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Neuroprotective Effect of Urinary Trypsin Inhibitor
against Focal Cerebral Ischemia–Reperfusion Injury
in Rats
Toshiyuki Yano, M.D., Ph.D.,* Sakiko Anraku, M.D.,† Ryosuke Nakayama, M.D.,‡ Kazuo Ushijima, M.D., Ph.D.§

Background: Acute inflammatory reactions cause neuronal
damage in cerebral ischemia–reperfusion. Urinary trypsin in-
hibitor (UTI), a serine protease inhibitor, is cytoprotective
against ischemia–reperfusion injury in the liver, intestine, kid-
ney, heart, and lung through its antiinflammatory activity. Neu-
roprotective action of UTI on transient global cerebral ischemia
has been documented. This is the first study to determine
whether UTI is neuroprotective against transient focal cerebral
ischemia.

Methods: Adult male Wistar rats were randomly assigned to
the following treatment groups: 0.9% saline (control, n � 9);
100,000 U/kg UTI (n � 9); and 300,000 U/kg UTI (n � 9). Treat-
ments were performed intravenously 10 min before right mid-
dle cerebral artery occlusion for 2 h and subsequent reperfu-
sion. Ninety-six hours after the onset of reperfusion, the motor
neurologic deficit and the cerebral infarct size were evaluated.
Furthermore, immunohistochemical staining for myeloperoxi-
dase and nitrotyrosine to count infiltrating neutrophils and
nitrated cells, respectively, was performed on the brain
sections.

Results: Infarct volume in the 300,000 U/kg UTI group was
smaller than in the 100,000 U/kg UTI and saline control groups
(P < 0.05). Treatment with 300,000 U/kg UTI showed a trend to
improve neurologic outcome but did not reach statistical signif-
icance (P � 0.0693). The significant decrease in neutrophil
infiltration was observed in the ischemic hemisphere treated
with 300,000 U/kg UTI compared with saline control (P < 0.05).
Nitrotyrosine deposition in the ischemic hemisphere was sig-
nificantly reduced in the 300,000 U/kg UTI group compared
with saline control and 100,000 U/kg UTI groups (P < 0.05).

Conclusions: Intravenous pretreatment with 300,000 U/kg
UTI reduces focal ischemia–reperfusion injury in the rat brain,
potentially opening a novel therapeutic avenue for the treat-
ment of cerebral ischemia.

STROKE is one of the major complications in the peri-
operative period of neurosurgery and cardiovascular sur-
gery. Although restoration of cerebral blood flow in the
ischemic territory has been feasible by thrombolytic
agents such as the tissue plasminogen activator, the
likelihood of reperfusion injury represented by brain
edema and hemorrhage especially increases beyond an
optimal therapeutic window (within 3 h of symptom
onset) of the thrombolytic treatment.1,2 Prophylactic

pharmacological interventions for neuroprotection
against cerebral ischemia–reperfusion injuries could
bring about significant benefits in patients undergoing
those surgeries and the following intensive care. How-
ever, efficacious and safe neuroprotective agents have
not yet been established.

Ample accumulating evidence suggests that an acute in-
flammatory response associated with cerebral ischemia–
reperfusion contributes to the development of brain dam-
age.3 Because the inflammatory response takes place
immediately and lasts for at least a few days after ischemic
brain injury,4 these responses would be a promising target
for antiinflammatory approaches to neuroprotection. Uri-
nary trypsin inhibitor (UTI; ulinastatin), a serine protease
inhibitor derived from human urine, has an antiinflamma-
tory activity to suppress the infiltration of neutrophils and
the release of elastase and chemical mediators from neu-
trophils.5–10 Recent studies have shown that UTI may be
cytoprotective against ischemia–reperfusion injury in the
liver, intestine, kidney, heart, and lung.5,11–14 Neuroprotec-
tive action of UTI on global ischemia–reperfusion in the
brain has been documented.15 However, the effects of UTI
on focal cerebral ischemia–reperfusion injury remain to be
elucidated. The purpose of this study was to identify
whether pretreatment with UTI reduces cerebral injury
due to transient middle cerebral artery occlusion (MCAO).

