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Background: Postoperative complications of thoracoabdominal aortic aneurysm include paraplegia due
to impaired blood flow in the spinal cord. Sivelestat sodium hydrate (ONO-5046), a specific neutrophil
elastase inhibitor, can prevent neuropathy after ischemia-reperfusion of the spinal cord; however, the
underlying mechanism remains unclear. Here, we examined whether ONO-5046 elicits its protective ef-
fects in spinal cord ischemia by affecting endoplasmic reticulum (ER) stress.

Methods: Forty-five male Japanese white rabbits (weight 2.5-3.0 kg) were assigned to three groups: a
sham control group (n = 5), and two other groups (n = 20, respectively; n = 5 each time point) that
were subjected to spinal cord ischemia-reperfusion for 15 min and administered saline or ONO-5046 in-
travenously. From 8 h to 7 d after resumption of blood flow, a neurological evaluation, histological
evaluation of the spinal cord, and immunohistochemical evaluation based on the expression of GRP78
and caspasel2 were performed.

Results: Rabbits treated with ONO-5046 had fewer functional deficits and more surviving motor neu-
rons after ischemia than did rabbits in the saline and control groups. In rabbits treated with ONO-5046,
histological findings of the spinal cord showed a high number of viable motor nerves, whereas induc-
tion of GRP78, an ER stress response-related protein, was prolonged. Furthermore, caspasel2 expression
was activated by excessive ER stress and was downregulated in rabbits treated with ONO-5046, as com-
pared with that in rabbits administered saline.

Conclusions: ONO-5046 exerts a protective effect on the spinal cord by relieving ER stress during spi-
nal cord ischemia. (J] Nippon Med Sch 2023; 90: 50-57)
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Introduction

The incidence of ischemic spinal cord injuries such as
paraplegia after surgical repair of thoracic and thoracoab-
dominal aortic aneurysms is 3%-23.5%"; the incidence of
permanent paraplegia is 1.2%-4%"". Clinically, drainage of
cerebrospinal fluid, maintenance of spinal artery pres-
sure, mild hypothermia, and adequate supply of oxygen
have been shown to be effective in alleviating paralysis™,
but the spinal cord-protective effect of drugs has not
been demonstrated’. In contrast, animal studies have
shown that sivelestat sodium hydrate (ONO-5046), a po-

tent specific neutrophil elastase inhibitor used to treat
acute lung injury, has a spinal cord-protective effect™".
However, the underlying mechanism has not been eluci-
dated.

In a study using a transient spinal cord ischemia
model, 20 min of ischemia caused necrosis of the spinal
cord, whereas 15 min of ischemia resulted in delayed
motor neuron death in the anterior horn of the spinal
cord". Furthermore, so-called “selective motor neuron
death” occurred, indicating that delayed motor neuron

death is most likely due to apoptosis”. A 15-min tran-
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sient ischemia model showed immune reactivity of glu-
cose regulated protein 78 (GRP78) and caspasel2 at 8 h
after ischemia, which returned to baseline levels 1 d
later”. GRP78 and caspasel2 are expressed under endo-
plasmic reticulum (ER) stress. GRP78 activates the un-
folded protein response (UPR) pathway and is involved

in normalizing ER function"™

, and caspasel2 induces
apoptosis”, indicating that ischemia-reperfusion causes
ER stress. These results suggest that transient spinal cord
ischemia causes ER stress in motor neurons and induces
apoptosis.

Neutrophils play an important role in ischemia-
reperfusion injury. Studies using a cerebral ischemia
model have shown that neutrophils accumulate in the
ischemic region and are important in central nervous sys-

tem ischemia-reperfusion injury"™

. Neutrophil elastase
released from neutrophils is a potent proteolytic enzyme,
and excessive release of neutrophil elastase causes tissue
damage®™”.

ONO-5046 is a potent specific neutrophil elastase in-
hibitor and is used to treat acute lung injury associated
with systemic inflammatory response syndrome. Because
it is a pharmacological neutrophil elastase inhibitor,
ONO-5046 is also effective as a therapeutic agent for in-
flammation caused by neutrophil elastase in organs other
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than the lungs™™. The spinal cord-protective effect of
ONO-5046 in ischemic spinal cord injury has also been
reported, but there are only a few studies of its action
mechanism®™".

