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Abstract. Sepsis-induced acute kidney injury (AKI) represents
a major cause of mortality in intensive care units. Sivelestat,
a selective inhibitor of neutrophil elastase (NE), can attenuate
sepsis-related acute lung injury. However, whether sivelestat
can preserve kidney function during sepsis remains unclear. In
this study, we thus examined the effects of sivelestat on sepsis-
related AKI. Cecal ligation and puncture (CLP) was performed
to induce multiple bacterial infection in male Sprague-Dawley
rats, and subsequently, 50 or 100 mg/kg sivelestat were admin-
istered by intraperitoneal injection immediately after the
surgical procedure. In the untreated rats with sepsis, the mean
arterial pressure (MAP) and glomerular filtration rate (GFR)
were decreased, whereas serum blood urea nitrogen (BUN) and
neutrophil gelatinase-associated lipocalin (NGAL) levels were
increased. We found that sivelestat promoted the survival of
the rats with sepsis, restored the impairment of MAP and GFR,
and inhibited the increased BUN and NGAL levels; specifi-
cally, the higher dose was more effective. In addition, sivelestat
suppressed the CLP-induced macrophage infiltration, the over-
production of pro-inflammatory mediators (tumor necrosis
factor-a, interleukin-1{, high-mobility group box 1 and induc-
ible nitric oxide synthase) and serine/threonine kinase (Akt)
pathway activation in the rats. Collectively, our data suggest
that the inhibition of NE activity with the inhibitor, sivelestat,
is beneficial in ameliorating sepsis-related kidney injury.

Introduction

Sepsis is a systemic response to invasive microbial infection or
severe tissue damage, resulting in tissue necrosis, multi-organ
failure and death (1). After being triggered by overwhelming
initial stimuli, neutrophils and macrophages can produce exces-
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sive pro-inflammatory mediators, leading to a dysregulated
immune response that characterizes sepsis (2). The dominant
causes of acute kidney injury (AKI) in hospitalized patients are
sepsis and septic shock (3). Lipopolysaccharide (LPS), known as
the major component of the outer membrane of Gram-negative
bacteria, is a potent activator for acute inflammatory response
in sepsis (4), and LPS signaling is initiated by activation of
Toll-like receptor 4 (TLR4) (5). Therefore, the blockade of
TLR4 signaling has been considered as a promising therapeutic
approach for sepsis (6,7) and draws intensive attention from
scientists and clinicians worldwide. However, a recent random-
ized double-blind controlled trial revealed that the application
of a specific TLR4 antagonist failed to reduce sepsis-induced
mortality (8). Thus, the further identification of critical media-
tors and molecular targets in sepsis is required. The developmetn
of effective therapeutic approaches is urgenly required.

Reportedly, following bacterial infection, the massive
recruitment and activation of neutrophils are presented with the
extracellular release of neutrophil elastase (NE). NE is a serine
protease that propagates persistent neutrophilic inflammation
by accelerating pro-inflammatory cytokine production (9,10).
By using mouse models of ischemic AKI, Zager et al observed
a marked increase in renal cortical/isolated proximal tubule
NE mRNA levels and a decrease in NE protein levels (11).
Their study suggested that the downregulated protein expres-
sion of renal NE correlated with the upregulation of endogenous
o-1-antitrypsin, which has protease inhibitor activity (11). From
this previous study, it can be postulated that the blockade of NE
toxicity may exert renoprotective effects. Sivelestat, a specific
NE inhibitor, has been demonstrated to mitigate lung injury,
such as pulmonary fibrosis (12) and acute lung injury (13). Of
note, Suda et al found that sivelestat improved the survival of
animals with sepsis (14). However, they only focused on the
beneficial effects of sivelestat in attenuating lung damage. Apart
from lung damage, sepsis often leads to impaired function in
other vital organs, including the kidneys (15), liver (16) and
heart (17). In order to fully evaluate the potential therapeutic
effects of a drug or an agent in sepsis, assessing its effects on
multiple organs is mandatory.