Materials and Methods

Subjects, Preparation, and Laser Doppler
Flowmetry
We performed all animal care procedures in this study

according to the Guidelines for Animal Experiments of
the Kumamoto University School of Medicine (Kuma-
moto, Japan). The Animal Care and Use Committee for
our institute approved the study protocol. We used adult
male Wistar rats weighing between 250 and 330 g. The
animals were given free access to food and water. At the
time of the experiment, the animal was anesthetized
with 5% isoflurane in a mixture of nitrous oxide and
oxygen (fraction of inspired oxygen [FIO2], 0.33) in a
box, and anesthesia was maintained at 1.5% isoflurane in
the same gas mixture using a face mask. The pericranial
temperature was continuously monitored between the
right temporal muscle and temporal bone with a tissue-
implantable thermocouple microprobe (IT-14; Physi-
temp Instruments Inc., Clifton, NJ) and maintained at
37.5 � 0.5°C during the surgery, brain ischemia, and
recovery from anesthesia with the use of a temperature
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controller (TCAT-1A; Physitemp Instruments Inc.) and a
radiant heating lamp. The tail artery was cannulated for
monitoring of arterial pressure and analysis of arterial
blood gases, glucose, and hematocrit. The animal was
placed on a stereotaxic instrument (Model 900; David
Kopf, Tujunga, CA) in the prone position, and a burr
hole (diameter, 2 mm) was drilled in the right cranium at
2 mm posterior and 6 mm lateral to the bregma over the
middle cerebral artery (MCA) territory. An acrylic guide
cannula (OD, 2 mm; ID, 1 mm; length, 6 mm; NS Sheath;
Advance Co. Ltd., Tokyo, Japan) was placed perpendic-
ularly on the surface of the intact dura and fixed to the
cranium using acrylic cement. One end of the guide
cannula has a transparent septum, which directly comes
in contact with the dura. The guide cannula was filled
with distilled water, and a laser Doppler flowmetry
probe (diameter, 1 mm; NSS; Advance Co. Ltd.) con-
nected to a laser Doppler flowmeter (ALF 2100; Advance
Co. Ltd.) was inserted until the tip reached the septum of
the cannula to allow for continuous measurement of the
regional cerebral blood flow (rCBF). The steady state
baseline rCBF value was measured before ischemia and
was defined to be 100%. The rCBF values are expressed
as a percentage of the baseline value (%rCBF).

Middle Cerebral Artery Occlusion
The right MCA was occluded for 2 h using our modi-

fication of an intraluminal filament method as previously
described by Yamada et al.16 In brief, the right common
carotid artery (CCA) was exposed through a midline
neck incision, and the right external carotid artery (ECA)
was ligated and cut at a site 3 mm distal to the bifurca-
tion of the CCA. After the extracranial branch of the ECA
was coagulated and cut, a microvascular clip was placed
across the CCA. A silicon-coated 4-0 nylon monofilament
suture was then inserted via a small incision in the ECA
and advanced into the internal carotid artery until resis-
tance was felt, so that the leading tip of the filament
occluded the origin of the right MCA. The microvascular
clip was removed, and the incision was closed. Achieve-
ment of MCAO was confirmed by both a reduction of
50% or more in rCBF to the baseline value17 and a
counterclockwise circling movement due to paresis of
the left limbs 20 min after the emergence of anesthesia.
After 120 min of MCA occlusion, the rats were reanes-
thetized, and the wound was reopened. Reperfusion of
the MCA was initiated by removing the MCA occlusive
filament and was ascertained by restoration of rCBF. The
incision was closed, and the tail arterial catheter and
laser Doppler flowmetry probe were removed. The peri-
cranial temperature was kept at 37.5 � 0.5°C until the
rats recovered from anesthesia completely. The temper-
ature probe was removed, and the rats were then re-
turned to cages in a 25°C-controlled environment. Free
access to food and water was allowed until the rats were
sacrificed.