ER has an important role in ischemia-reperfusion
injury-induced apoptosis, and excessive ER stress causes
apoptosis”, but the effect of ONO on ER stress has not
been investigated. Therefore, in this study, we used a
rabbit model of transient spinal cord ischemia to examine
whether ER stress is involved in the protective effect of
ONO-5046 on motor nerve neurons against spinal cord

ischemia.

Materials and Methods

The experimental and animal care protocols were ap-
proved by the Animal Care Committee of the National
Hospital Organization Sendai Medical Center (permission
number: 200802). N-{2-[4-(2,2-Dimethylpropionyloxy)
phenylsulfonylamino]benzoyljaminoacetate tetrahydrate
(Sivelestat sodium hydrate: ONO-5046) was provided by
Ono Pharmaceutical Company (Osaka, Japan).

Animal Preparation

Forty-five, 3-month-old male domesticated white rab-

bits weighing 2.5-3.0 kg (Kumagai-shigeyasu Company,
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Sendai, Japan) were used. All rabbits were allowed free
access to food and water before and after the procedure
and were treated in accordance with the National Re-
search Council (US) Committee’s Guide for the Care and
Use of Laboratory Animals®. A transient spinal cord
ischemia model was created using the method reported
by Sakurai et al.® The rabbits were allocated to three
groups: a sham-operated control group (Group S, n = 5),
ischemic group (Group I, n = 20, n = 5 at each time
point), and ONO-5046 treatment group (Group O, n = 20,
n = 5 at each time point). On the basis of the results of
previous studies, we predicted that the significance level
was 5%, the power was 80%, the intergroup variance was
0.8, and the intragroup variance was 0.5; power analysis
was performed to determine the number of rabbits re-
quired per group. To reduce the number of experimental
animals, only five rabbits were used in the sham control
group (Group S) without ischemic invasion (i.e.,, no
change in findings was expected). Anesthesia in all rab-
bits was induced by intramuscular injection of ketamine
(50 mg/kg) and was maintained by inhalation of 2% ha-
lothane and oxygen (AM200; Aika, Tokyo, Japan). Respi-
ratory management was performed via spontaneous
breathing. A 24 G catheter was placed in the left femoral
artery to monitor blood pressure and heart rate, and rec-
tal temperature was continuously measured. A 24 G
catheter was placed in the posterior auricular vein for
drug administration. A 5 French catheter scale arterial
embolectomy catheter (E-080-5F; Edwards Lifesciences
LLC, Irvine, CA, USA) was inserted through the right
femoral artery, advanced 15 cm, and the tip of the cathe-
ter was placed in the abdominal aorta. With this proce-
dure, the position of the balloon at the tip of the catheter
was located 0.5-1.5cm distal to the left renal artery. In
Group S, the catheter was quickly removed without bal-
loon dilation. In Groups I and O, the balloon was in-
flated until the arterial pressure waveform in the femoral
artery disappeared, blocking blood flow to the spinal
cord. After 15 min, the balloon was deflated and the ar-
tery reperfused. Our previous experiments confirmed
that 15 min of transient spinal cord ischemia was suffi-
cient for selective and delayed motor neuron death”. Sa-
line (2 mL/kg/h, Group I) or ONO-5046 (5 mg/mL in
saline; 10 mg/kg/h, Group O) was continuously intrave-
nously infused from the induction of ischemia to 60 min
after the end of ischemia. After 60 min of reperfusion, all
catheters were removed, and the rabbits were awakened

from anesthesia.
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Fig. 1 Changes in neurological score in a 15-min spinal cord
transient ischemia model of rabbits
In Group S, there was no decrease in the scores 7 days
after ischemia. In Group I, the score dropped signifi-
cantly from day 2 to day 4. In Group O, the score
dropped slightly from day 2.
*p < 0.05 vs. Group O, tp < 0.01 vs. Group O. Data are
expressed as median (maximum-minimum). Group S:
sham-operated control group; Group I: ischemic group;
Group O: sivelestat sodium hydrate (ONO-5046) treat-
ment group

Neurological Assessment

Neurological function was assessed at 8 h, or 1, 2, or 7
days after ischemia (n = 5 at each time point). Neurologi-
cal assessment involved evaluation of lower limb func-
tion on a 6-point scale using a modified Tarlov score
used by Johnson et al.”: 0 = hind limb paralysis; 1 = se-
vere paraparesis; 2 = functional movement, no hop; 3 =
ataxia, uncoordinated hop; 4 = minimal ataxia; 5 = nor-
mal function.

