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ORIGINAL ARTICLE

Neutrophil elastase inhibitor prevents ischemic
brain damage via reduction of vasogenic edema

Yuka Ikegame1’3, Kentaro Yamashital?, Shin-ichiro Hayashiz, Shin-ichi Yoshimural, Shigeru Nakashima?
and Toru Twama!

Release of neutrophil elastase is one of the harmful inflammatory reactions in acute cerebral ischemia. Therefore, inhibition
of elastase released from neutrophils could be a useful strategy for the treatment of acute stroke. To evaluate this hypothesis,
the effect of sivelestat, a selective neutrophil elastase inhibitor was examined in a mouse model of focal ischemia. The results
obtained indicate that sivelestat reduced brain edema and vascular permeability, and subsequently improved the neurological

deficit in an acute focal ischemia. The architecture of microvessels was analyzed by identifying vascular endothelial cells,
which were prelabeled by injecting fluorescein-labeled Griffonia simplicifolia lectin I-isolectin B4 into a tail vein. Most of
the microvessels in the infarcted area were structurally destroyed in the control group. In sharp contrast, microvessels in the
boundary zone were well maintained in the sivelestat-treated group. Moreover, the expression of angiopoietin-1 was elevated
at the ischemic margin in the sivelestat-treated group. Furthermore, the neutrophil elastase inhibitor rescued human brain
microvascular endothelial cells in culture from neutrophil elastase-induced damage. These results suggest that neutrophil
elastase inhibition could protect blood-brain barrier function in acute cerebral ischemia by augmentation of angiopoietin-1

expression and survival of endothelial cells.
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INTRODUCTION

Neutrophils have a major role in acute inflammatory reactions. In the
early phase of cerebral ischemia, neutrophils accumulate in the
damaged lesion of the ischemic brain tissue.’> These activated
neutrophils can cause critical neuropathological changes in the brain
tissue via several mechanisms, including the release of neutrophil
elastase (NE).>* Therefore, inhibition of NE released from neutrophils
could be a useful strategy for the treatment of acute stroke. In fact,
several investigators have reported that serum NE levels are elevated in
patients with acute ischemic stroke.>® Sivelestat is one of the agents
which can specifically inhibit NE,” and it is used for the treatment of
acute lung injury patients or acute respiratory distress syndrome
patients.° Although a few reports showed the possibility that sivele-
stat might reduce cerebral ischemic damage,!%!! the detailed protec-
tive mechanism of sivelestat in brain tissue has not yet been
elucidated.

In this study, we have investigated the effects of sivelestat on acute
cerebral ischemia. Especially, we focused on its protective mechanism
for blood-brain barrier (BBB) and neurovascular endothelial cells
(EC), because BBB disruption and brain edema can cause a critical
event in the acute phase of ischemic stroke such as hemorrhagic

alternation or secondary tissue damage in other normal regions due to
mechanical stress, and subsequently worsen the prognosis.

METHODS

Animals

The study was approved by the Animal Care Committee of Gifu University
Graduate School of Medicine. Age-matched 8-week-old male C57BL/6 mice
weighing 24-27 g (SLC, Shizuoka, Japan) were used and housed under diurnal
lighting conditions.

Focal cerebral ischemia model

Mice were anesthetized with 2.0% isoflurane (Nissan Kagaku, Tokyo, Japan),
followed by 1% isoflurane in 70% N,O and 30% O, using an animal general
anesthesia machine (Soft Lander; Sin-ei Industry, Saitama, Japan), and placed
in the supine position with spontaneous respiration. Rectal temperature was
maintained at 37.0-37.5°C by a heating pad and a heating lamp. Left middle
cerebral artery occlusion (MCAO) with a filament was carried out as previously
described.!?

Drug administration
Sivelestat (ONO-5046; Ono Pharmaceutical, Osaka, Japan) was dissolved
in PBS and administered twice (intraperitoneally just after MCAO, and
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subcutaneously 12h after occlusion) to groups of mice at doses of 0 (vehicle)
and 50 mgkg™!. Mice in the sham group only underwent ligation of the left
common cervical artery.

Assessment of neurological deficit

The neurological deficit just after and 24 h after MCAO was scored using the
following scale as previously reported:'? 0, no observable neurological deficit
(normal); 1, failure to extend the right forepaw (mild); 2, circling to the
contralateral side (moderate); 3, loss of walking or righting reflex (severe). All
measurements were performed by researchers blind to the treatment of each
animal.