Experimental Design
Twenty-seven rats were randomly allocated to one of

three groups to be treated with 0.9% saline (control, n �
9), 100,000 U/kg UTI (n � 9), or 300,000 U/kg UTI (n �
9). UTI (Mochida Pharmaceutical Co., Ltd, Tokyo, Japan)
was dissolved in distilled water. Saline or UTI, 0.5 ml in
volume, was intravenously administered via the left ex-
ternal jugular vein 10 min before the initiation of MCAO.
All outcome variables were obtained 96 h after the onset
of reperfusion. The rats not surviving for 96 h were
excluded from the study.

Assessment of Motor Neurologic Deficit
Motor neurologic deficits were evaluated 96 h follow-

ing MCAO in a blind fashion using a five-point scoring
system previously described by Mokudai et al.18: 0 � no
observable deficit; 1 � forelimb flexion; 2 � forelimb
flexion and decreased resistance to lateral push; 3 �
forelimb flexion, decreased resistance to lateral push,
and unilateral circling; 4 � forelimb flexion and being
unable or difficult to ambulate.

Quantification of Infarct Area and Volume
After the neurologic assessment, the rats were sacri-

ficed under intraperitoneal pentobarbital anesthesia
(100 mg/kg) and were then perfused transcardially with
heparinized normal saline (4 U/ml). The brains were
rapidly removed and sliced at 2–14 mm posterior to the
frontal pole into six 2-mm-thick coronal sections using a
rat brain slicer (RBS-02; Neuroscience, Inc., Tokyo, Ja-
pan). The sections were immersed in 1% 2,3,5-triphenyl-
tetrazolium chloride (TTC; Research Organics, Inc.,
Cleveland, OH) dissolved in phosphate-buffered saline
(PBS; pH 7.4) and incubated at room temperature for 30
min, and then they were fixed in 10% neutral buffered
formalin overnight. Infarct size was evaluated by an
inspector blinded to intervention according to the
method described by Yang et al.19 Briefly, the rostral
sides of each fixed section were directly scanned with a
flatbed color scanner (OPAL ultra; Heidelberg Japan,
Tokyo, Japan) linked with a computer (Power Mac G3;
Apple Japan, Inc., Tokyo, Japan) and controlled with
supplied software (LinoColor Elite, version 5.1.7; Heidel-
berg Japan). The margins of the infarct area in the cap-
tured digital images were manually outlined, and a pixel-
based area calculation was performed using NIH Image
1.61 (National Institutes of Health, Bethesda, MD). The
total infarct volume was calculated by summing the
infarct area in each section and multiplying by the sec-
tion thickness.

Histopathology and Immunohistochemistry
After the scanning for infarct quantification, the sec-

tions were dehydrated with graded alcohols, embedded
in paraffin, and sliced into 5-�m-thick coronal sections.
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Hematoxylin and eosin (HE) staining was performed to
identify the lesion.

Antisera. Rabbit polyclonal antibodies against myelo-
peroxidase (1:200 dilution; Neo Markers, Fremont, CA)
were used to visualize polymorphonuclear neutrophils
(PMNs). Nitrotyrosine was detected with mouse mono-
clonal antibodies (1:100 dilution; Upstate Biotechnol-
ogy, Lake Placid, NY).

Immunostaining Procedure. We used an avidin-bi-
otinylated enzyme complex system (Vectastain Universal
Elite ABC kit; Vector Laboratories, Burlingame, CA). In
brief, sections on the slides were dehydrated with
graded alcohols, washed in PBS, and then quenched
with 3% H2O2 in PBS. The sections were subsequently
preincubated for 30 min in a solution containing 2.5%
normal horse serum to block nonspecific binding of
biotinylated antibody. The sections were then incubated
with rabbit polyclonal antimyeloperoxidase antibody or
mouse monoclonal antinitrotyrosine antibody in 2.5%
normal horse serum at 4°C overnight. After the primary
incubation, the sections were rinsed in PBS and subse-
quently incubated with the biotinylated secondary anti-
body for 30 min. The sections were then rinsed and
incubated with avidin-biotinylated peroxidase conjugate
for 30 min. They were finally colorized with diamino-
benzidine and H2O2 and then counterstained with
methyl green acetate. Negative control staining was per-
formed with normal rabbit or mouse sera as a substitute

for the primary antimyeloperoxidase or antinitrotyrosine
antibody, respectively.