Histological Assessment

The animals were sacrificed by deep anesthesia with
sodium pentobarbital (100 mg/kg intravenously) after
neurological evaluation. Immediately after death, the spi-
nal cord was removed quickly and carefully. All removed
spinal cords were immediately frozen in powdered dry
ice and stored in a freezer at —80°C.

To histologically evaluate the spinal cord, the spinal
cord was cut laterally at the level of L2 or L3 to 20-pm-
thick sections, which were mounted on glass slides. He-
matoxylin and eosin staining was performed and ob-
served using an optical microscope (Nikon Corp. Tokyo,
Japan) to evaluate pathological changes after spinal cord
ischemia. Uninjured normal motor neurons in the ventral
gray matter were counted in five sections per animal.

Ischemic motor neuron death was defined as the pres-
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Fig. 2 Histological findings in ventral gray matter of the

spinal cord 7 days after 15-min spinal cord tran-
sient ischemia in rabbits (hematoxylin & eosin
staining)

Group S: Normal tissue structure; Group I: Most
motor neurons were damaged; Group S: There
were a few damaged motor neurons and no glial
changes; scale bar = 200 um; Group S: sham-oper-
ated control group; Group I: ischemic group;
Group O: sivelestat sodium hydrate (ONO-5046)
treatment group

ence of cytoplasmic acidophilic staining and pyknosis
with a lack of Nissl bodies.

Immunohistochemical Assessment

Immunohistochemical techniques were used to evalu-
ate changes in the expression of GRP78 and caspasel? af-
ter reperfusion. First, spinal cord sections were rinsed
with 0.1 M phosphate-buffered saline for 20 min and
blocked with 2% normal horse serum for 2 h at 20 to

25°C. The sections were then incubated in 10% normal

J Nippon Med Sch 2023; 90 (1)
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Table 1 Summary of immunohistochemical analysis to evaluate the

changes in the expression of GRP78 and caspasel2 after

reperfusion

Period after 8h 1 day 2 days

ischemia N =5 for each N =5 for each N =5 for each
GRP78

GroupS = —-———-

Group I +4++++ tx*xxt 0 —————
Group O k——— e ++tt—
Caspasel2

GroupS  -—-—-——-

Group I +++++ t———= ————-
Group O - t———= ===

+: strong staining; +: weak staining; —: no staining; Group S: sham-

operated control group; Group I: ischemic group; Group O: sivelestat
sodium hydrate (ONO-5046) treatment group

horse serum or 10% normal rabbit serum for 20 h at 4°C,
as needed. The primary antibodies used were goat poly-
clonal anti-GRP78 antibody (SC-1050; Santa Cruz Biotech-
nology, Inc., Paso Robles, CA, USA) and mouse monoclo-
nal anti-caspasel2 antibody (SC-21747; Santa Cruz
Biotechnology, Inc.). The antibodies were used at a dilu-
tion of 1:200.

Subsequently, the sections were exposed to 0.3% H.O:
and 10% methanol for 20 min to quench the endogenous
peroxidase activity and then washed again with
phosphate-buffered saline. The sections were then incu-
bated with biotinylated anti-goat IgG (PK-6105; Vector
Laboratories, Burlingame, CA, USA) or biotinylated anti-
mouse IgG (PK-6102; Vector Laboratories) for 3 h. The
antibodies were diluted 1:200 with phosphate-buffered
saline containing 0.018% normal horse or rabbit serum.
The sections were then incubated with an avidin-biotin-
horseradish peroxidase complex (PK-6102; Vector Labora-
tories). Immunostaining was performed using DAB/H.O.
solution, and the cytoplasm was counterstained with he-
matoxylin. To confirm specific antibody binding, a set of
sections was stained in a similar manner without the pri-
mary antibody. Expression levels of GRP78 and caspase
12 were evaluated on a three-point scale of strong stain-
ing (+), weak staining (+), and no staining (-), based on
a pathologist’s comprehensive assessment of the staining
intensity and number of positive cells. Histological and
immunohistochemical assessments were performed by
observers who were blinded to the laboratory animal
population information and neurological outcomes.

