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Acute kidney injury (AKI) is a serious problem in
critically ill patients of intensive care units. It has
been reported previously that AKI can induce acute
lung injury (ALI), as well as cause injuries to other
remote organs, including the lungs. Patients with AKI
complicated by ALI show remarkably high mortality.
ALI is characterized by neutrophil infiltration into the
lung. Neutrophil elastase (NE) is a key enzyme for
tissue injury caused by activated neutrophils, such as
occurs in ALI. Therefore, this study investigated the
role of NE in AKI-induced ALI using a specific NE
inhibitor, sivelestat sodium hydrate (ONO-5046), in a
mouse bilateral nephrectomy model. Bilateral nephrec-
tomy showed not only a remarkable increase in blood
urea nitrogen levels, but also demonstrated neutrophil
infiltration into the lung, increased pulmonary inflam-
matory cytokine expression [interleukin-6, neutrophil
chemokine keratinocyte-derived chemokine, and tu-
mor necrosis factor-�], and protein leakage with early
increases in both systemic and pulmonary NE activity.
ONO-5046 treatment reduced NE activity and improved
these pulmonary inflammatory responses. Addition-
ally, ONO-5046-treated animals had longer survival
times. These data demonstrate that increasing NE activ-
ity induces pulmonary inflammatory damage in a bilat-
eral nephrectomy model. Blockade of NE activity will
be a useful therapeutic strategy for ALI complica-
tions in AKI patients. (Am J Pathol 2010, 177:1665–1673;
DOI: 10.2353/ajpath.2010.090793)

Acute lung injury (ALI) is a life-threatening condition that
is frequently complicated with acute kidney injury (AKI),
which is a serious condition in intensive care units. The
ALI mortality is higher than 50% and increases with the

development of other organ failure including AKI.1 One
report described a mortality rate higher than 80% for
patients with AKI complicated with ALI.2 Current preven-
tion and treatment strategies for AKI cannot sufficiently
improve the mortality of these severely ill patients. Al-
though many basic and clinical researchers are investi-
gating novel therapies for AKI,3 targeting of other organ
damages caused by AKI is also necessary for improving
AKI outcomes.

Recently, it has been suggested that AKI influences
other remote organs including the lungs.4–6 Experimental
evidence indicates that AKI-induced ALI occurs not only
by volume overload, but also through deleterious kidney–
lung interactions. Mechanisms of AKI-induced ALI in-
clude dysregulation of inflammatory reaction, innate im-
mune response, oxidative stress, apoptosis, and soluble
mediator metabolism.7 Rodent models of bilateral ne-
phrectomy (BNx) and renal ischemia reperfusion have
been used to investigate the role of AKI in the patho-
genesis of ALI.8–11 Ischemic AKI engenders increased
pulmonary vascular permeability by down-regulating pul-
monary epithelial sodium channel, Na,K-ATPase, and
aquaporin-5.10 Ischemic AKI induced leukocyte accumu-
lation and activation of inflammatory transcription factors
such as nuclear factor-�B and p38 mitogen-activated
protein kinase in the lung, which was attenuated by an
anti-inflammatory cytokine �-melanocyte stimulating
hormone.11 Faubel and colleagues5 demonstrated that
BNx induced increases of multiple serum cytokines
including interleukin (IL)-6 and lung injury character-
ized by neutrophil infiltration. Anti-inflammatory cyto-
kine IL-10 attenuated pulmonary histological damage,
bronchoalveolar lavage fluid (BALF) protein levels, and
pulmonary myeloperoxidase activity.8
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Neutrophils play a central role in the pathogenesis of
ALI by releasing several proteases and reactive oxygen
species.12 Among them, neutrophil elastase (NE) is rec-
ognized as a potential target of therapeutic intervention.
NE is a serine protease secreted by neutrophils during
inflammation; it destroys not only bacteria but also host
tissue.13,14 A specific NE inhibitor, sivelestat sodium hy-
drate (ONO-5046), is now approved for clinical use on
ALI complicated with systemic inflammatory response
syndrome in Japan. Although several clinical reports de-
scribe the protective effects of ONO-5046 on human ALI
associated with systemic inflammatory response syn-
drome,15–19 the literature includes no report of a clinical
study evaluating the effect of ONO-5046 on ALI compli-
cated with AKI. The present study is designed to eluci-
date the possible therapeutic effects of a specific NE
inhibitor ONO-5046 on ALI induced by AKI using mouse
BNx model. In addition to systemic and pulmonary NE
activity and histological analysis of the lung, inflammatory
cytokine expression in the lung was evaluated to clarify
the role of NE in AKI-induced ALI.