Evaluation of infarct area and edema volume

To analyze the infarct area and volume at 24 h after MCAO,'? mice were killed
by intraperitoneal injection of sodium pentobarbital (Dainippon Sumitomo
Pharma, Osaka, Japan). The removed forebrain was sectioned coronally at
2-mm intervals. The sections were stained with 2% 2,3,5-triphenyltetrazolium
chloride (TTC, Sigma, Diagnostics, St Louis, MO, USA), and recorded as digital
images. The areas of infarct (TTC-unstained area) and ipsilateral/contralateral
hemispheres were quantified using imaging software, Image] (National Insti-
tutes of Health, USA). The infarct volume and brain swelling were calculated
using formulas specified in a previous report.!?

Quantitative measurements of Evans Blue

A quantitative method was used to measure the amount of Evans Blue dye
extravasation as previously reported with some modifications.!* Following 24 h
of MCAO, Evans Blue dye (0.1 ml of 2% solution in saline) was injected into
mice via a tail vein. After transcardiac brain perfusion with saline, the divided
brains were cut into the left and right hemispheres. Brain tissue was weighed,
the extracted dye was measured with a luminescence spectrometer (Immuno-
Mini NJ-2300, InterMed, Tokyo, Japan), and the tissue content of Evans Blue
was quantified from a standard curve derived from known amounts of dye.

In vivo lectin staining of brain microvessels

EC were prelabeled by injecting 100 pg fluorescein-labeled Griffonia simplici-
folia lectin I-isolectin B4 (GSL-1B4, Vector Laboratories, Burlingame, CA, USA)
into a tail vein at 24 h after MCAO. The GSL-IB4 was diluted in 0.1 ml saline.
Mice were perfused transcardially with 4% paraformaldehyde. Brains were cut
into 10-pum slices, and examined under a fluorescence microscope (Axiovert
200, Carl Zeiss, Thornwood, NY, USA).

Immunohistochemical staining

Mice were perfused transcardially with 4% paraformaldehyde at 24h after
MCAO. The brain was removed, fixed in 4% paraformaldehyde for 5 h, frozen,
and sectioned coronally at a thickness of 10 um on a cryostat. The primary
antibody against ANGPT1 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and a Vecterstain Elite ABC kit (Vector Laboratories) were used, followed
by counterstaining with hematoxylin. The stained sections were examined
under an Axiovert 200 microscope. These sections were also photographed as
gray scale images, and the immunoreactivity of ANGPT1 was calculated using
Image] software.

Cell survival assay

Human brain microvascular endothelial cells (HBMVEC) were obtained from
Cell Systems (Kirkland, WA, USA). They were plated at a density of 1x10° cells
per well on 6-well culture plates and incubated in EBM-2 medium with
endothelial growth supplements (Lonza, Walkersville, MD, USA) for 6h
(at 37 °C, in a humidified atmosphere containing 5% CO,). Elastase (Calbio-
chem, EMD Chemicals, La Jolla, CA, USA) and sivelestat were added into the
medium and EC were cultured for 24h. After removal of the conditioned
medium, 0.4% trypan blue exclusion analysis was performed.

Statistical analysis

Statistical comparisons were made by Student’s t-test or Mann—Whitney U-test
(for comparison of neurological deficit scores). P-values of <0.05 were considered
to indicate statistical significance. Data are presented as mean * s.e.m.
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RESULTS

Sivelestat a NE inhibitor protects against acute ischemic brain
damage

Acute cerebral ischemia model was performed by the occlusion of
mouse left middle cerebral artery by a filament as previously
described.!> We designed an experimental protocol that requires
twice injection of sivelestat within 24h after MCAO to make it
come near continuous infusion (Figure 1). Administration of sivelestat
significantly attenuated the neurological deficit score in the acute
phase of MCAO compared with that in the vehicle group (Figure 2).
Analysis of coronal brain sections at 24h after MCAO revealed that
sivelestat reduced both infarct volume (Figure 3a) and ipsilateral
edema volume (Figure 3b).

We next examined the effect of sivelestat on vascular permeability in
murine brain, because the reduction rate of swelling (67.8%) was
much higher than that of infarct volume (43.7%) after sivelestat
treatment. MCAO treatment caused the gain of the injured hemi-
sphere weight (Figure 4a), due to edema. Sivelestat effectively pre-
vented the increase of hemisphere weight. Furthermore, the content of
leaked Evans Blue after 24h of MCAO in the left and right hemi-
spheres was quantified and standardized by the weight of each hemi-
sphere. As shown in Figure 4b, MCAO increased Evans Blue content in
the ipsilateral hemisphere as compared with that in the contralateral
hemisphere. The NE inhibitor significantly reduced the amount of
Evans Blue content in the injured hemisphere. These data indicate the
possibility that NE inhibitors may prevent BBB disruption and
subsequent leakage of water and serum. There were no significant
differences in physiological parameters (mean arterial blood pressures,
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MCA occlusion