Statistical Analysis

All statistical analyses were performed using R soft-

ware (version 4.0.5; R Development Core Team). The
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Kruskal-Wallis test was used to compare neurological
scores and cell numbers, and statistical significance was
set at p < 0.05. Nonparametric data are presented as me-

dian (maximum-minimum).

Results

Neurological Assessment

All rabbits survived until the end of the observation
period. In Group S, all rabbits showed normal neural
function (score 5) throughout the observation period. In
Group I, lower limb dysfunction worsened from 2 to 4 d
after ischemia. The score on day 4 and thereafter was sta-
ble at -2, and the score on day 7 was 1.8 (3-1) (median
[maximum-minimum]). In Group O, individuals with a
score of 4 and mild dysfunction were observed from day
2 after ischemia, but no individual had a score of less
than 4, and the score on day 7 after ischemia was 4.6 (5-
4) (median [maximum-minimum]), which was signifi-
cantly higher than the value in Group I (p < 0.01) (Fig.
1).

Histological Assessment

Figure 2 shows typical histological findings 7 d after
ischemia. Normal tissue was observed in Group S, and
motor neurons with darkly stained nuclei and Nissl bod-
ies were observed. In Group I, gray matter vacuolization
was observed, nuclei were shed, and a mixture of
ischemic and normal motor neurons with deeply stained
cytoplasm was observed. In Group O, a few ischemic
motor neurons were observed; however, in Group S,
many normal motor neurons were observed. The number
of normal motor neurons was lower in Group I than in
the other groups (Group S: 35 [64-10]; Group I: 6 [13-1], p
< 0.01; Group S and O, Group O: 27 [47-5]; all data are
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Group S

Fig. 3 Expression of GRP78 in spinal motor neurons up to 2 days after 15-min spinal
cord transient ischemia in rabbits
Group S: GRP78 was weakly expressed in undamaged tissue; Group I: GRP78 was
strongly expressed 8 h after ischemia, but expression decreased rapidly, and
GRP78 was not expressed 2 days after ischemia; Group O: GRP78 was weakly ex-
pressed at 8 h after ischemia, and expression continued until 2 days later. Black
arrowheads indicate expression of GRP78; scale bar = 50 um; Group S: sham-oper-
ated control group; Group I: ischemic group; Group O: sivelestat sodium hydrate
(ONO-5046) treatment group

expressed as median [maximum-minimum]). analysis of each group. A typical tissue image of GRP78
Immunohistochemical Assessment and caspasel2 expression is shown in Figures 3, 4. In
Table 1 shows the results of the immunohistochemical Group S, no induction of GRP78 or caspasel2 expression
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Fig. 4 Expression of caspasel2 in spinal motor neurons up to 2 days after 15-min spinal
cord transient ischemia in rabbits
Group S, Group O: No expression of caspasel2 was observed; Group I: Caspasel2
was expressed 8 h after ischemia but was not expressed 2 days later. Black arrow-
heads indicate expression of caspasel2; scale bar = 50 um; Group S: sham-operat-
ed control group; Group I: ischemic group; Group O: sivelestat sodium hydrate
(ONO-5046) treatment group

was observed. In Group I, strong expression of GRP78 day 2. In Group O, GRP78 expression started slowly 8 h
and caspasel2 was observed in motor neurons 8 h after after reperfusion and was maintained until day 2. Inten-
reperfusion, which had almost disappeared after 1 d; in- sity of GRP78 expression was weaker than in Group L
duction of GRP78 and caspasel2 was not observed after Caspasel2 expression was weak in only one rabbit.
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Discussion

This study examined whether the spinal cord-protective
effect of sivelestat was associated with ER stress. In a 15-
min spinal cord transient ischemia model of rabbits, con-
tinuous administration of ONO-5046 from the time of
spinal cord ischemia to 60 min after reperfusion resulted
in improvement in neurological scores and histological
findings after reperfusion, as compared with findings for
the ischemic group. The improvement was maintained
even after 7 d of reperfusion. In addition, immunohisto-
chemical analysis showed prolonged induction of GRP78
and suppression of caspasel2 expression.