Polymorphonuclear Neutrophil and Nitrotyro-
sine-positive Cell Counts. The number of myeloper-
oxidase- or nitrotyrosine-positive cells was counted at
�200 magnification in the brain parenchyma of the
entire ischemic hemisphere at approximately 6 mm
from the frontal pole in a blind fashion.

Statistics
Values are expressed as mean � SD. Body weight,

hematocrit, blood glucose, infarct volume, and immuno-
reactive cell counts were analyzed using one-way analy-
sis of variance. The Tukey-Kramer multiple comparison
procedure was then used to determine which pairs of
means differed. Differences in mean arterial pressure,
arterial blood gases, pericranial temperature, and %rCBF
were analyzed using repeated-measures analysis of vari-
ance. The Kruskal-Wallis test was used to test the differ-
ence in motor neurologic scores. A P value less than 0.05
was defined as significant.

Results

One animal from the 100,000 U/kg UTI group died of
subarachnoid hemorrhage early after the onset of reper-
fusion and was excluded from the study.

Table 1. Physiologic Variables

Variable

Urinary Trypsin Inhibitor, U/kg

0 (saline) 100,000 300,000

Number 9 8 9
Body weight, g 280 � 20 288 � 28 288 � 12
Body weight loss, g* 81 � 21 76 � 14 81 � 9
Hematocrit, % 39 � 2 39 � 2 40 � 2
Blood glucose, mg/dl 133 � 12 131 � 5 133 � 7
Mean arterial pressure, mmHg

Baseline 95 � 8 92 � 10 93 � 8
During ischemia† 101 � 11 102 � 7 102 � 11
During reperfusion‡ 104 � 9 108 � 8 101 � 8

Pao2, mmHg
Baseline 168 � 33 179 � 15 161 � 13
During ischemia† 163 � 33 173 � 13 160 � 10
During reperfusion‡ 163 � 23 173 � 10 170 � 12

Paco2, mmHg
Baseline 38 � 3 39 � 2 39 � 2
During ischemia† 38 � 3 40 � 4 39 � 3
During reperfusion‡ 39 � 3 39 � 1 38 � 2

Arterial pH
Baseline 7.43 � 0.02 7.42 � 0.02 7.43 � 0.02
During ischemia† 7.43 � 0.03 7.40 � 0.02 7.42 � 0.02
During reperfusion‡ 7.42 � 0.02 7.41 � 0.02 7.43 � 0.03

Pericranial temperature, °C
Baseline 37.2 � 0.1 37.2 � 0.1 37.2 � 0.1
During ischemia† 37.3 � 0.2 37.4 � 0.3 37.3 � 0.2
During reperfusion‡ 37.6 � 0.2 37.4 � 0.3 37.4 � 0.3

Data are mean � SD * at 96-h reperfusion, † at 120 min after the onset of ischemia, ‡ at 15 min after the onset of reperfusion during anesthesia.
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Physiologic variables in all the groups are shown in
table 1. Initial body weight, hematocrit, and blood glu-
cose concentration were not significantly different be-
tween the saline, 100,000 U/kg UTI, and 300,000 U/kg
UTI treatment groups. Mean arterial pressure, arterial
blood gases, and pericranial temperature did not differ
significantly among the three treatment groups.

Figure 1 shows the changes in %rCBF over the MCA
territory through ischemia and reperfusion. All the ex-
perimental groups exhibited a reduction of %rCBF by
approximately 70% during MCAO. After 120 min of
MCAO, the MCA occlusive filament was withdrawn, and
%rCBF was restored and reached to over the 100% level.
There were no significant differences in %rCBF among
the three groups (P � 0.4317).

Figure 2 exhibits the motor neurologic scores at 96 h
following 2 h of MCAO. All the animals had some motor
neurologic deficits at this time point. In the saline and
100,000 U/kg UTI treatment groups, scores from indi-

vidual animals were distributed between 2 and 4 (medi-
an, 3). On the other hand, the distribution of scores from
individual animals treated with 300,000 U/kg UTI was
between 1 and 3 (median, 2). However, the difference in
neurologic scores among the three treatment groups did
not reach a significant level (P � 0.0693). Body weight
loss determined at 96 h after MCAO was similar in all the
experimental groups (table 1).