Figure 1 Protocol for drug administration. Intraperitoneal (i.p) and
subcutaneous (s.c.) injections of vehicle or sivelestat (50 mgkg™) were
performed at just after MCAO and 12h after occlusion, respectively.
All assessments or experiments carried out after 24 h of MCAO.
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Figure 2 Neurological deficit scores in mice with MCAO and sivelestat
treatment. Mice with score 2 just after MCAO were selected for assessment.
Dots in graph represent deficit score of each mouse after 24h of MCAO.
Horizontal bars indicate average deficit score in sivelestat-treated group and
vehicle group. *P<0.05 between vehicle group (n=16) and sivelestat group
(n=13).
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Figure 3 Sivelestat reduces infarct volume and swelling after MCAO. Infarct
volume (a) and swelling volume (b) were quantified in each mouse after 24 h
of MCAO. Values are expressed as means +s.e.m. Swelling volume in the
left hemisphere was compared with that in the right hemisphere. **P<0.01
between vehicle group (n=16) and sivelestat group (n=13).
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Figure 4 Sivelestat reduces vasogenic edema after MCAO. Percent left/right
hemisphere weight (a) and Evans Blue content (b) were compared among
the sham group (n=3), vehicle group (n=14), and sivelestat group (n=11)
after 24 h of MCAO. Note that 100% mean values of left hemisphere are
equal to those of right hemisphere. Values are expressed as mean ts.e.m.
*P<0.05 or **P<0.01 vs sham-operated group. #P<0.05 vs. vehicle
group.

pulse rate, pH, partial pressures of CO, in arterial blood, partial
pressures of O, in arterial blood) among the experimental groups
(data not shown).

ANGPT]1 expression and morphology of microvessels in mouse
brain after MCAO

We next investigated ANGPT1 expression in mouse brain tissue by
immunohistochemical staining, because ANGPT1 might be an effec-
tive factor for BBB protection after cerebral infarction.!# Interestingly,
ANGPT1 expression was increased in the ischemic margin area in
sivelestat-treated mice compared with that in the vehicle group and to
that in the intact area of untreated mice, whereas no change in its
expression was observed in the ischemic margin area in the vehicle
group compared with that in the intact area of untreated mice
(Figure 5a, upper panels; Figure 5b). To further investigate whether
sivelestat affects the morphology of microvessels in ischemic brain
tissue, fluorescein-labeled GSL-IB4 (isolectin-B4) was intravenously
injected before killing, and brain tissue sections were examined with a
fluorescence microscope. In the vehicle group, most of the microvessels
in the infarcted area were structurally destroyed (Figure 5a, middle
panels). On the other hand, microvessels in the boundary zone were
well maintained in the sivelestat-treated group (Figure 5a, right panels).
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Inhibition of NE-induced human EC damage by sivelestat

To confirm the mechanisms of BBB protection by sivelestat in vitro,
the direct effect of NE inhibition on human brain EC was examined.
HBMVEC were cultured with various concentrations of NE in the
absence or presence of sivelestat for 24 h. As shown in Figure 6, NE
concentration dependently decreased the number of EC. The NE
concentrations higher than 250 ngml™!, conditions corresponding to
the blood level of patients with ischemic stroke? significantly
decreased the cell number of EC. In contrast, clinical doses of sivelestat
concentration dependently reversed EC from NE-induced reduction
of the cell number. These results indicate that sivelestat protects
HBMVEC from NE-induced damage.

DISCUSSION

In this study, sivelestat successfully reduced brain infarction area,
edema volume and BBB hyperpermeability in the acute phase of
murine MCAO. It further preserved neurological function in the
damaged brain. Interestingly, the sivelestat-treated group showed
higher ANGPT1 expression and better maintained structure of micro-
vessels in the ischemic margin area as compared with the vehicle
group.

Several investigators have shown that neutrophils accumulate in the
ischemic area within 24h after the onset of brain infarction in both
experimental models and clinical studies.>!> In this situation, acti-
vated neutrophils can cause neurovascular injury by releasing free
radicals, inflammatory cytokines or destructive enzymes.>*'® Among
them, NE, one of the proteases from neutrophils, induces not only
systemic harmful reaction via humoral mechanism* but also local
damages such as neuronal cell death!’~!® and increase in BBB perme-
abili‘[y.zo’21 Therefore, NE inhibition can be beneficial to attenuate
these inflammatory damages. On the rodent brain tissue after cerebral
ischemia, immunohistochemical staining have revealed that NE dis-
tributes in both perivascular space and the extracellular space in the
neuronal layer.'?? In the clinical setting, brain infarction patients
with hemorrhagic alteration showed higher blood NE levels (730-
1320ngml™!), vs. less than 250 ngml™! in patients without hemor-
rhagic alteration® and around 30-70ngml™! in patients without
ischemic stroke,>?? suggesting that the level of NE is likely to be
related to prognosis. In addition, hemorrhagic alternation is related to
BBB disruption. Then, we hypothesized that a specific NE inhibitor,
sivelestat,” may be effective for BBB protection, which is necessary for
the prevention of critical secondary injury after cerebral ischemia such
as brain herniation.