In the present study, we examined the effects of sivelestat on
sepsis-associated AKI in a rat model of sepsis induced by cecal
ligation and puncture (CLP) and also explored the underlying
mechanisms.
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Materials and methods

Animals and ethics. Male Sprague-Dawley rats (weighing
200-250 g) were obtained from the Changsheng
Biotech Co., Ltd. (Beijing, China) and housed under specific
pathogen-free conditions at a constant temperature of 20-22°C
and humidity of 50-60% with a 12-h light/dark cycle, and were
allowed free access to food and water. All animal experiments
were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of China
Medical University, Shenyang, China.

CLP procedure and animal grouping. CLP procedure was
performed to initiate sepsis in rats according to previously
published protocols (18). In short, the rats were first anaesthetized
by the intraperitoneal (i.p.) administration of 10% chloral hydrate
(350 mg/kg; Sinopharm, Beijing, China), and a ventral midline
incision (1.5 cm in length) was made on the rats. The caecum
was exposed, ligated, punctured with a gauge needle 3 times,
and then placed back into the abdomen. Rats that underwent
sham operation (the caccum was exposed by a ventral midline
incision, but was not ligated or punctured) were used as the
controls. Thereafter, the abdominal incision was closed in layers
with 3-0 surgical sutures, and the rats were allowed to recover
from the anaesthesia. These rats were randomly divided into
6 groups (n=8/group) as follows: i) group 1: the sham-operated
group (Sham); ii) group 2: the sham-operated group administered
the low dose of sivelestat (Sham + L-sivelestat); iii) group 3: the
sham-operated group administered the high dose of sivele-
stat (Sham + H-sivelestat); iv) group 4: the rats with sepsis who
were not treated (Sepsis); v) group 5: the rats with sepsis who were
administered the low dose of sivelestat (Sepsis + L-sivelestat);
and vi) group 6: the rats with sepsis who were administered the
high dose of sivelestat (Sepsis + H-sivelestat). The rats in groups 2
and 3, and 5 and 6, rats were administered an i.p. injection of 50
or 100 mg/kg body weight sivelestat (Ono Pharmaceutical Co.,
Osaka, Japan) immediately after the sham-operation or the
initiation of sepsis. The rats in groups 1 and 4 received an infu-
sion of normal saline (vehicle) into the intraperitoneal cavity.
The doses of sivelestat used in our study were selected based
on our preliminary experiments (data not shown) and a previous
study (12). Blood samples from each rat were obtained at 6 and 24
h post-surgery, and the rat kidneys were rapidly removed at 24 h
post-surgery after sacrifice (by an overdose of anesthetics) and
immediately frozen in liquid nitrogen or fixed in 10% formalde-
hyde (Sinopharm) for use in subsequent experiments.

In order to determine whether sivelestat affects animal
survival, the mortalities were measured in another set of rats
treated with or without sivelestat up to 108 h after the proce-
dure (n=10/group). In addition, the mean arterial pressure (MAP)
in these rats was assessed using a non-invasive blood pressure
monitoring system at 24 h according to the manufacturer's
instructions (ALC-NIBP, Alcott Biotech Co., Ltd., Shanghai,
China).

Measurement of serum biochemical parameters. Serum
samples were centrifuged at 1,000 rpm for 20 min, and then
subjected to the detection of blood urea nitrogen (BUN), neutro-
phil gelatinase-associated lipocalin (NGAL) levels, tumor
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necrosis factor a (TNF-a) and interleukin-13 (IL-1p) levels and
NE levels in the serum and renal tissues using commercially
available kits (Boster, Uscn Life Science, Inc., Wuhan, China)
according to the manufacturer's instructions.

