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Sufentanil attenuates inflammation and oxidative stress in sepsis-
induced acute lung injury by downregulating KNG1 expression
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Abstract. The present study aimed to investigate the effects
of sufentanil on sepsis-induced acute lung injury (ALI), and
identify the potential molecular mechanisms underlying
its effect. In order to achieve this, a rat sepsis model was
established. Following treatment with sufentanil, the lung
wet/dry (W/D) weight ratio was calculated. Histopathological
analysis was performed via hematoxylin and eosin staining.
Levels of inflammatory factors in bronchoalveolar lavage fluid
were determined via ELISA. Furthermore, malondialdehyde
(MDA) content and the activities of superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase (GSH-
Px) in tissue homogenates were assessed using commercial
kits. Western blot analysis was performed to determine
kininogen-1 (KNGI) protein expression. In addition, alveolar
epithelial type II cells (AEC II) were stimulated with lipopoly-
saccharide (LPS) to mimic ALI. The levels of inflammation
and oxidative stress were evaluated following overexpression of
KNGI. Protein expression levels of nuclear factor-kB (NF-kB)
and nuclear factor erythroid 2-related factor 2 (Nrf2)/heme
oxygenase-1 (HO-1) signaling were determined via western
blot analysis. The results of the present study demonstrated
that sufentanil alleviated histopathological injury and the
W/D ratio in lung tissue. Following treatment with sufentanil,
levels of inflammatory factors also decreased, accompanied
by decreased concentrations of MDA, and increased activities
of SOD, CAT and GSH-Px. Notably, KNG1 was decreased in
lung tissues following treatment with sufentanil. Furthermore,
overexpression of KNGI attenuated the inhibitory effects
of sufentanil on LPS-induced inflammation and oxidative
stress in AEC II. Sufentanil markedly downregulated NF-xB
expression, while upregulating Nrf2 and HO-1 expression
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levels, which was reversed following overexpression of KNGI.
Taken together, the results of the present study suggested that
sufentanil may alleviate inflammation and oxidative stress in
sepsis-induced ALI by downregulating KNGI1 expression.

Introduction

Sepsis is a systemic inflammatory response syndrome caused
by infection, which leads to an increased risk of multiple organ
injuries and mortality (1). Acute lung injury (ALI) is one of the
most common side effects of sepsis due to pulmonary suscep-
tibility, and is associated with high morbidity and mortality
worldwide (2,3). Despite progression in efforts to understand
the pathogenesis of sepsis-induced ALI, current treatment
strategies remain ineffective (4). Thus, it remains critical to
develop novel and effective therapeutic agents for the treat-
ment of ALIL.

Sepsis-induced ALI is generally characterized by an over-
whelming response of innate inflammation, which stimulates
excessive production of inflammatory cytokines, including
tumor necrosis factor (TNF)-a, interleukin (IL)-6, IL-1p3 and
monocyte chemoattractant protein-1 (MCP-1) (5). This over-
activation of the inflammatory response results in pathological
damage of the alveolar epithelium and vascular endothelium,
eventually resulting in ALI (6). Furthermore, oxidative stress
plays a crucial role in the development of ALI. The excessive
production of reactive oxygen species results in severe intracel-
lular oxidative damage (7). Since inflammation and oxidative
stress function are key for ALI development, identification of
therapeutic agents with anti-inflammatory and antioxidative
characteristics are required for direct and effective treatment
of sepsis-induced ALI. Increasing evidence has demonstrated
that anesthetic agents can protect against sepsis (8). A recent
study reported that dexmedetomidine mitigates ALI in rats by
suppressing caveolin-1 downstream signaling (9). Sufentanil,
a derivative of fentanyl, is considered an opioid, with a high
affinity to opioid receptors. A previous study demonstrated
that sufentanil inhibited the inflammatory response and oxida-
tive stress in hepatic ischemia-reperfusion injury (10). Previous
studies reported that sufentanil could alleviate ALI induced by
hemorrhagic shock in rabbits (11,12). The STITCH database
(http://stitch.embl.de) predicted that the x-type opioid receptor
(OPRK1) can combine with sufentanil, and the Search Tool for
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the Retrieval of Interacting Genes/Proteins (STRING) data-
base (https://string-db.org) predicted that kininogen-1 (KNG1)
can interact with OPRK1. KNGI can encode high-molecular
weight kininogen proteins, and increasing evidence has demon-
strated that KNGI plays a significant role in inflammation and
coagulation (13). A previous study reported that KNG serves
as a pro-inflammatory cytokine, which accelerates the prog-
ress of inflammation (14). However, the role of sufentanil in
sepsis-induced ALI via regulation of KNGI remains unclear.
Thus, the present study investigated the therapeutic effects
of sufentanil on sepsis-induced ALI. A rat sepsis model was
used to determine the underlying molecular mechanisms
of sufentanil on sepsis-induced ALI in order to evaluate its
potential as a candidate therapeutic agent against ALI.