Our in vivo data showed that administration of sivelestat not only
preserved neurological function after acute cerebral ischemia but also
reduced brain infarction size. In support of this, a report showed that
sivelestat attenuated photochemical reaction-induced brain infarc-
tion.!% Several mechanisms can be considered with respect to causes
for reduction of infarct volume: neuroprotective effect and/or BBB
protective effect. As for direct protective effects on neural cells, some
investigators indicated that sivelestat could prevent apoptosis of
neuronal cells induced by ischemia.!>®?* On the other hand, a
mechanism via BBB protection is indirect: preserved microcirculation
supply brain tissue with blood enough to survive. Our data also
suggest that sivelestat attenuates BBB disruption by reducing BBB
hyperpermeability (Figure 4b). Similarly, another examination using a
different NE inhibitor succeeded in preventing BBB breakdown and
showed decrease in infarction volume.?? These findings show that NE
inhibition is useful for BBB protection.

In seeking to define the mechanism underlying BBB protection by
sivelestat, we also examined ANGPT1 expression in the ischemic brain
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Figure 5 Histological changes in neuromicrovessels after MCAO and sivelestat treatment. (a) Representative immunohistochemical images of ANGPT1
expression around microvessels in intact area (left panels) and ischemic boundary zone (middle and right panels) in cortex (upper panels). Histological
changes in neuromicrovessels after MCAO and sivelestat treatment. Representative fluorescent images of isolectin-B4-positive vessels in intact area (left
panels) and ischemic boundary zone (middle and right panels) in cortex (lower panels). Scale bar, 50 um. (b) Immunoreactivates of ANGPT1 in the
sivelestat-treated group relative to those in the vehicle group. *P<0.05 vs. vehicle.
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Figure 6 In vitro effects of sivelestat on human brain EC. The cell number
of HBMVEC were counted after 24h of incubation with sivelestat (e;
Opgml~!, m; 15ugmil, A; 30pgml~! ) and NE (0, 50, 250, 500 or
1000 ngmi-1). Each dot and error bar express mean +s.e.m. n=4 per group.
Representative data from at least three separate experiments are shown.
*P<0.05 vs. control. *P<0.05 and ##P<0.01 vs. Ongml~! NE.

for the following reasons: (i): ANGPTI, a crucial factor for vascular
development, weakened peripheral vascular leakage caused by inflam-
matory agents>>2° and target cell junctions.?’ (ii): ANGPT1 expression
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in the brain was downregulated in acute ischemia.?® (iii): ANGPT1
prevented BBB leakage after focal cerebral ischemia.!* Strikingly, our
data showed that sivelestat enhanced ANGPTI1 expression in the
ischemic brain. Although it is not clarified which are the cell types
that mainly secrete ANGPT1, astrocytes or pericytes are thought as
major candidates.?>* According to previous reports, NE widely
invades into ischemic area beyond perivascular space.!’>> The obser-
vation implies that the spread NE can injure the source cells of
ANGPT1 such as astrocytes and/or pericytes. It is possible that injury
of the source cells consequently cause downregulation of ANGPT1 in
the ischemic zone. Moreover, it is known that sivelestat suppresses NE
expression in brain tissue after ischemia.!! Taken together, upregula-
tion of ANGPT1 by sivelestat is presumably due to rescuing various
source cells in brain tissue from non-specific proteolytic insult of NE.
Subsequently, BBB protection via ANGPT1-related mechanisms also
could lead to maintain the architecture of microvessels (Figure 5a).
Collectively, our histological findings indicate that preserved ANGPT1
expression by means of sivelestat is effective to maintain both the
function and structure of BBB.

In our in vitro study using HBMVEC, NE significantly worsened EC
survival when the concentration was more than 250 ng ml™L, corre-
sponding to those found in the blood of patients with cerebral
infarction at acute phase. However, sivelestat (15 pgml™, 30 pgml™)
effectively rescued HBMVEC from NE-induced damage, indicating
that clinical doses of sivelestat can prevent severe BBB disruption
enough to cause hemorrhagic alteration. According to Phase I and
Phase 1II clinical trials in Japan, a steady state blood concentration of
sivelestat showed around 10-30 ugml™'. Although the dose did not



show any adverse effects in previous clinical investigations, our results
showed that administration of sivelestat at the clinical dose might have
therapeutic usefulness for BBB protection after acute cerebral infarction.

In conclusion, NE inhibition by sivelestat could attenuate BBB
disruption in acute brain ischemia through the enhancement of
ANGPT1 production and EC survival, which might decrease brain
tissue damage and neurological deficit in patients with acute brain
ischemia.
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