Glomerular filtration rate (GFR) and fractional excretion of
sodium (FE,,) assessments. The rats that underwent CLP or
sham surgery were anaesthetized at 24 h and subjected to the
following assessments. GFR was determined by measuring
the inulin clearance. In brief, inulin (Sigma-Aldrich, St. Louis,
MO, USA) was dissolved in normal saline to a concentration
of 5 mg/ml, and then administered through the femoral vein at
a dose of 1 ml/h/100 g body weight. Following equilibration,
the urinary bladder was cannulated to collect a 30-min urine
sample. In addition, a blood sample (1 ml) was collected at the
midpoint of the urine collection period. Ten minutes later, urine
and blood samples were collected again. Inulin concentrations
in the urine and plasma were determined using the anthrone
method, while sodium and creatinine concentrations were
determined using commercial assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), respectively. The
values of GFR and FE,, were calculated through standard
formulas, as previously described (19-21): GFR = [(urine
inulin) x (volume of urine collected)]/[(plasma inulin) x (time
of collection)], and expressed as ml/min/100 g body weight;
FE\, = 100 x [(urine sodium x plasma creatinine)/(plasma
sodium X urine creatinine)].

Hematoxylin and eosin (H&E) staining and immunohisto-
chemistry. The formaldehyde-fixed kidney tissues were
embedded in paraffin, cut into 5-ym-thick sections, and then
deparaffinized in xylene and hydrated in graded ethanol. For
the morphological examination, these slices were stained with
hematoxylin (Solarbio, Beijing, China) and eosin (Sinopharm).
For immunohistochemistry, these sections were heated
in citrate buffer at 100°C for 10 min to retrieve the antigen
and then treated with 3% hydrogen peroxide (both from
Sinopharm) at room temperature for 15 min to block the
endogenous peroxidase activity. After being blocked with
normal goat serum at room temperature for 15 min, these
sections were incubated with rabbit polyclonal antibodies
against high-mobility group box 1 (HMGBI; 1:100 dilution,
bs-0664R), inducible nitric oxide (NO) synthase (iNOS; 1:100
dilution, bs-0162R) (both from Bioss, Beijing, China) and a
mouse monoclonal antibody against ED-1 (1:50 dilution,
sc-59103; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
at 4°C overnight. These sections were then incubated with
biotin-labeled goat anti-rabbit IgG (1:200 dilution, A0277) or
anti-mouse IgG (1:200 dilution, A0286) at 37°C for 30 min,
and treated with horseradish peroxidase (HRP)-conjugated
streptavidin (all from Beyotime, Shanghai, China) for an
additional 30 min. Finally, the tissue sections visualized
with 3,3'-diaminobenzidine (DAB) and counterstained with
hematoxylin (both from Solarbio), and evaluated under a light
microscope (Olympus, Tokyo, Japan).

Western blot analysis. Total protein samples were extracted
from the kidney tissues using RIPA buffer (Beyotime) and the
protein concentrations were evaluated by bicinchoninic acid
assay. An equivalent amount of each protein sample (40 ug)
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was loaded and separated through sodium dodecyl
sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
transferred onto polyvinylidene difluoride membranes (PVDF;
Millipore, Bedford, MA, USA). The membranes were then
blocked with 5% non-fat milk, and incubated overnight at 4°C
with rabbit polyclonal antibodies against NE (1:500 dilution,
bs-6982R), HMGBI1 (1:500 dilution, bs-0664R), iNOS (1:500
dilution, bs-0162R), serine/threonine kinase (Akt; 1:500
dilution, bs-6951R) and phosphorylated Akt (p-Akt; 1:500
dilution, bs-0876R). All primary antibodies were purchased
from Bioss. Thereafter, the membranes were incubated with
HRP-conjugated secondary antibodies (1:5000 dilution,
A0208; Beyotime) at 37°C for 45 min and visualized using
an enhanced chemiluminescence (ECL) system (Seven Sea
Pharmtech Co., Ltd., Shanghai, China). The protein expression
levels were expressed as a ratio to the endogenous control,
[-actin.