Effects of UTI treatment on the infarct size 96 h after
2 h of MCAO are shown in figures 3 and 4. The total
infarct volume was 223 � 62 mm3 in saline control
animals. Treatment with 300,000 U/kg UTI significantly
reduced the total infarct volume (119 � 50 mm3) by
approximately 50% compared with saline treatment,
whereas treatment with 100,000 U/kg UTI showed no
significant reducing effects on the total infarct volume
(199 � 50 mm3).

The infiltration of PMNs determined by myeloperoxi-
dase immunoreactivity was observed in the ischemic
hemisphere, but few PMNs were seen in the contralat-
eral nonischemic hemisphere (data not shown) from all
the animals in each treatment group 96 h after transient
MCAO. In all the treatment groups, most of the PMNs in
the ischemic hemisphere spanned the infarct region
(determined by comparing with the adjacent HE section)
and its boundary zone (fig. 5A). The number of PMNs in
the ischemic hemisphere is shown in figure 5B. UTI,
300,000 U/kg (117 � 74), but not 100,000 U/kg UTI
(220 � 126) significantly attenuated the number of
PMNs in comparison with saline (251 � 96) (P � 0.05).
The difference between both UTI treatment groups did
not reach a significant level.

Fig. 1. Relative regional cerebral blood flow (%rCBF) over the
right middle cerebral artery (MCA) territory during right MCA
occlusion–reperfusion. (A) A demographic record of %rCBF
from a saline control rat. (B) Effect of urinary trypsin inhibitor
(UTI) pretreatment on changes in %rCBF. No significant differ-
ence was observed between the saline control (n � 9; open
circle), 100,000 U/kg UTI (n � 8; open square), and 300,000 U/kg
UTI (n � 9; closed square) treatment groups (P � 0.4317). Data
are mean � SD. MCAO � middle cerebral artery occlusion.

Fig. 2. Motor neurologic scores at 96 h of reperfusion after right
middle cerebral artery occlusion. No significant difference was
detected among the three treatment groups (P � 0.0693). The
following five-point scoring scale was used: 0 � no observable
deficit; 1 � forelimb flexion; 2 � forelimb flexion and de-
creased resistance to lateral push; 3 � forelimb flexion, de-
creased resistance to lateral push, and unilateral circling; 4 �
forelimb flexion and being unable or difficult to ambulate. Each
symbol depicts the score for an individual rat. Horizontal bars
depict median values for each group. UTI � urinary trypsin
inhibitor.
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Immunohistochemical reaction of nitrotyrosine, a bio-
chemical marker of peroxynitrite, was detected in the
ischemic hemisphere but not in the contralateral non-
ischemic hemisphere (data not shown) 96 h following
2 h of MCA occlusion. Nitrotyrosine immunoreactivity
was predominantly located in the entire extent of the
infarct region (determined by comparing with the adja-
cent HE section; fig. 6A). The number of nitrotyrosine-

positive cells in the ischemic hemisphere is shown in
figure 6B. UTI, 300,000 U/kg (118 � 44), reduced the
number of nitrotyrosine-positive cells compared with
saline (243 � 102) and 100,000 U/kg UTI (207 � 54)
(P � 0.05).

Discussion

Our findings demonstrate that 300,000 U/kg intravenous
UTI, administered 10 min before 2-h MCAO, was neuropro-
tective when evaluated by infarct size, neutrophil infiltra-
tion, and nitrotyrosine deposition in the ischemic hemi-
sphere. The treatment tended to improve neurologic
outcome but did not reach statistical significance. There
are several possible mechanisms for beneficial actions of
UTI, which has an antiinflammatory activity, in the brain
subjected to focal ischemia–reperfusion.