Sakurai et al.”" reported that a 15-min transient spinal
cord ischemia model expressed GRP78, an ER stress-
induced molecule chaperone, and caspasel2, an ER
stress-induced apoptosis-related caspase. As a result, de-
layed motor neuronal cell death occurred. Similarly, in
the present ischemic group, expression of GRP78 and
caspasel2, as well as motor neuron death, were ob-
served. Administration of ONO-5046 during spinal cord
ischemia-reperfusion prolonged GRP78 expression and
suppressed caspasel2 expression. These results suggest
that ONO-50456 suppressed ER stress in spinal cord
ischemia. In the ischemic group, the ER stress response
was caused by ischemic stress, but the excessive UPR
triggered activation of the stress sensor and caspasel2-
induced apoptosis. In the treated group, it is plausible
that ONO-5046 reduced ER stress, resulting in a normal
ER stress response. GRP78 expression was mild, and its
expression duration was prolonged; caspasel2 expression
was suppressed, and consequently, damaged motor neu-
rons could recover. To our knowledge, no study has
demonstrated that sivelestat directly suppresses ER
stress.

On the contrary, studies have shown that neutrophils
accumulate in the ischemic area during spinal ischemia®
and that sivelestat prevents diseases caused by neutro-
phil elastase™™
that ONO-5046 inhibited elastase released from neutro-

phils accumulating in the ischemic region of the spinal

. In the current study, we hypothesized

cord, resulting in less damage to motor neurons. Admini-
stration of ONO-5046 for ischemic spinal cord injury in-
hibited neutrophil elastase activity released to the
ischemic region and reduced cell damage, that is, ER
stress. Thus, it is considered that GRP78 expression is
prolonged and the ER stress response is activated for sur-
vival, thereby inhibiting the expression of lethal caspase
12.

Ischemic motor neurons were observed histologically,
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even though the results of a neurological evaluation were
normal in Group O. ONO-5046 has a neuroprotective ef-
fect in transient spinal cord ischemia; however, it was
unable to completely suppress delayed cell death. It is
unclear whether this is a problem with the method of ad-
ministering ONO-5046 or a limitation in drug efficacy.
Further research is needed to determine the dose and
method of ONO-5046 administration and identify the
part of the ER stress response that is affected.

The current study has some limitations. First, ONO-
5046 was continuously administered at 10 mg/kg/h from
the time of ischemia to 60 min after reperfusion, but it is
unclear, because of species differences, whether this
method of administration yields results than can be ex-
trapolated to humans. Second, the observation period for
each group may not have been long enough to assess the
delayed death of motor neurons. Third, a precise electro-
physiological evaluation of motor function of the hind
limbs was not performed; thus, a minute or potential
motor dysfunction may have been overlooked. Finally,
evaluation of GRP78 and caspasel2 expression levels has
not been quantified. Quantification could provide a more
accurate assessment.

In conclusion, ONO-5046 prolonged GRP78 expression,
suppressed apoptosis-promoting caspasel2 expression,
and protected motor neurons from ischemic spinal cord
injury. These findings suggest that administration of
ONO-5046 relieves ER stress during spinal cord ischemia
and exerts a spinal cord-protective effect. Future studies
should examine methods of administration, such as drug
dose and time, and the long-term neuroprotective effects
of ONO-5046.

Acknowledgments: We are grateful to F Tezuka and
H. Suzuki for technical assistance with the experiments. This
work received extensive financial support from anesthesiolo-
gists working in the Department of Anesthesiology, Sendai

Medical Center.

Conflict of Interest: This study was facilitated by ONO Phar-
maceutical Company (Osaka, Japan), which was responsible
for bulk provision of ONO-5046.

References

1. Silingardi R, Gennai S, Leone N, et al. Standard “off-the
shelf” multibranched thoracoabdominal endograft in ur-
gent and elective patients with single and staged proce-
dures in a multicenter experience. ] Vasc Surg. 2018 Apr
1,67:1005-16.