Statistical analysis. All data are presented as the means + stan-
dard deviation (SD), and analyzed using GraphPad Prism
version 6.0 or SPSS version 20.0. One-way analysis of vari-
ance (ANOVA) was performed on data obtained from the
same time point, whilst two-way ANOVA was performed
on data from different time points. The Bonferroni test was
utilized for post hoc comparisons between different groups.
A P-value <0.05 was considered to indicate a statistically
significant difference. Survival data were analyzed by the
Kaplan-Meier curve and log-rank (Mantel-Cox) test.

Results

Sivelestat decreases NE expression in rats with sepsis. We
first evaluated whether the NE levels were affected by the
CLP procedure using an ELISA kit and western blot analysis.
Our results revealed that the administration of sivelestat alone
generated no changes in comparison with the sham-operated
rats (Fig. 1). The serum NE level was significantly increased
at both 6 and 24 h post-CLP surgery, whereas decreased after
sivelestat treatment (Fig. 1A). In addition, renal NE expression
was significantly enhanced at 24 h post-CLP surgery, whereas
it was suppressed by treatment with sivelestat (Fig. 1B and C).
The higher dose of sivelestat was more effective than the lower
dose.

Sivelestat promotes the survival and preserves the kidney
Sfunction of rats with sepsis. Another set of rats (10 per group)
was subjected to survival analysis for 108 h. As indicated
in Fig. 2A, no sham-operated rats treated with 50 or 100 mg/
kg sivelestat or the vehicle died during the whole experimental
period. All rats in the sepsis group were dead at 108 h post-
CLP surgery, while 4 and 6 septic rats survived for 108 h
when treated with 50 (P=0.062 vs. sepsis group) and 100 mg/
kg sivelestat (P<0.01 vs. sepsis group), respectively (Fig. 2A).
As compared with the sham-operated group (104+5.8 mmHg),
CLP induced a reduction in MAP (89+7.2 mmHg) (P<0.001),
which was restored by sivelestat (Fig. 2B). Morphological
changes in the rat kidneys were determined by H&E staining
and the parameters related to renal function were detected using
commercial kits. Pathological alterations in the rat kidneys
were characterized by the loss of the brush border, tubular cell
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Figure 1. Sivelestat suppresses serum and kidney neutrophil elastase (NE)
expression in septic rats. NE levels in (A) rat serum at 6 and 24 h and (B) kidney
tissues at 24 h post-cecal ligation and puncture (CLP) surgery assessed using
an ELISA kit (n=8 rats per group). (C) NE protein expression was detected by
western blot analysis in rat kidney tissues at 24 h post-CLP procedure (n=5).
B-actin was used as an endogenous control. Data are expressed as the
means + SD. No significant differences were observed in the sham-operated
rats. ““P<0.001 compared with the sham-operated (Sham) group; "P<0.05,
"P<0.001 compared with the sepsis group at the same time point.

flattening and tubular lumen dilation, while the administration
of sivelestat partly reversed these changes (Fig. 2C). In addi-
tion, sivelestat did not affect the serum BUN levels, NGAL
levels, inulin clearance and FEy, in the rats that underwent
sham surgery (P>0.05; Fig. 2D-G). However, CLP-induced a
significant upregulation in serum BUN and NGAL levels in
the rats and this effect was suppressed by sivelestat, with the
higher dose being more effective (Fig. 2D and E). Additionally,
the decreased inulin clearance (indicating reduced GFR) in the
rats with sepsis was partly reversed by sivelestat (Fig. 2F). The
CLP-induced increase in FE, (indicating tubular dysfunction)
was slightly reduced by sivelestat, but failed to reach statistical
significance (Fig. 2G). Collectively, the administration of
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Figure 2. Effects of sivelestat on kidney function in rats that underwent sham or cecal ligation and puncture (CLP) surgery. (A) Kaplan-Meier survival plots
for all experimental rats (n=10 rats per group). ""P<0.01, compared with the sepsis group (log-rank test). (B) Rat mean arterial pressure (MAP) was detected at
24 h post-surgery (n=8-10 rats per group). (C) Representatives of hematoxylin and eosin (H&E) staining of rat kidney tissues. (D) Serum levels of blood urea
nitrogen (BUN), (E) neutrophil gelatinase-associated lipocalin (NGAL) were determined at 6 and 24 h post-surgery using commercially available kits (n=8