For the infarct measurement, we used TTC staining at
96 h after MCAO. Liszczak et al.20 have reported that
there is 93% correlation between histopathology and
TTC staining results in the brain specimens subjected to
2 h of MCAO and following reperfusion for 2–48 h. They
also have pointed out the limitation of TTC staining in
detecting cerebral infarcts. In chronic infarcts, infiltrat-
ing macrophages and other inflammatory cells replace
damaged neurons and contribute to the red staining with
TTC resulting in discoloration in the white region indic-
ative of infarct.20 Their finding suggests that TTC stain-
ing underestimates infarct area. In our study, however,
the white regions were little discolored and clearly de-
lineated as shown in figure 3. Other investigators who
evaluated infarct area at 7 days after MCAO demon-
strated good correlation between the histopathology and
TTC-determined infarct delineation.21,22 TTC staining at

Fig. 3. Representative images of triphenyltetrazolium chloride–
stained brain coronal slices captured by the scanner at 96 h of
reperfusion after right middle cerebral artery occlusion; gray
(originally red) is viable tissue, and white is nonviable infarct
tissue. White matter tracts including the corpus callosum also
appear white with this stain. Rats pretreated with 300,000 U/kg
UTI (right) showed less infarct area than saline-pretreated con-
trol rats (left).

Fig. 4. Effect of urinary trypsin inhibitor (UTI) on the volume of
infarct at 96 h of reperfusion after right middle cerebral artery
occlusion. There was a significant difference among the three
treatment groups (P � 0.0014). UTI, 300,000 U/kg (n � 9),
decreased the volume of infarct compared with saline (n � 9)
and 100,000 U/kg UTI (n � 8). Data are mean � SD. *P < 0.05
versus 300,000 U/kg UTI.
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96 h after MCAO would have not much complicated the
determination of infarct area in the current study.

The evaluation of the functional outcome as well as the
histologic morphometry of the infarct region is increas-
ingly acknowledged in the experimental stroke model23

because improvement of the functional outcome would
be a primary goal of cerebroprotective therapies. The
five-point scale that we used for the motor neurologic
evaluation is easy to carry out and is described to be
sensitive to lesions of cortex and basal ganglia after
transient MCAO23; nevertheless, the infarct reduction by
300,000 U/kg UTI did not lead to a significant improve-
ment of the motor neurologic deficit, but only demon-
strated a trend toward a lower motor deficit in the

current study. It is probable that increasing the number
of animals in each group would have resulted in a sig-
nificant improvement of the neurologic scores in the
300,000 U/kg UTI group. Alternatively, the extension of
the neurologic scale for higher sensitivity (e.g., the six-
point scale including “unilateral circling only if pulled by
tail”24) or the use of other kinds of behavioral tasks
recognizing functional deficits from cortical or subcorti-
cal infarction (e.g., beam balance, prehensile traction, or
rotarod23) might have been required in differentiating
between varying degrees of neurologic impairment. Fur-
ther investigations would therefore be needed to deter-
mine the effects of UTI on the motor function after
temporary MCAO.

Neutrophil infiltration, the hallmark of acute inflamma-
tion, in the ischemic zone occurs to a greater extent in
reperfused tissue than in tissue permanently deprived of
blood supply in the brain.3 Our results show that UTI

Fig. 5. (A) Photomicrographs of myeloperoxidase-immuno-
stained neutrophils infiltrating in the ischemic hemisphere at
96 h of reperfusion after right middle cerebral artery occlusion
in the saline control rat. The large boxed region is an enlarge-
ment of the small boxed region, revealing a brown, round cell
with myeloperoxidase immunoreactivity. Asterisks indicate a
borderline of the infarct zone. Bar � 100 �m. (B) Number of
parenchymal polymorphonuclear neutrophils in the ischemic
hemisphere at 96 h of reperfusion after right middle cerebral
artery occlusion. Myeloperoxidase-positive cells were counted
in 5-�m-thick sections at approximately 6 mm from the frontal
pole. There was a significant difference among the three treat-
ment groups (P � 0.0247). Urinary trypsin inhibitor (UTI),
300,000 U/kg (n � 9), but not 100,000 U/kg UTI (n � 8) de-
creased the number of polymorphonuclear neutrophils com-
pared with saline (n � 9). Data are mean � SD. *P < 0.05 versus
300,000 U/kg UTI.