Materials and Methods

Animals and Surgical Protocol

Eight- to ten-week-old male C57BL/6 mice, weighing 20
to 25 g, were obtained from Japan SLC (Hamamatsu,
Japan). Those mice were kept on a 12-hour light/dark
cycle with free access to diet and water. All animal ex-
periments were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (U.S.
Department of Health and Human Services, Public Health
Services, National Institutes of Health, NIH publication
no. 86-23, 1985).

Animals were anesthetized by injection (i.p.) with a
combination of ketamine hydrochloride and xylazine hy-
drochloride. The kidneys were exposed from the flank,
dissected, and removed after the pedicles were ligated
using 5-0 nylon sutures; alternatively, kidneys were iso-
lated in sham surgeries. ONO-5046, provided by Ono
Pharmaceutical Co., Ltd. (Osaka, Japan), was dissolved
in normal saline and adjusted to pH 7.8 with Na2CO3. In
the BNx�ONO-5046 group, ONO-5046 was adminis-
tered intraperitoneally at the dose of 50 mg/kg 11 hours
before the surgery and every 11 hours after (Figure 1). In
the previous study on a mouse model of acute colitis,

treatment of ONO-5046 at the dose of 50 mg/kg twice a
day improved histological damages and suppressed the
NE activities.20 The same amount of saline was injected
to the BNx�saline and the sham group. Animals were
killed 6 hours or 24 hours after the surgery and blood and
lung specimens were harvested for analyses, except for
survival analysis. For survival analysis, animals were
treated with ONO-5046 or saline every 11 hours until they
died. Survival was assessed every 6 to 12 hours after the
surgery.

Measurement of Blood Urea Nitrogen,
Aspartate Aminotransferase, and Alanine
Aminotransferase

The blood urea nitrogen was measured using the urease–
indophenol method with Urea NB (Wako Pure Chemical
Industries Ltd., Osaka, Japan). The aspartate amino-
transferase and alanine aminotransferase was measured
using the POP-TOOS [pyruvate oxidase-N-ethyl-N-(2-hy-
droxy-3-sulfopropyl)-m-toluidine] method with Transam-
inase CII-test Wako (Wako Pure Chemical Industries
Ltd.). An absorbance 96-well plate reader (Spectra-
MAX Plus; Molecular Devices Corp., Sunnyvale, CA)
was used with a wavelength of 570 nm (blood urea
nitrogen) and 555 nm (aspartate aminotransferase and
alanine aminotransferase).

Histological Examination of Lung Tissue

The lungs were resected from the mice after perfusion
with PBS. The lungs were fixed with formalin and embed-
ded in paraffin. Sections (3 �m thick) were stained with
Giemsa (Wako Pure Chemical Industries Ltd.). The num-
ber of neutrophils was determined in 10 randomly se-
lected nonoverlapping fields at �400 magnification in
each section of the individual mouse lung. Scores of
respective lungs were averaged; scores of each animal
were also averaged.