sk

rats per group). (F) Inulin clearance and (G) FE,, were determined at 24 h post-surgery (n=8 rats per group). Data are expressed as the means + SD. ""P<0.001
compared with the sham-operated (Sham) group; "P<0.05, "P<0.01, 7"P<0.001 compared with the sepsis group at the same time point. Scale bars, 50 ym.

sivelestat protected the rats against sepsis induced by multiple
bacterial infection. Since the lower dose of sivelestat did not
induce mortality, kidney distortion or renal dysfunction in the
sham-operated rats, this group was excluded from the following
mechanism experiments.

Sivelestat suppresses the release of pro-inflammatory media-
tors and macrophage infiltration induced by CLP in rats. The
overproduction of pro-inflammatory mediators in response
to bacterial infection is one of the major characteristics
of sepsis (22). Therefore, the serum levels of TNF-a and
IL-1P were assessed in this study. We found that the levels
of these two pro-inflammatory cytokines were significantly
increased at 6 and 24 h post-CLP procedure (Fig. 3A).
Although sivelestat alone generated no changes in the serum
levels of TNF-a and IL-1p as compared to the sham-operated
group (P>0.05), a marked inhibitory effect of sivelestat on
these two pro-inflammatory cytokines in the rats with sepsis

rats was observed (Fig. 3A). Immunohistochemistry was also
performed in the renal tissues to detect the ED-1-positive
macrophages (a marker of macrophage infiltration) at 24 h
after the surgical procedures (Fig. 3B). As indicated in Fig. 3C,
the number of renal ED-1-positive cells was increased from
1.63+1.92 to 13.38+5.29 per 0.095 mm? after CLP surgery, but
was decreased by the administration of sivelestat (9.13+2.64
by L-sivelestat; 5.38+1.77 by H-sivelestat). Unlike TNF-o and
IL-1p that are released immediately in response to bacterial
infection, HMGBI is a late pro-inflammatory mediator (23).
We therefore wished to determine whether sivelestat can reduce
HMGBI expression by detecting its renal expression at 24 h
after the sham or CLP procedure using immunohistochemical
staining and western blot analysis. A weak nuclear expression
of HMGBI1 was observed in a few renal parenchymal cells
in the control kidney tissues (Fig. 3B). However, the number
of HMGBI-positive cells was significantly increased after
the CLP procedure, whereas it was decreased by treatment
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Figure 3. Sivelestat inhibits cecal ligation and puncture (CLP)-induced macrophage infiltration and pro-inflammation mediator release in rats. (A) Serum
concentrations of tumor necrosis factor a (TNF-a) and interleukin-1§ (IL-1B) were determined using the respective ELISA Kkits at 6 and 24 h after sham or
CLP surgery (n=8 rats per group). (B) Macrophage infiltration in rat kidney tissues was assessed with specific antibody against ED-1 at 24 h after sham or CLP
surgery (upper panels), and (C) the ED-1 positive cells were counted under a light microscope. (B) Representative images of immunohistochemical staining for
high-mobility group box 1 (HMGBI]) in rat kidney tissues at 24 h post-surgery (lower panels). (D) Renal HMGBI protein expression was detected by western blot

Ak

analysis (n=5). B-actin was used as an endogenous control. Data are expressed as the means + SD. "' P<0.001 compared with the sham-operated (Sham) group;
P<0.05, ""P<0.001 compared with the sepsis group at the same time point. Scale bars, 20 ym.

with sivelestat at different doses (Fig. 3B). The results from
western blot analysis confirmed the immunohistochemical
results (Fig. 3D). The above-mentioned results indicate an anti-
inflammatory effect of sivelestat in a model of sepsis-related
AKI.