Materials and methods

Animal study. A total of 40 specific-pathogen-free-grade male
Sprague-Dawley rats (age, 6-8 weeks; weight, 180-200 g) were
provided by the Model Animal Research Center of Nanjing
University (Nanjing, China). All animals were housed in
individually ventilated cages (n=2 in each cage) under a
controlled temperature (20-25°C), humidity (20-30%) and
12-h light/dark cycle conditions with free access to food and
water. Rats were allowed to adapt to the environment for one
week before the experiments. Animal experimental proce-
dures were performed according to the Guide for Care and Use
of Laboratory Animals (15,16) and protocols were approved
by the Animal Experiment Ethics Committee of The First
People's Hospital (Wuhan, China).

Establishment of septic ALI model. The rat sepsis model was
established using the cecal ligation and puncture (CLP) method,
as previously described (17). Briefly, all rats were deprived of
from food 12 h before surgery, but had free access to water
during this time. Rats were anesthetized with an intraperito-
neal injection of 50 mg/kg sodium pentobarbital. Following
anesthesia, a 2-cm incision was made along the middle of
the abdomen to expose the cecum. Subsequently, the cecum
was ligated with the No. 4 suture below the ileocecal valve
and double-punctured using a sterile 18-gauge needle, which
released a small amount of feces. The intestinal contents within
the cecum were squeezed through the puncture wound and the
cecum was restored, followed by suturing of the abdominal inci-
sion, layer by layer. Rats in the sham groups underwent identical
laparotomy and resuscitation procedures; however, ligation and
perforation were not performed. All rats were allowed free
access to food and water following CLP. The behavior of the
rats was observed every 2 h. There were no abnormal deaths
during the experiment. All animals were euthanized with an
intraperitoneal injection of 200 mg/kg sodium pentobarbital
24 h after CLP surgery, which was in accordance with previous
studies (18,19). Death was determined when the animals' hearts
stopped completely and pupils dilated. Lung tissues were
collected for further experimentation. If the rats went into shock,
or showed decreased activity, lethargy or dyspnea, the animals
were euthanized prior to the experimental endpoint.

Grouping and drug administration. All rats were randomly
allocated into four groups (10 rats in each group) as follows:

4299

i) Sham group; ii) sham + sufentanil group; iii) CLP group;
and iv) CLP + sufentanil group. Sufentanil was purchased
from Yichang Humanwell Pharmaceutical Co., Ltd. Rats
in the sham + sufentanil and CLP + sufentanil groups were
intravenously injected with sufentanil (3 pg/kg; 1 ml) 30 min
prior to surgery, whereas rats in the sham only and CLP only
groups were intravenously injected with normal saline at the
same time.

Test for lung wet/dry (W/D) weight ratio. In order to assess
the magnitude of lung tissue edema, the upper right lobe of
lung tissues was immediately excised and the surface fluid
and blood was absorbed using filter paper. After weighing, the
tissue samples were placed in an incubator at 80°C for 48 h to
acquire the dry weight, and the W/D ratio was subsequently
calculated using the following calculation: Lung W/D weight
ratios=wet weight/dry weight.

Histopathological examination. Lung tissues were fixed
in 10% buffered formalin for 24 h at 4°C, conventionally
dehydrated, cleared and waxed. The tissue samples were
subsequently embedded in paraffin and cut into 5-ym-thick
sections. The tissue sections were deparaffinized in xylene and
rehydrated in a descending ethanol series. The sections were
stained with hematoxylin (5 min, room temperature) and eosin
(3 min, room temperature), prior to dehydration in a graded
ethanol series and xylene. The stained slides were observed
under a light microscope (Olympus Corporation; magnifica-
tion, x400).