Analysis of BALF

The lungs were lavaged with 4 � 0.5 ml of PBS. The BALF
was centrifuged 1500 rpm at 4°C for 10 minutes, and the
level of protein in the supernatant was measured using
Bradford total protein assay (Bio-Rad Laboratories Inc.,
Hercules, CA).21 The cells were resuspended in 1 ml of
saline with 1% bovine serum albumin (Sigma-Aldrich, St.
Louis, MO) and the total cell numbers were counted with
a hemocytometer. Cytospin samples were prepared by
centrifuging the suspensions at 350 rpm for 10 minutes
and cell differentials were determined by counting at
least 300 leukocytes on Giemsa Stain (Wako Pure Chem-
ical Industries, Ltd.).22,23 For neutrophil elastase activity
measurement and Western blot analysis, BALF samples
were condensed by spin condensing columns (Amicon
Ultra; Millipore Corp., Billerica, MA).

ONO-5046 or saline
sampling

-11h 11h 22h

BNx

6h0h 24h

Figure 1. Protocol of ONO-5046 treatment. Acute lung injury was induced
by bilateral nephrectomy. The experimental design of the BNx model and
ONO-5046 treatment is shown. ONO-5046 treatment was performed 11 hours
before surgery and every 11 hours after until death. Animals were killed 6
hours and 24 hours for blood and lung tissue sampling except survival
analysis.
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Wet/Dry Lung Weight Ratios

Lung wet/dry (W/D) weight ratios were measured as de-
scribed previously.24 The lungs were surgically dis-
sected, with removal of the trachea and main bronchi.
Lungs were weighed and dried in an oven at 60°C for 48
hours. The W/D weight ratio was calculated to evaluate
pulmonary edema.

Measurement of NE Activity

NE activity was determined as described previously.25

Briefly, plasma, supernatant of the lung homogenate, and
BALF samples were incubated with 0.1 mol/L Tris-HCl
buffer (pH 8.0) containing 0.5 mol/L NaCl and 1 mmol/L
N-methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide, a highly
specific synthetic substrate for NE, at 37°C for 24 hours
and the liberated amount of p-nitroanilide was measured
spectrophotometrically at 405 nm. NE activity was calcu-
lated as the concentration of liberated p-nitroanilide. NE
activity of lung homogenate and BALF was corrected with
protein concentration.

Western Blot Analysis

Western blot analysis was performed as described pre-
viously.26 Briefly, 10 �g proteins extracted from the lung
or contained in BALF were separated on a 10 to 20%
gradient sodium dodecyl sulfate-polyacrylamide gel and
transferred to a polyvinylidene difluoride membrane (Am-
ersham Biosciences Corp., Uppsala, Sweden). As a pos-
itive control, human leukocytes extracted from peripheral
blood were used.27 Western blot analysis was performed
using 1:150 diluted neutrophil elastase antibody (H-57;
Santa Cruz Biotechnology Inc., Santa Cruz, CA) over-
night at 4°C. Subsequently, the chemiluminescent signal
labeled using ECL Plus (Amersham Biosciences Corp.)
was detected using a CCD camera system (LAS-4000
Mini; Fuji Photo Film Co. Ltd., Tokyo, Japan). The mem-
brane was incubated at 50°C for 30 minutes in a stripping
buffer to remove all probes. The reprobing procedure
was performed further with the antibody to �-actin
(Chemicon Co. Ltd., Temecula, CA). Densitometric anal-
ysis of bands compared with �-actin was performed us-
ing image software (Multi Gauge Ver. 3.0; Fuji Photo Film
Co. Ltd.).

Real-Time PCR Assay for IL-6, Keratinocyte-Derived
Chemokine, and Tumor Necrosis Factor-�
Expression in the Lung

Total RNA was extracted from whole lung homogenates
using Trizol (Invitrogen Corp., Carlsbad, CA). A High
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Foster City, CA) was used according to the
manufacturer’s protocol to synthesize cDNA from total
RNA with random primers. Lung transcription levels were
assessed using real-time quantitative PCR with LightCy-
cler Faststart DNA Master SYBR Green I (F. Hoffman La