Sivelestat inhibits renal iNOS expression in septic rats. The
polymicrobial infection induced-overproduction of pro-inflam-
matory mediators can accelerate the release of powerful
secondary mediators, such as NO (24). Given the fact that the

production of NO is predominantly mediated by iNOS (25), we
evaluated renal iNOS protein expression by using immunohis-
tochemical staining and western blot analysis. We found that
iNOS was expressed in the cytoplasm of renal tubule epithelial
cells (Fig. 4A). As compared with the normal kidney tissues,
the more intense expression of iNOS was observed in the septic
kidney tissues (Fig. 4A). However, the upregulation of iNOS
expression was significantly inhibited by treatment with sive-
lestat (Fig. 4A). These results were confirmed by western blot
analysis (Fig. 4B).
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vation in rat kidney tissues. (A) Representative blots for total Akt and
phospho-Akt (p-Akt) in rat kidney tissues at 24 h post-CLP procedure (n=5).
B-actin was used as an endogenous control. (B) Protein expression levels of
total Akt and p-Akt were normalized as ratios to 3-actin. Data are expressed
as the means + SD. ""P<0.001 compared with the sham-operated (Sham)
group; P<0.05, ""P<0.001 compared with the sepsis group.

Sivelestat inhibits the activation of the Akt signaling pathway
in the kidney tissues of rats with sepsis. The activation of the
Akt pathway was assessed by western blot analysis of the Akt
phosphorylation product, p-Akt in the rat kidney tissues at
24 h post-surgery. We noted that total Akt protein expres-
sion in the kidney tissues remained unaltered in the different
experimental groups (Fig. 5). Treatment with sivelestat alone
had no significant effect on renal p-Akt expression in the
rats subjected to sham operation (Fig. 5). However, a marked
increase in the phosphorylation levels of Akt was observed
in the septic renal tissues. The high phosphorylation levels
of Akt induced by sepsis were suppressed after low-dose
sivelestat treatment and the levels almost returned to normal
after high-dose sivelestat treatment (Fig. 5). Our data thus
suggest that the administration of sivelestat suppresses the
CLP-induced activation of Akt in rat kidneys.

Discussion

Despite improvements in the supportive care of patients with
sepsis, current therapeutic approaches are relatively ineffec-
tive due to the protean nature of septic AKI (3,26). A variety
of animal models have been established to investigate the
specific molecular events occurring in sepsis (27). The most
frequently used model is the rodent model of CLP, in which
sepsis originates from a polymicrobial infection (18,28).
While Hirche et al found that the absence of NE increased
the mortality of mice to Pseudomonas aeruginosa infec-
tion (29), Suda et al found that the inhibition of NE improved
the survival rate of rats that uderwent CLP (14). These
earlier findings suggest that NE mediates innate host protec-
tion against bacterial infection; however, its on-going and
excessive activation may have adverse effects. Our present
study showed that sivelestat improved the survival of rats
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with sepsis and preserved their kidney functions, revealing
the therapeutic role of sivelestat in sepsis-associated renal
injury.

Sivelestat is a specific NE inhibitor first synthesized
by Kawabata et al in 1991 (30), and has been reported to
attenuate pulmonary inflammation and fibrosis in animal
models (12,31). Its effects on lung and cardiovascular
diseases have been examined in several clinical trials (32-34).
Of note, apart from the therapeutic effects of sivelestat in
the lungs, it has also been demonstrated to have potential
to reduce inflammation-related lesions in the liver (35)
and pancreas (36) in preclinical disease models. Our study
demonstrated that treatment with sivelestat alleviated the
dysregulation in BUN and NGAL levels in the rats with
sepsis. The CLP surgery-induced decrease in GFR and
tubular function were partly restored by sivelestat, indicating
a protective role of this NE inhibitor in sepsis-related kidney
injury.