2. Reilly LM, Rapp JH, Grenon SM, Hiramoto JS, Sobel ],
Chuter TAM. Efficacy and durability of endovascular tho-

J Nippon Med Sch 2023; 90 (1)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Sivelestat Reduces ER Stress

racoabdominal aortic aneurysm repair using the caudally
directed cuff technique. J Vasc Surg. 2012 Jul 1,56(1):53-
64.

Verhoeven EL, Katsargyris A, Bekkema F et al. Editor’s
choice - Ten-year experience with endovascular repair of
thoracoabdominal aortic aneurysms: Results from 166
consecutive patients. Eur ] Vasc Endovasc Surg. 2015 May
1;49:524-31.

Mastracci TM, Eagleton M], Kuramochi Y, Bathurst S,
Wolski K. Twelve-year results of fenestrated endografts
for juxtarenal and group IV thoracoabdominal aneu-
rysms. ] Vasc Surg. 2015 Feb 1;61(2):355-64.

Safi HJ, Miller CC 3rd, Azizzadeh A, Iliopoulos DC. Ob-
servations on delayed neurologic deficit after thoracoab-
dominal aortic aneurysm repair. J Vasc Surg. 1997 Oct 1;
26(4):616—22.

. Hollier LH, Money SR, Naslund TC, et al. Risk of spinal

cord dysfunction in patients undergoing thoracoabdomi-
nal aortic replacement. Am J Surg. 1992 Sep 1;164(3):210—
4.

Hiratzka LF, Bakris GL, Beckman JA, et al. 2010 Guide-
lines for the diagnosis and management of patients with
thoracic aortic disease. Circulation. 2010 Apr 6;121(13):e
266-369.

Yamauchi T, Sawa Y, Sakurai M, et al. ONO-5046 attenu-
ation of delayed motor neuron death and effect on the in-
duction of brain-derived neurotrophic factor, phospho-
rylated extracellular signal-regulated kinase, and caspase3
after spinal cord ischemia in rabbits. ] Thorac Cardiovasc
Surg. 2006 Mar 1;131(3):644-50.

Kumar H, Choi H, Jo M, et al. Neutrophil elastase inhibi-
tion effectively rescued angiopoietin-1 decrease and inhib-
its glial scar after spinal cord injury. Acta Neuropathol
Commun. 2018 Aug 7;6(1):73.

Huo J, Zhu X, Ma R, Dong H, Su B. GAPDH/Siah1 cas-
cade is involved in traumatic spinal cord injury and
could be attenuated by sivelestat sodium. Neuroscience.
2016 Aug 25;330:171-80.

Watanabe M, Sakurai M, Abe K, et al. Inductions of Cu/
Zn superoxide dismutase- and nitric oxide synthase-like
immunoreactivities in rabbit spinal cord after transient
ischemia. Brain Res. 1996 Sep 2;732(1-2):69-74.

Sakurai M, Hayashi T, Abe K, Sadahiro M, Tabayashi K.
Delayed and selective motor neuron death after transient
spinal cord ischemia: A role of apoptosis? ] Thorac Car-
diovasc Surg. 1998 Jun 1;115(6):1310-5.

Sakurai M, Takahashi G, Abe K, Horinouchi T, Itoyama Y,
Tabayashi K. Endoplasmic reticulum stress induced in
motor neurons by transient spinal cord ischemia in rab-
bits. ] Thorac Cardiovasc Surg. 2005 Sep 1;130(3):640-5.
Gething MJ, Sambrook J. Protein folding in the cell. Na-
ture. 1992 Jan 2;355(2):33-45.

Hass IG. BiP- A heat shock protein involved in immuno-
globulin chain assembly. Curr Top Microbiol Immunol.
1991 Feb 1;167:71-82.

Ibrahim MI, Doaa HA, Abdo AE. GRP78: A cell’s re-
sponse to stress. Life Sci. 2019 Jun 1;266:156-63.
Nakagawa T, Zhu H, Morishima N, et al. Caspase-12 me-
diates endoplasmic-reticulum-specific apoptosis and cyto-
toxicity by amyloid-beta. Nature. 2000 Jan 6;403:98-103.
Garcia JH, Kamijo Y. Cerebral infarction: Evolution of
histopathological changes after occlusion of a middle
cerebral artery in primates. ] Neuropathol Exp Neurol.
1974 Jul 1;33(3):408-21.