Cell culture and treatment. Alveolar epithelial type II cells
(AEC II) A549 cells (cat. no. SCSP-503) were purchased from
The Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences and maintained in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) at 37°C in 5% CO,.

In order to mimic the process of ALI, AEC II were treated
with 50 pg/ml lipopolysaccharide (LPS; Sigma-Aldrich;
Merck KGaA) for 24 h at 37°C. Cells in the control group were
not manipulated, while cells in the treatment groups were
stimulated with sufentanil (5, 10, 20 and 40 yM) for 2 h prior
to treatment with LPS at 37°C in 5% CO,

Cell transfection. Cells were seeded into 6-well plates
(1x10° cells/well) and cultivated in a humidified chamber until
they reached 70% confluence. AEC II were transfected with
KNGI overexpression pcDNA3.1 plasmid (Oe-KNG1-1 or
Oe-KNGI1-2; 5 ul; 50 ng) or empty vector plasmid (Oe-NC; both
from Shanghai GenePharma Co., Ltd.) using Lipofectamine®
2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. Cells were harvested
and analyzed 48 h post-transfection. Transfection efficiency
was determined via reverse transcription-quantitative (RT-q)
PCR analysis.

Cell viability. Cell viability was detected using Cell Count
Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc.)
according to the manufacturer's instructions. After transfec-
tion, cells were seeded in 96-well plates (1x10* cells/well). Cells
were incubated with sufentanil for 2 h followed by treatment
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with 50 pg/ml LPS for 24 h at room temperature. A total
of 10 ul CCK-8 solution was added to each well. Following
incubation for 1 h at room temperature, the absorbance was
detected at 450 nm.

Detection of cytokine in bronchoalveolar lavage fluid (BALF).
The rats were euthanized 24 h after CLP and the left lungs were
washed three times with 0.5 ml saline. Subsequently, BALF
was collected and centrifuged at 850 x g for 10 min at 4°C. The
supernatant was collected and preserved at -80°C. The concen-
trations of the inflammatory factors TNF-a (cat. no. F16960),
IL-1p (cat. no. F15810), IL-6 (cat. no. F15870) and MCP-1
(cat. no. F16120) in BALF were assessed using ELISA kits
(Shanghai Xitang Biotechnology Co., Ltd.), according to the
manufacturer's protocol.

Determination of oxidative stress. The partial lung tissue
specimens were collected and homogenized (10%, w/v) in
cold saline. Malondialdehyde (MDA; cat. no. A003-1-2)
content and the activity levels of superoxide dismutase (SOD;
cat. no. A001-1-2), catalase (CAT; cat. no. A0O07-1-1) and
glutathione peroxidase (GSH-Px; cat. no. A005-1-2) were
determined in the tissue homogenates or AEC II using colo-
rimetric commercial kits (Nanjing Jiancheng Bioengineering
Institute) according to the manufacturer's protocols.

RT-qPCR. Total RNA was extracted from cells using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
and cDNA was synthesized using the PrimeScript RT kit
(Takara Bio, Inc.) at 37°C for 15 min and 85°C for 5 sec. The
cDNA solution was stored at -80°C. Subsequently, gPCR was
performed using the iTaq™ Universal SYBR-Green Supermix
(Bio-Rad Laboratories, Inc.) on an ABI 7500 system (Applied
Biosystems; Thermo Fisher Scientific, Inc.) at 95°C for 3 min,
95°C for 30 sec and 58°C for 30 sec. Relative expression levels
were calculated using the 222 method and normalized to the
internal reference gene GAPDH (20). The sequences of all
primers were as follows: GAPDH: Forward, 5'-CGCCTGGAG
AAAGCTGCTA-3' and reverse, 5~ ACGACCTGGTCCTCG
GTGTA-3'"; and KNG1: Forward, 5-TAATACGACTCACTA
TAGGG-3' and reverse, 5-TAGAAGGCACAGTCGAGG-3".