We then focused on the anti-inflammatory effects of sive-
lestat in septic AKI. Ischemia/reperfusion injury, bacterial
infection or the nephrotoxic agent-induced aberrant infiltra-
tion of immune cells, such as neutrophils, macrophages and
lymphocytes are considered to contribute to the pathogenesis
of AKI (37). Pro-inflammatory mediators, such as TNF-a
and IL-1p are released early in response to bacterial infec-
tion and can be acutely toxic (38). Therapeutic agents being
able to reduce the release of TNF-a and/or IL-1p in murine
septic models are suggested to ameliorate sepsis (39-41).
The study by Suda er al revealed that sivelestat suppressed
the aberrant release of TNF-a (not statistically significant)
and IL-1p (statistically significant) in septic lungs (14). In
this study, we found that abnormal macrophage infiltration
and TNF-a/IL-1p release were reduced by sivelestat. In
contrast to other sepsis-associated cytokines, HMGBI is a
late pro-inflammatory cytokine released from monocytes
and/or apoptotic cells after the onset of sepsis that further
amplifies the inflammatory process (42). The neutralization of
HMGBI can therapeutically reverse lethality in experimental
sepsis (38,43). In this study, we demonstrated that the admin-
istration of sivelestat markedly reduced the CLP-induced
upregulation of renal HMGBI. Such results were supported
by an earlier study showing that sivelestat treatment reduced
LPS-induced pulmonary HMGBI upregulation in rats (44).
Of note, most clinical trials targeting TNF (45) or IL-1 (46)
in sepsis have failed. Therefore, further clinical studies exam-
ining the anti-inflammatory effects of sivelestat in sepsis are
urgently required.

The polymicrobial infection-induced overproduc-
tion of pro-inflammatory mediators can accelerate the
release of powerful secondary mediators, such as reactive
nitrogen/oxygen species (47). The activation of iNOS during
sepsis results in increased NO levels that causes tubular injury
through the local generation of reactive nitrogen species, and
the selective inhibition of iNOS has been suggested as a poten-
tial novel treatment for sepsis-induced AKI (24). In this study,
we found that sivelestat was able to reduce CLP-induced renal
iNOS overexpression in rats. Although previous studies have
indicated an inhibitory effect of sivelestat on iNOS (48,49), as
far as we know, our study was the first to show such an effect
in septic kidneys.
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Previous studies searching for novel anti-inflammatory
agents have suggested a critical role of phosphatidylinositol
3-kinase (PI3K)/Akt signaling in sepsis. It is worth noting
that the phosphorylation of Akt referring to PI3K/Akt
pathway activation is enhanced in the lungs (50) and liver (51),
but is weakened in the heart (52) after the CLP procedure or
LPS challenge. Consequently, both the blockade and activa-
tion of PI3K/Akt signaling transduction have been shown to
improve outcome in septic shock. Of note, a previous study
by Sadhu et al showed that the inactivation of the PI3K/Akt
pathway with a pharmaceutical inhibitor blocked TNFla-
stimulated NE exocytosis (53). Since sivelestat can suppress
IL-1p-stimulated Akt phosphorylation in hepatocytes (54),
we explored whether sivelestat also has an inhibitory effect
on PI3K/Akt signaling transduction in septic kidneys in this
study. We found that CLP-enhanced renal Akt phosphoryla-
tion was decreased by sivelestat. Moreover, the LPS induction
of the phosphorylation of Akt is responsible for nuclear
factor-«B (NF-«xB) activation in human renal mesangial
cells (55), and the inhibitory effects of sivelestat on NF-kB
signals have been previously reported (36). It is likely that
Akt signals are involved in the regulatory effects of sivele-
stat on the NF-kB pathway. Further in vitro experiments are
thus being carried out by our group to study the underlying
mechanisms.

In conclusion, in this study, we demonstrate that the admin-
istration of the NE inhibitor, sivelestat, mitigates CLP-induced
kidney injury, reduces inflammation, and suppresses the acti-
vation of the Akt signaling pathway. Our study suggests that
sivelestat has potential to attenuate sepsis-induced kidney injury.
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