Roche Ltd./Roche, Basel, Switzerland) and a PCR system
(Prism 7000; Applied Biosystems), according to the man-
ufacturer’s instructions. The following primer-specific nucle-
otide sequences of IL-6 (sense 5�-TTCCATCCAGTTGCCT-
TCTT-3� and antisense 5�-ATTTCCACGATTTCCCAGAG-3�),
keratinocyte-derived chemokine (KC) (sense 5�-GGCTGG-
GATTCACCTCAAGAAC-3�, antisense 5�-TGTGGCTAT-
GACTTCGGTTTGG-3�), tumor necrosis factor (TNF)-�
(sense 5�-ATCCGCGACGTGGAACTG-3� and antisense
5�-ACCGCCTGGAGTTCTGGAA-3�), and �-actin (sense
5�-CGCACCACTGGCATTGTCAT-3� and antisense 5�-
TTCTCCTTGATGTCACGCAC-3�) were used. The PCR
reaction conditions of IL-6, KC, and TNF-� were 95°C for
10 minutes, followed by 45 cycles of 95°C for 10 s, 60°C
for 10 s, and 72°C for 30 seconds. Condition of �-actin
was 95°C for 10 minutes, followed by 45 cycles of 95°C
for 10 s, 53.5°C for 10 s, and 72°C for 30 seconds.
Quantification of gene expressions were calculated rela-
tive to �-actin. Amplification data were analyzed using
software (Prism sequence detection ver. 2.1; Applied
Biosystems).

Statistical Analysis

The results of statistical analyses are expressed as
means � SEM. Differences between groups were ana-
lyzed for statistical significance using one-way analysis of
variance followed by Tukey-Kramer test for multiple pair-
wise comparisons. P � 0.05 was inferred as statistically
significant. Survival was compared using a log-rank test.
These calculations were performed using software (JMP
8.0; SAS Institute Inc., Cary, NC).

Results

Effect of ONO-5046 on ALI Induced by BNx

The protocol of ALI induced by BNx and ONO-5046
treatment is presented in Figure 1. A significant increase
of blood urea nitrogen was observed in the BNx�saline
and BNx�ONO-5046 group; no significant difference
was found between them at any measurement time point
of 2, 4, 8, and 24 hours. No significant difference was
found in any body weight change or lung W/D weight
ratio between the groups, which suggests that this BNx
model had no remarkable volume overload. The ONO-
5046 treatment did not change the body weight and lung
W/D weight ratio. Morphological analyses revealed no
pulmonary interstitial edema in bilateral nephrectomized
mice at 6 and 24 hours. Neutrophil infiltration evaluated
by Giemsa stain was demonstrated in the BNx�saline
group. Administration of ONO-5046 to sham-operated
animals did not cause any neutrophil infiltration in the
lung (Figure 2, A–C). The number of neutrophils was
higher at 6 hours than at 24 hours after BNx and ONO-
5046 treatment decreased neutrophil infiltration at 6
hours and 24 hours (Figure 2, D).

BALF cellular content and protein levels were mea-
sured. BNx did not increase BALF cell counts including
neutrophil compared with sham-operated animals (Fig-
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ure 3A). No increase of BALF protein levels was found 6
hours after surgery. The BALF protein concentration in
the BNx�saline group was significantly higher than that
of the sham group at 24 hours. The ONO-5046 treatment
engendered significantly lower BALF protein levels at 24
hours (Figure 3B).

Survival and Liver Injury in ALI Induced by BNx

The animals started to die 24 hours after the surgery of
BNx. The ONO-5046 treatment significantly improved
survival compared with saline injection (Figure 4). In ac-
cordance with the previous report,28 BNx significantly
increased plasma aspartate aminotransferase and ala-
nine aminotransferase levels. The ONO-5046 treatment
did not attenuate these liver enzymes (Figure 5, A and B).

Neutrophil Elastase in ALI Induced by BNx

Pulmonary and plasma NE activity increased at 6 hours
after BNx and decreased to an equivalent level of sham
after 24 hours. The BNx�ONO-5046 group showed sig-
nificantly lower pulmonary (Figure 6A) and plasma (Fig-
ure 6B) NE activity at 6 hours. The NE activity in the BALF
was not detected in all of the groups even when the BALF
was condensed by spin condensing column. The amount
of NE in the lung tissue was examined using Western blot
analysis. Immunoreactive bands at approximately 30 kDa
were detected which corresponds to the molecular size
of NE. NE protein in the lung was increased at 6 hours
and 24 hours after BNx. The ONO-5046 treatment atten-
uated NE protein levels in the lung (Figure 7, A and B). No
NE protein was detected in BALF by Western blot anal-
ysis (Figure 7A).