Western blot analysis. Total proteins were extracted from lung
tissue samples or AEC II using RIPA lysis buffer (Beyotime
Institute of Biotechnology) and protein concentrations
were measured using a bicinchoninic acid protein assay kit
(Beyotime Institute of Biotechnology). An equal amount of
protein sample (40 ug per lane) was separated via SDS-PAGE
on a 10% gel and subsequently transferred onto nitrocellulose
membranes. Membranes were blocked with 5% non-fat milk
at room temperature for 2 h, prior to incubation with primary
antibodies (overnight at 4°C) for the target proteins. Following
incubation with goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody at room temperature for 1 h
(1:10,000; cat. no. sc-2004; Santa Cruz Biotechnology, Inc.),
the protein bands were visualized using an enhanced chemi-
Iuminescence kit (Thermo Fisher Scientific, Inc.) and detected
using ImageJ software (version 1.8.0; National Institutes of
Health). Anti-KNG1 antibody (1:1,000; cat. no. ab175386) was
obtained from Abcam. Anti-nuclear factor erythroid 2-related
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factor 2 (Nrf2; 1:1,000; cat. no. 12721T), anti-phospho-nuclear
factor-«B (p-NF-«kB p65; 1:1,000; cat. no. 3033T), anti-
NF-«kB p65 (1:1,000; cat. no. 8242T); anti-heme oxygenase-1
(HO-1; 1:1,000; cat. no. 43966S), anti-Lamin B1 (1:1,000;
cat. no. 13435S) and anti-GAPDH (1:1,000; cat. no. 5174T)
antibodies were purchased from Cell Signaling Technology,
Inc. Protein expression was normalized to the internal refer-
ence gene GAPDH or Lamin BI.

Statistical analysis. All results were obtained from at least
three independent experiments. Data are presented as the
mean +standard deviation. All statistical analysis was performed
using GraphPad Prism version 6.0 (GraphPad Software, Inc.).
A Student's t-test was used to compare differences between two
groups, while one-way ANOVA, followed by Tukey's post hoc
test was used to compare differences between multiple groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Sufentanil improves lung tissue pathobiology and edema in
CLP-induced ALI rats. H&E staining of lung tissue sections
was performed to determine the pathological changes in
each group in order to investigate the effects of sufentanil in
sepsis-induced ALI. Normal pulmonary alveoli structure was
observed in sham-operated rats, whereas no significant differ-
ence in lung tissue pathology was observed between rats in the
sham only and sham + sufentanil groups (Fig. 1A). However,
animals presented with destructive alveolar structure, thickened
alveolar septal walls, visible vascular congestion and inflamma-
tory cell infiltration following CLP. Notably, the morphological
changes observed in rat lung tissues following CLP were
attenuated after treatment with sufentanil. Furthermore, the
degree of lung tissue edema was calculated using the W/D
ratio. The results demonstrated that the W/D ratio significantly
increased following CLP, whereas treatment with sufentanil
notably attenuated this (Fig. 1B). Taken together, these results
suggested that sufentanil may effectively alleviate lung injury
and edema in sepsis-induced ALI rats.

Sufentanil decreases inflammation and oxidative stress in
CLP-induced ALI rats. The effect of sufentanil on inflam-
mation was assessed by detecting the concentrations of
inflammatory cytokines, TNF-a, IL-6, IL-1f and MCP-1, in
the BALF. The results demonstrated that the levels of inflam-
matory cytokines significantly increased in the CLP group
compared with the sham group, whereas treatment with sufen-
tanil significantly decreased the levels of cytokines in the CLP
group (Fig. 2A-D). Furthermore, commercial kits were used
to assess the levels of oxidative stress-associated markers.
Treatment with sufentanil significantly decreased MDA
content, whereas the activity levels of the antioxidant enzymes
SOD, CAT and GSH-Px increased compared with the CLP
group (Fig. 2E-H). Collectively, these results suggested that
sufentanil may relieve inflammation and oxidative stress in
CLP-induced ALI rats.

KNGI expression is notably downregulated following treat-
ment with sufentanil. In order to investigate the potential
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Figure 1. Sufentanil improves lung tissue pathobiology and edema in CLP-induced acute lung injury rats. (A) H&E staining of lung tissue. Magnification, x400.