Fig. 6. (A) Photomicrographs of nitrotyrosine immunoreactivity
in the ischemic hemisphere at 96 h of reperfusion after right
middle cerebral artery occlusion in the saline control rat. As-
terisks indicate a borderline of the infarct zone. Bar � 100 �m.
(B) Number of nitrotyrosine-positive cells in the ischemic hemi-
sphere at 96 h of reperfusion after right middle cerebral artery
occlusion. Nitrotyrosine-positive cells were counted in 5-�m-
thick sections at approximately 6 mm from the frontal pole.
There was a significant difference among the three treatment
groups (P � 0.0042). Urinary trypsin inhibitor (UTI), 300,000
U/kg (n � 9), decreased the number of nitrotyrosine-positive
cells compared with saline (n � 9) and 100,000 U/kg UTI (n �
8). Data are mean � SD. *P < 0.05 versus 300,000 U/kg UTI.
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attenuates infiltration of neutrophils in the reperfused brain
similarly to the results in the liver and intestine subjected to
ischemia–reperfusion obtained by other investigators.5,11

In rat liver ischemia–reperfusion, UTI treatment decreases
tumor necrosis factor � concentrations in the liver tissue,
resulting in reduced infiltrating neutrophils.10 Tumor ne-
crosis factor � recruits and activates neutrophils and leads
to increased neutrophil–endothelial adhesion.3 UTI re-
duces the production of cytokine-induced neutrophil
chemoattractant (the rat form of interleukin 8), blunts
neutrophil accumulation, and attenuates injury in the rat
liver subjected to ischemia–reperfusion.6 The transendo-
thelial migration of neutrophil stimulated by interleukin
8 is also inhibited by UTI.7 UTI is a putative inhibitor of
neutrophil chemoattractants in the brain and would
modify acute inflammatory response emerging from neu-
trophil infiltration.

Proteases secreted from activated neutrophils in acute
inflammation degrade the extracellular matrix, thus lead-
ing to tissue destruction.25 Neutrophil elastase, the
strongest serine protease, degrades elastin, fibronectin,
proteoglycan, and collagen as components of the extra-
cellular matrix.25 The endothelial basement membrane,
which restricts the extravasation of granulocytes, is also
a target of elastase.26 UTI has been shown not only to
inactivate elastase secreted by neutrophils, but also to
suppress the production and secretion of elastase from
neutrophils.8,9 ONO-5046, a neutrophil elastase inhibi-
tor, reduces the size of cerebral infarct elicited by tran-
sient MCAO.27 UTI could reduce neutrophil elastase–
mediated tissue injury induced by focal cerebral
ischemia–reperfusion.

The weight of evidence from well-conducted studies
in the brain supports the concept that activated neutro-
phils play a causative role in the development of isch-
emia–reperfusion injury since neutropenia attenuates
the size of infarct due to transient MCAO.3 The number
of neutrophils in the ischemic hemisphere reaches a
peak between 24 and 96 h after reperfusion in the
rodent model of transient MCAO.28,29 However, neutro-
phil infiltration is still relatively low when the infarct
region evaluated by HE staining is near maximal by 12 h
after transient MCAO.30 Emerich et al.31 argue that neu-
trophil accumulation after transient MCAO is a second-
ary pathologic and inflammatory reaction in response to
the infarct formation. A direct cause and effect relation
between the pathogenesis of infiltrating neutrophils and
the infarct formation remains controversial. It is still
uncertain to what extent the decrease in neutrophil
infiltration with UTI treatment contributes to the de-
crease in infarct size observed in our investigation.