Adams RD, Sidman RL. Introduction to Neuropathology.
Mcgraw-Hill Book Co. New York: 1968. p. 698-707.
Hallenbeck JM, Dutka AJ, Tanishima T, et al. Polymor-
phonuclear leukocyte accumulation in brain regions with

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

low blood flow during the early postischemic period.
Stroke. 1986 Mar 1;17(2):246-53.

Lindsberg PJ, Sirén AL, Feuerstein GZ, Hallenbeck JM.
Antagonism of neutrophil adherence in the deteriorating
stroke model in rabbits. ] Neurosurg. 1995 Feb;82(2):269—
77.

Kawabata K, Hagio T, Matsuoka S. The role of neutrophil
elastase in acute lung injury. Eur J Pharmacol. 2002 Sep 6;
451(1):1-10.

Petty TL. Protease mechanisms in the pathogenesis of
acute lung injury. Ann N Y Acad Sci. 1991 May;624:267—
77.

Tsujii S, Okabayashi T, Shiga M, et al. The effect of the
neutrophil elastase inhibitor sivelestat on early injury af-
ter liver resection. World ] Surg. 2012 Feb 25;36(5):1122-
227.

Ikegame Y, Yamashita K, Hayashi S, Yoshimura S, Naka-
shima S, Iwama T. Neutrophil elastase inhibitor prevents
ischemic brain damage via reduction of vasogenic edema.
Hypertens Res. 2010 May 20;33(7):703-7.

Kohira S, Oka N, Inoue N, et al. Effect of the neutrophil
elastase inhibitor sivelestat on perioperative inflammatory
response after pediatric heart surgery with cardiopulmon-
ary bypass: A prospective randomized study. Artif Or-
gans. 2013 Jul 3;37(12):1027-33.

Ron D, Walter P. Signal integration in the endoplasmic re-
ticulum unfolded protein response. Nat Rev Mol Cell
Biol. 2007 Jul;8:519-29.

National Research Council, Division on Earth and Life
Studies, Institute for Laboratory Animal Research. Com-
mittee for the Update of the Guide for the Care and Use
of Laboratory Animals. Guide for the Care and Use of
Laboratory Animals. 8th edition. National Academies
Press; 2011.

Johnson SH, Kraimer JM, Graeber GM. Effects of flunariz-
ine on neurological recovery and spinal cord blood flow
in experimental spinal cord ischemia in rabbits. Stroke.
1993 Oct 1,24(10):1547-53.

Oruckaptan HH, Ozisik P, Atilla P, et al. Systemic admini-
stration of interleukin-10 attenuates early ischemic re-
sponse following spinal cord ischemia reperfusion injury
in rats. ] Surg Res. 2009 Aug 1;155(2):345-56.

Okeke EB, Louttit C, Fry C, et al. Inhibition of neutrophil
elastase prevents neutrophil extracellular trap formation
and rescues mice from endotoxic shock. Biomaterials.
2020 Apr;238:119836.

Muley MM, Krustev E, Reid AR, McDougall JJ. Prophy-
lactic inhibition of neutrophil elastase prevents the devel-
opment of chronic neuropathic pain in osteoarthritic
mice. ] Neuroinflammation. 2017 Aug 23;14(1):168.
Takemasa A, Ishii Y, Fukuda T. A neutrophil elastase in-
hibitor prevents bleomycin-induced pulmonary fibrosis in
mice. Eur Respir J. 2012 Dec;40(6):1475-82.

(Received, April 14, 2022)
(Accepted, August 24, 2022)

Journal of Nippon Medical School has adopted the Creative Com-
mons Attribution-NonCommercial-NoDerivatives 4.0 International
License (https://creativecommons.org/licenses/by-nc-nd/4.0/) for
this article. The Medical Association of Nippon Medical School re-
mains the copyright holder of all articles. Anyone may download,
reuse, copy, reprint, or distribute articles for non-profit purposes
under this license, on condition that the authors of the articles are
properly credited.

J Nippon Med Sch 2023; 90 (1)

57