Inflammatory Cytokine Expression in ALI
Induced by BNx

To evaluate pulmonary inflammatory responses in ALI
induced by BNx, IL-6, KC, and TNF-� mRNA expressions
in the lung were examined. Increased expressions of IL-6
(Figure 8A), KC (Figure 8B), and TNF-� (Figure 8C) were
found in the BNx�saline group at 6 hours and 24 hours
after BNx. These cytokine expressions were attenuated
significantly by the ONO-5046 treatment (Figure 8,
A–C).

Discussion

Acute lung injury complicated with AKI is highlighted by
an unacceptably high mortality. Novel therapeutic strat-
egies targeting this severe condition will improve critical
care in intensive care units remarkably. This study dem-
onstrated a specific NE inhibitor ONO-5046, which is now
available for human ALI induced by systemic inflamma-
tory response syndrome in Japan, improved ALI induced
by AKI in a mouse model of BNx. Our data indicated that
NE plays a crucial role in the pathogenesis of ALI in-
duced by AKI.

NE is a serine protease located in neutrophil lysosome.
Its role as a bactericidal agent has been established by
generating mice lacking NE.29 The NE is secreted from
activated neutrophils and contributes to tissue destruc-
tion in inflammatory diseases such as acute respiratory
distress syndrome,30 lung emphysema,31 and rheuma-
toid arthritis.32 In normal conditions, NE is inactivated
systemically and tightly by endogenous protease inhibi-
tors such as �1-antitrypsin (AT) and �2-macroglobulin.
However, inflammatory conditions inactivate these pro-
tease inhibitors by neutrophil-derived reactive oxygen

Figure 2. Neutrophil infiltration in ALI induced
by BNx. Bilateral nephrectomy induced neutro-
phil infiltration in the lung. ONO-5046 treatment
significantly reduced neutrophil numbers in the
lung tissue. A–C: Neutrophil infiltration at 6 and
24 hours after the surgery was observed by Gi-
emsa stain (arrows). Original magnification,
�400. Scale bar � 50 �m. D: The neutrophil
count in the lung was decreased significantly by
ONO-5046 (ONO) treatment (n � 5 to 6 in each
group; the number of neutrophils was deter-
mined in 10 randomly selected nonoverlapping
fields in each section of the individual mouse
lung.). *P � 0.001 versus BNx�saline, ***P �
0.05 versus sham.
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species12 and enable NE to have strong protease activity
of destroying extracellular matrix such as elastin, colla-
gen type I–IV, and proteoglycan.33 In the present study,
systemic and pulmonary NE activity increased early after
BNx (6 hours), which suggests that the acute decline of
kidney function triggers inactivation of endogenous NE
inhibitors. Reportedly, plasma elastase protein levels in
dialyzed patients were increased even before dialysis
treatment.34 Liver injury evaluated by blood aspartate
aminotransferase and alanine aminotransferase levels
was also found in the bilateral nephrectomized animals.
�1-AT and �2-macroglobulin are produced by the liver
and reduced synthesis of these endogenous NE inhibi-
tors by the liver injury may partly contribute to NE activa-
tion in this model. Further investigations are necessary to
clarify the regulatory mechanism of NE activation.