(B) W/D ratio of lung tissue was calculated. “*P<0.001 vs. sham; #P<0.01 vs. CLP. CLP, cecal ligation and puncture; H&E, hematoxylin & eosin; W/D, wet/dry.
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Figure 2. Sufentanil alleviates inflammation and oxidative stress in CLP-induced acute lung injury rats. Levels of (A) TNF-a, (B) IL-6, (C) IL-1p and
(D) MCP-1 were determined via ELISA. (E) MDA content and the activities of (F) SOD, (G) CAT and (H) GSH-Px were assessed using commercial Kits.
“"P<0.001 vs. sham; “P<0.05, #P<0.01, "#P<0.001 vs. CLP. CLP, cecal ligation and puncture; TNF-a, tumor necrosis factor-a; IL, interleukin; MCP-1, mono-
cyte chemoattractant protein-1; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase.

molecular mechanisms of sufentanil function during ALI,
KNGI expression was determined in lung tissues via
western blotting. No significant difference in KNG1 expres-
sion was observed between the sham and sham + sufentanil
groups (Fig. 3A). However, KNGI expression was significantly
upregulated in the CLP group, which was reversed following
treatment with sufentanil.

AEC II were subsequently treated with different concentra-
tions of sufentanil (5, 10, 20 and 40 yM) and cell viability was

assessed via CCK-8 assays. The results indicated that treatment
with a series of concentrations of sufentanil had little effect on
the cell viability of AEC II (Fig. 3B). It was also found that cell
viability significantly decreased following treatment of AEC
II with LPS, compared with the control group, while sufentanil
dose-dependently enhanced cell viability (Fig. 3C).
Subsequently, the expression of KNG1 was examined by
western blot analysis. As exhibited in Fig. 3D, KNGI1 was
significantly upregulated in AEC 1II treated with LPS, whereas
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Figure 3. KNGI expression is significantly downregulated following sufentanil treatment. (A) Western blot analysis was performed to determine KNG1
protein expression in lung tissues of acute lung injury rats. ““P<0.001 vs. sham; #/P<0.01 vs. CLP. (B) CCK-8 assay was performed to assess cell viability
following treatment with different concentrations of sufentanil. (C) CCK-8 assay was performed to assess cell viability and (D) expression of KNGI1 was
assessed using western blot analysis in alveolar epithelial type II cells induced by LPS, following treatment with sufentanil. “*P<0.001 vs. control; *P<0.05,
#P<0.01, **P<0.001 vs. LPS. (E) Reverse transcription-quantitative PCR and (F) western blotting were performed to determine KNGI expression following
cell transfection. “P<0.01, “"P<0.001 vs. Oe-NC. (G) Cell viability was measured using a CCK-8 assay after KNGI1 overexpression with and without LPS.
“P<0.01 vs. Oe-NC; *#P<0.001 vs. control; 2P<0.05 vs. LPS + Oe-NC. KNGI, kininogen-1; LPS, lipopolysaccharide; CLP, cecal ligation and puncture;

Oe, overexpression; NC, negative control; CCK-8, Cell Counting Kit-8.

sufentanil downregulated KNGI expression in a dose-dependent
manner. Next, KNGI was successfully overexpressed by trans-
fection with an overexpression plasmid (Fig. 3E and F). Cells
transfected with Oe-KNGI-1 were used for all subsequent
experiments. Additionally, cell viability was assessed using a
CCK-8 assay after KNGI overexpression with and without LPS.
As shown in Fig. 3G, overexpression of KNGI and/or LPS treat-
ment significantly reduced the viability of AEC II, and the lowest
viability was observed in LPS + Oe-KNGI-1 group. Taken
together, these results indicated that sufentanil downregulated
KNGI expression in CLP-induced ALI rats and AEC 1II.