Inflammatory cells, including neutrophils, generate ni-
tric oxide and oxygen free radicals in the course of
ischemia–reperfusion.32,33 Not only are nitric oxide and
superoxide themselves reactive, but they also combine
to form the more cytotoxic peroxynitrite, which devas-

tates proteins and tissues.34 The presence of immunore-
activity of nitrotyrosine, a nitration product of tyrosine
residues primarily by peroxynitrite, suggests active nitric
oxide and superoxide production and resultant cell dam-
age. It has been reported in the transient MCAO model
that immunoreactivity of nitrotyrosine found in the in-
farct region was decreased by inhibition of a nitric oxide
synthase.35–37 In our model of stroke, diminished nitro-
tyrosine deposition is indicative of mitigation of acute
inflammatory response and coexisting tissue injury me-
diated by peroxynitrite in the UTI-treated ischemic
hemisphere.

During reperfusion, recruited neutrophils aggregate and
bind to endothelial cells and plug up the recirculated cap-
illaries, thereby causing perfusion defects after the reestab-
lishment of cerebral circulation and exacerbating ischemic
damage.38 It has been shown that UTI inhibits intercellular
adhesion molecule 1 expression on endothelial cells stim-
ulated with tumor necrosis factor �39 and mitigates neutro-
phil-mediated endothelial injury.9 UTI also decreases con-
centrations of endothelin 1 and angiotensin II and
attenuates vasoconstriction to improve microcirculation at
acute circulatory insufficiency.40,41 There is a possibility
that UTI ameliorates the microcirculatory environment in
the reperfused brain with a minimum microvascular plug-
ging. Alternatively, UTI may preserve microcirculation in
the penumbra, an area of relatively decreased blood flow
lying between the ischemic core and the normal brain
during ischemia, likely through its action on microvessels.
Effects of UTI on infarct size, neutrophil infiltration, and
nitrotyrosine formation in our study might have been more
directly related to an improvement in microvascular blood
flow.

That a single dose of UTI, administered before a 2-h
period of ischemia, was neuroprotective is also our con-
cern. The plasma half-life of 125I-UTI administered intra-
venously was 9 min in the initial phase of elimination,
and 15% of the radioactivity remained in plasma after 1 h
in rats.42 The maximum accumulation of 125I-UTI radio-
activity in the murine brain was obtained at 1 min after
the intravenous injection, amounting to 0.24% of total
amount of administered 125I-UTI.43 The levels of radio-
activity declined rapidly to one sixth and one twenty-
fourth of the maximum level after 1 and 4 h, respec-
tively, and no radioactivity was detected 12 h later in the
brain.43 The blood–brain barrier permeability of UTI
with a molecular weight of 67,000 is unknown in the
injured brain. Kuroiwa et al.44 demonstrated a biphasic
opening of the blood–brain barrier to proteins occurring
first at 15 min and then at 5–72 h following temporary
MCAO. The passage of UTI through the blood–brain
barrier might increase shortly after the onset of reperfu-
sion. A 6- to 10-times-higher dose of UTI (300,000 U/kg)
in our investigation compared with that in the liver or
intestine ischemia–reperfusion5,6,11 might have contrib-
uted to the blood–brain barrier penetration of UTI given
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before MCAO. We further speculate the higher dose of
UTI effectively inhibited intraluminal key events for the
initiation of acute inflammatory response (e.g., the ex-
pression of inflammatory mediators such as inflamma-
tory cytokines, chemokines, and adhesion molecules).

UTI in the human cerebrospinal fluid increases in pa-
tients with brain tumor or subarachnoid hemorrhage,
but it is not affected by systemic UTI.45 A UTI-like im-
munoreactive substance with trypsin-inhibitory activities
has been found in the murine brain, and its content was
increased by brain injury.46 Protease inhibitors derived
from neuronal cells have been reported to function as
regulators of neurite outgrowth and regeneration.47

These findings hint that UTI, produced in the brain
parenchyma, is involved in repair processes of injured
neurons. It is unknown whether exogenous UTI has a
similar action in the brain parenchyma in our model of
cerebral injury.

In conclusion, prophylactic use of intravenous UTI is
neuroprotective against focal ischemia–reperfusion in-
jury in the brain, possibly through the antiinflammatory
action. With the available data, precise mechanisms of
this neuroprotection remain obscure. UTI has been clin-
ically applied for the treatment of acute pancreatitis and
shock without major side effects.48,49 UTI could poten-
tially be beneficial for patients undergoing surgeries
prone to stroke.
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