ONO-5046 attenuates lipopolysaccharide-induced pul-
monary inflammation by inhibiting neutrophil infiltration and
reducing lung vascular permeability in several animal
models.35–37 In contrast to endogenous protease inhibi-
tors, ONO-5046 assumed to be able to inhibit NE effec-

tively in inflammatory conditions because it is not inacti-
vated by reactive oxygen species.38,39 The present study
is the first report that shows the protective effect of ONO-
5046 on AKI-induced ALI. Protective effects of ONO-

Figure 3. BALF cell count and protein concentration in ALI induced by BNx.
BALF obtained at 6 hours and 24 hours after bilateral nephrectomy was
analyzed for evaluating pulmonary inflammation and vascular leakage. A: No
significant difference was found in BALF cell count among the groups at 6
hours and 24 hours (n� 5 to 6 in each group). B: BALF protein concentration
was increased at 24 hours and ONO-5046 (ONO) treatment significantly
decreased BALF protein at 24 hours (n � 5 to 6 in each group). *P � 0.001
versus BNx�saline.

Figure 4. Effect of ONO-5046 on survival. Animals started to die 24 hours
after bilateral nephrectomy and ONO-5046 (ONO) treatment showed a sig-
nificant improvement of the survival after BNx compared with saline injec-
tion (P � 0.05, by log-rank test). Closed circles indicate the BNx�saline
group (n � 16) and open circles ONO-5046 treatment group (n � 14).
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5046 have also been demonstrated on neutrophil-medi-
ated other organ injury models such as hippocampal
neuronal damage after transient forebrain ischemia,40

neurological damage after spinal cord injury,41 collagen-
induced arthritis,42 and acute colitis.20 Although one ran-
domized controlled trial including 492 patients demon-
strated no improvement of ALI by ONO-5046,18 several
small trials showed beneficial effects of ONO-5046 on ALI
in critically ill patients.17,19 No clinical trial evaluating
ONO-5046 on ALI complicated with AKI has been re-
ported in the relevant literature. Our data may indicate the
potential of NE inactivation for ALI treatment and induce
new drug development for ALI complicated with AKI,
which has an unacceptably high mortality rate. In addi-
tion, the therapeutic window of NE inactivation therapy
should be considered for future clinical trials, because
our data suggested the early intervention to NE activity by
ONO-5046 is necessary to reduce AKI-induced ALI.

Results of this study showed a remarkable pulmonary
neutrophil infiltration in ALI induced by BNx. Increased

expression of KC, which is a potent chemoattractant for
neutrophils, was found in the lung tissue. NE induced IL-8
(human analogue of mouse KC) expression in human
bronchial epithelial cells.43 The KC production in zymo-
san-stimulated cremaster muscles of NE knockout mice
was lower than in wild-type mice.44 We found attenuation
of KC expression in the lung using ONO-5046 treatment.
These data suggested that a vicious circle of NE-induced
KC expression and subsequent neutrophil infiltration at
least partly contribute to AKI-induced ALI; NE increased
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Figure 6. NE activity after AKI by BNx. To demonstrate the mechanism of
protective effect of ONO-5046, lung (A) and plasma (B) NE activity after BNx
were examined. BNx increased pulmonary and plasma NE activity at 6 hours
and ONO-5046 (ONO) treatment significantly decreased it (n� 5 to 6 in each
group). *P � 0.001, **P � 0.01 versus BNx�saline.

Figure 7. Pulmonary NE expression in ALI induced by BNx. A: The amount
of NE protein was measured by Western blot analysis of lung homogenates.
B: Densitometric analysis of immunoreactive bands compared with the
density of �-actin demonstrated NE protein amount was significantly in-
creased in the BNx�saline group, and attenuated by ONO-5046 (ONO)
treatment (n � 6 in each group). *P � 0.05 versus BNx�saline.
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KC expression in the lung, increased KC, a potent che-
moattractant, allowed neutrophil to infiltrate to the lung,
and infiltrated neutrophil released NE and further in-
creased KC levels.