Overexpression of KNGI significantly reverses the inhibitory
effects of sufentanil on inflammation and oxidative stress. In
order to determine whether the inhibitory effects of sufentanil on
inflammation and oxidative stress in ALI were achieved by regu-
lating KNGl expression, the levels of inflammatory- and oxidative
stress-associated markers were assessed in AEC II treated with
LPS. As demonstrated in Fig. 4A-D, KNGI1 overexpression or
LPS treatment significantly increased the levels of TNF-a, IL-6,
IL-1p and MCP-1, and the highest levels of the aforementioned
factors were found in the LPS + Oe-KNGI-1 group. Sufentanil
significantly decreased the levels of TNF-a, IL-6, IL-1p and
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Figure 4. Overexpression of KNGI significantly reverses the inhibitory effects of sufentanil on inflammation and oxidative stress. Levels of (A) TNF-a,
(B) IL-6, (C) IL-1p and (D) MCP-1 were determined via ELISA. (E) MDA content and the activities of (F) SOD, (G) CAT and (H) GSH-Px were assessed
using commercial kits. ““P<0.001 vs. Oe-NC; ##P<0.001 vs. control; “P<0.05, 244P<0.001 vs. LPS + Oe-NC; *P<0.05, $P<0.01, $*P<0.001 vs. 40 uM sufent-
anil + Oe-NC; ¥P<0.05, ¥4P<0.01, ¥*4P<0.001 vs. LPS; ®P<0.05, ©®P<0.01, ®®®P<0.001 vs. LPS + 40 uM sufentanil + Oe-NC. KNGI, kininogen-1; TNF-a,
tumor necrosis factor-a; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase;

GSH-Px, glutathione peroxidase; Oe, overexpression; NC, negative control.

MCP-1 in LPS-treated cells, which was consistent with the results
of the CLP-induced ALI rat model. Overexpression of KNG1
significantly alleviated the inhibitory effects of sufentanil on
the levels of inflammatory factors. Furthermore, overexpression
of KNGI in LPS-induced AEC II significantly elevated MDA
content, which was accompanied by a decline in the activity
levels of SOD, CAT and GSH-Px, compared with the control
group (Fig. 4E-H). Taken together, these results indicated that
overexpression of KNGl significantly attenuated the inhibitory
effects of sufentanil on inflammation and oxidative stress.

Overexpression of KNGI markedly reverses the effects of
sufentanil on NF-kB and Nrf2/HO-1 signaling. In order to
further investigate the molecular mechanisms underlying
inflammation and oxidative stress regulated by sufentanil in
ALL the expression levels of NF-kB and Nrf2/HO-1 signaling
pathway proteins were measured via western blot analysis,
following overexpression of KNG1 in LPS-induced AEC II.
The expression levels of p-NF-kB p65 significantly increased
in the LPS group, which was decreased following treatment
with sufentanil. The effects of sufentanil treatment were
reversed following overexpression of KNGI (Fig. 5A). In addi-
tion, expression levels of Nrf2 and HO-1 were significantly
elevated following treatment with LPS + sufentanil compared
with the LPS group (Fig. 5B). Overexpression of KNGI1
significantly reversed the regulatory effects of sufentanil
on the Nrf2/HO-1 signaling pathway. Taken together, these
results suggested that sufentanil relieved inflammation and
oxidative stress in ALI by downregulating KNGI expression.

Discussion

Sepsis can result in multiple organ failure and is considered a
leading cause of mortality in intensive care unit patients (21).

The lung serves as the most susceptible target organ in sepsis
that can further develop into life-threating acute respiratory
distress syndrome (ARDS), which is the principle risk factor
for mortality (22,23). The present study demonstrated that
sufentanil protected against sepsis-induced ALI by regulating
KNGI-mediated NF-«B and Nrf2/HO-1 signaling.

Increasing evidence has demonstrated that anesthesia
possesses indirect functions to regulate the progression of
human disease. For example, a previous study found that
ropivacaine suppressed lung endothelial hyperpermeability,
induced by pressure in an acute hypertension model (24).
Furthermore, etomidate restrained the expression of NF-kB
by downregulating expression of the glucocorticoid receptor
in septic rats (8), whereas desflurane was found to alleviate
ventilator-induced lung injury in rats with ARDS (25).
Sufentanil is an opioid, with high affinity to opioid recep-
tors (26). It has been reported that u-opioid receptor signaling
could ameliorate LPS-induced acute ARDS, and AEC was
demonstrated to express opioid receptors (27,28). To the best
of our knowledge, the effects of sufentanil on sepsis-induced
ALI were investigated for the first time in the present study.
H&E staining analysis and the W/D ratio demonstrated that
sufentanil notably improved lung tissue pathobiology and
CLP-induced edema, suggesting the protective effects of
sufentanil on ALIL

