 
sion of E-selectin was admitted in placebo group, and it 
suggested that up-regulation of E-selectin was induced 
by inflammation. These results are in agreement with the 
report that each mRNA of E-selectin express at the same 
time in the TNF-α induced inflammation model [30]. 
This expression was inhibited inedaravone group. It in-
dicates that ROS has enhanced the expression of E-se-
lectin as well as P-selectin. However, there is a report 
that TNF-α induced leukocyte rolling was not inhibited 
by E-selectin monoclonal antibody [30]. Therefore, a 
constant consensus is not yet obtained about the role of 
E-selectin in the leukocyte rolling. A further examination 
is necessary. These results suggest that the expression of 
these adhesion molecules is an enhancement mechanism 
of the leukocyte rolling by ROS. The leukocyte rolling 

phenomenon led to adhesion and infiltration [31]. In bio- 
imaging model, a lot of leukocytes that adhered to the 
endothelial cell were admitted besides the rolling leuko- 
cyte. Then, the expression of ICAM-1 was examined as 
adhesion protein. The ICAM-1 manifestation is admitted 
by the vascular endothelial cell and the respiratory tract 
mucosa epithelial cell [32]. The ICAM-1 expression is 
usually little. However, the expression of ICAM-1 is en- 
hanced by IL-1 and TNF-α derived from macrophage 
and mast cell at inflammation [33,34]. 

In this condition, both groups did not admit the ICAM- 
1 expression in both aortic root and aorta areas regardless 
of the inflammation or non-inflammation. On the other 
hand, the ICAM-1 expression was admitted in superior 
mesenteric artery. We speculated about the following 
possibilities as a one causative factor. The inflammation 
model used for the experiment is DSS induced colitis 
model. Therefore, the expression might have been ad- 
mitted in regional blood vessel near from mesentery in- 
cluding inflammatory colon. This ICAM-1 expression 
was inhibited by edaravone. This suggests the possibility 
that the radical increases the expression of ICAM-1. A 
further examination is necessary for it whether the radi- 
cal increases the expression of ICAM-1. However, it was 
speculated that the radical indirectly increased the 
ICAM-1 expression by inflammatory cytokine derived 
from endothelial cell injury [35] and accumulating leu- 
kocytes. 

The present study showed that edaravone inhibited the 
expression induction of the adhesion factor by ROS. In 
addition, these results provide evidence for the inhibitory 
effect of edaravone against the risk factor of atheroscle- 
rotic development. 
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