We found a significant increase of NE protein in the
lung, which was attenuated by ONO-5046 treatment. Re-
portedly, NE-�1-AT complex formation reduces elastase
activity and NE-�1-AT complexes are cleared via serpin-
enzyme complex receptors.45,46 If the clearance of NE-

�1-AT complexes were blocked by ONO-5046, ONO-
5046 treatment would increase NE protein amount.
However, �1-AT is larger and has higher potency com-
pared with ONO-5046 (�1-AT; 55 kDa, Ki 0.033 pM ver-
sus ONO-5046; 0.5 kDa, Ki 29 nM).47,48 NE inhibition by
�1-AT is irreversible, whereas ONO-5046 inhibits NE ac-
tivity reversibly.49 Therefore, it might be reasonable to
discuss that �1-AT traps NE immediately and irreversibly
in the injured lung, and ONO-5046 inhibited the excess
NE that escaped from the natural defense system of
�1-AT. In the situation that BNx induces NE production,
ONO-5046 may not influence on the NE-�1-AT complex
formation and clearance. It is true that there is no evi-
dence whether ONO-5046 influences NE clearance and
further investigations should be performed to clarify the
influence of ONO-5046 on NE-�1-AT complex. It is of
note that Endo et al50 reported ONO-5046 treatment on
human septic ALI patients significantly reduced blood NE
concentration.

Although one report showed that increased pulmonary
vascular permeability in a rat ischemia reperfusion model
was attenuated by an inhibitor of macrophage activa-
tion,51 BNx did not induce any macrophage infiltration in
the lung (data not shown). It can be speculated that
activated macrophage might play a role in ALI in our
model by releasing some humoral factors from other
distant organs such as the liver.

In this study, we induced AKI not by ischemia reper-
fusion, but using BNx. As with renal ischemia, ischemia
reperfusion models of other organs such as the liver,52

gut53 and hind limb54 also cause ALI. Intestinal ischemia
reperfusion injury induced tremendous lung injury, as
characterized by lung edema, histopathological changes
(alveolar congestion, hemorrhage, and infiltration of in-
flammatory cells), increased myeloperoxidase activity,
and pro-inflammatory cytokines (IL-6 and TNF-�) levels in
the lung.55 In addition, renal ischemia reperfusion de-
grades other organ functions of the heart and brain.56,57

Therefore, it is difficult to distinguish the contribution of
renal dysfunction itself on lung injury from the effects
derived from non-renal organ injury or increased sys-
temic oxidative stress. Because the BNx model induces
abrupt and complete decline of renal function, it enables
us to investigate the direct relation of renal dysfunction
with ALI without considering the additive issues de-
scribed above.5

In accordance with results described in a previous
report,8 the mouse model of AKI-induced ALI using BNx
in the present study showed no volume overload or pul-
monary edema. No significant difference was found be-
tween bilateral nephrectomized and sham-operated ani-
mals in terms of total body weight change or the lung W/D
weight ratio. Severely ill patients of AKI-induced ALI fre-
quently show lung edema possibly because they need
fluid resuscitation to maintain their hemodynamics. How-
ever, we administered no fluid after the surgery to the
animals. Although remarkable inflammatory responses
including neutrophil infiltration, increased vascular per-
meability, and inflammatory cytokine expression were
demonstrated, adding fluid as resuscitation will produce
this AKI-induced ALI animal model closer to the clinical
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settings. Moreover, cell counts including neutrophil in
BALF did not increase in this model. We could not detect
any NE protein and activity in BALF. We observed neu-
trophil infiltration in the pulmonary interstitium but not in
the alveolar cavities. This indicates the abrupt loss of
renal function by BNx caused insufficient pulmonary in-
flammation to induce neutrophil migration into the al-
veolar cavity when compared with severe ALI models
such as using oleic acid or LPS.58 Further investigation
is necessary to evaluate whether ONO-5046 can pro-
tect AKI-induced ALI in more clinically relevant animal
models.

In conclusion, we demonstrated that AKI induced by
BNx caused lung injury highlighted by neutrophil infiltra-
tion; it also increased NE activity. Treatment with a spe-
cific NE inhibitor, ONO-5046, attenuated systemic and
pulmonary NE activity and decreased neutrophil infiltra-
tion and inflammatory cytokine expression in the lung.
These data indicate that NE plays a crucial role in AKI-
induced ALI and that it can be a potential drug targeted
to severe ALI complicated with AKI.
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