The early phase of sepsis is characterized by excessive
inflammation, which is mediated by the sustained secretion
of inflammatory cytokines, including TNF-a, IL-6, IL-1$
and MCP-1 (29). Increasing evidence has demonstrated that
persistently increased concentrations of the aforementioned
inflammatory cytokines in plasma are highly predicative of
mortality in patients with ALI (30). Thus, inhibiting inflam-
mation is critical to effectively treat sepsis-induced ALI. A
previous study reported that sufentanil preconditioning can
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1.54

different groups (fold)

Relative HO-1 expression in

Figure 5. Overexpression of KNGI1 notably restores the regulatory effects of sufentanil on NF-kB and Nrf2/HO-1 signaling. Western blot analysis was
performed to detect the protein expression levels of (A) p-NF-kB and NF-«xB, and (B) Nrf2 and HO-1 in LPS-stimulated alveolar epithelial type II cells.
"P<0.001 vs. control; #P<0.01, #P<0.001 vs. LPS; 2P<0.05 vs. LPS + 40 uM sufentanil + Oe-NC.KNGI, kininogen-1; NF-«B, nuclear factor-xB; Nrf2, nuclear
factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; LPS, lipopolysaccharide; Oe, overexpression; NC, negative control; p-, phosphorylated.

specifically protect against myocardial ischemic-reperfusion
injury in rabbits (31). Furthermore, sufentanil has been demon-
strated to inhibit inflammatory response and oxidative stress
in hepatic ischemia-reperfusion injury (10). In the present
study, sufentanil notably decreased the levels of inflammatory
factors and MDA content, whereas the activities of the anti-
oxidant enzymes (SOD, CAT and GSH-Px) increased. These
findings suggested that sufentanil attenuated inflammation
and oxidative stress in sepsis-induced ALI.

In order to determine the underlying regulatory mecha-
nisms of sufentanil on ALI, KNGI expression was detected
in lung tissues following CLP. KNGI1 encodes high-molecular
weight kininogen proteins, and increasing evidence has demon-
strated that KNGI plays a significant role in inflammation and
coagulation (12,32). A previous study reported that the absence
of KNGl protein decreased thrombosis and inflammation
in ischemic mice (33). Furthermore, as a pro-inflammatory
cytokine, KNGI has been demonstrated to accelerate the
progress of inflammation (14). An increasing trend of KNG1
expression was found in lung tissues of chronic obstructive
pulmonary disease models and inhibition of KNGI could
relieve cellular inflammation (34). The results of the present
study demonstrated that KNGI expression was significantly
upregulated in lung tissues following CLP, and treatment with

sufentanil restored the expression, suggesting an underlying
regulatory association between sufentanil and KNGI. In order
to determine the biological basis of this association, KNGI
was overexpressed in LPS-induced AEC II. The results indi-
cated that the inhibitory effects of sufentanil on inflammation
and oxidative stress were reversed following overexpression of
KNGTI. Thus, the present study demonstrated that sufentanil
attenuated sepsis-induced ALI by downregulating KNG1
expression.

NF-«B signaling is essential for the regulation of the inflam-
matory response in sepsis-induced ALI (35), and activation of
the Nrf2/HO-1 signaling pathway may relieve sepsis-induced
ALI by suppressing inflammation and oxidative stress (36,37).
Increasing evidence has demonstrated that regulation of the
Nrf2/HO-1 and NF-kB signaling pathways alleviates lung
injury induced by ventilator, by suppressing inflammation
and oxidative stress (38). In order to further investigate the
molecular mechanisms underlying sufentanil in ALI, the
expression levels of NF-kB and Nrf2/HO-1 signaling pathway
proteins were measured via western blot analysis, following
overexpression of KNG1 in LPS-stimulated AEC II. The
results demonstrated that overexpression of KNGI partially
reversed the regulatory effects of sufentanil on the NF-kB and
Nrf2/HO-1 signaling pathways. Taken together, these results
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suggested that sufentanil modulated NF-kB and Nrf2/HO-1
signaling in ALI by downregulating KNGI expression.

In conclusion, the results of the present study indicated
that sufentanil may protect lung tissues against sepsis-induced
inflammation and oxidative stress damage by regulating the
KNGI-mediated NF-«B and Nrf2/HO-1 signaling pathways.
Thus, sufentanil could be a potential novel therapeutic agent for
effective clinical treatment of sepsis-induced ALI. However,
it remains unknown if AEC II express opioid receptors and
future studies on human lung injury samples are required to
further verify the results of the present study.
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