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Sevoflurane alleviates LPS-induced acute lung injury via
the microRNA-27a-3p/TLR4/MyD88/NF-kB signaling pathway
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Abstract. Acute lung injury (ALI) is a critical syndrome that
is associated with a high morbidity and mortality in patients.
Sevoflurane has a lung protective effect in ALI as it report-
edly has anti-inflammatory and apoptotic-regulating activity.
However, the mechanism is still not entirely understood. The
aim of the present study was to explore the effects of sevoflu-
rane on lipopolysaccharide (LPS)-induced ALI in mice and
the possible mechanisms involved. The results revealed that
sevoflurane treatment improved LPS-induced lung injury, as
evidenced by the reduction in mortality, lung permeability,
lung wet/dry ratio and lung histopathological changes in mice.
Total cell counts and the production of pro-inflammatory cyto-
kines [tumor necrosis factor-a, interleukin (IL)-1f and IL-6] in
bronchoalveolar fluid were also decreased following treatment
with sevoflurane. Additionally, LPS-triggered apoptosis in lung
tissues, which was eliminated by sevoflurane. Furthermore, a
miRCURY™ LNA array was employed to screen for differ-
entially expressed microRNAs (miRs/miRNAs). Among these
miRNAs, 6 were differentially expressed and were involved
in the inflammatory response, but only miR-27a-3p (miR-27a)
was regulated by sevoflurane. Subsequently, the present study
investigated whether sevoflurane exerts its function through
the modulation of miR-27a. The results demonstrated that the
overexpression of miR-27a via an injection with agomiR-27a
produced similar protections as sevoflurane, while the
inhibition of miR-27a suppressed the lung protective effects
of sevoflurane in ALI mice. In addition, the present study
identified that miR-27a inhibited Toll-like receptor 4 (TLR4)
by binding to its 3'-untranslated region. Western blot analysis
demonstrated that sevoflurane may ameliorate the inflamma-
tory response by blocking the miR-27a/TLR4/MyD88/NF-«B
signaling pathway. The present results indicate that sevoflurane
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may be a viable therapeutic option in the treatment of patients
with ALI

Introduction

Acute lung injury (ALI) is a critical complication of some
clinical illnesses with high rates of morbidity and mortality,
and it can lead to acute respiratory distress syndrome (1).
ALI is characterized by an excessive inflammatory response,
excessive neutrophil infiltration into the lung tissues, the
release of pro-inflammatory cytokines, and lung endothelial
and epithelial injuries, which cause edema and gas exchange
deterioration (2-4). Therefore, the inhibition of the excessive
inflammatory response may be an effective approach for the
prevention and treatment of ALI.

Numerous studies have reported that volatile anesthetic can
provide protective effects in various tissues and organs (5-7).
Minguet et al (8) demonstrated that volatile anesthetics could
protect against ischemia-reperfusion (IR) injury in the heart.
Sevoflurane, a volatile anesthetic, is most commonly used as
first line anesthesia (9). Despite being an inhaled agent, only a
few studies have been reported using sevoflurane to attenuate
lung injury (10-12). For example, Suter et al (13) revealed that
sevoflurane can reduce the lung tissue edema and inflamma-
tory cell infiltration induced by endotoxin. Ohsumi et al (14)
demonstrated that sevoflurane exhibited significant protective
effects against lung IR injury (IRI) via its anti-inflammatory
activities in a rat lung transplantation model. In addition, sevo-
flurane was found to improve LPS-induced ALI by inhibiting
lung inflammation in a series of in vivo and in vitro experi-
ments (15,16). However, the mechanism of such effects on ALI
is also still unclear.

MicroRNAs (miRNAs/miRs) are a class of endogenous
small noncoding RNAs of ~21-23 nucleotides in length that
repress the translation or induce the degradation of target
mRNA by binding to the 3'-untranslated region (UTR) of
target mRNAs (17,18). An increasing body of evidence has
supported that miRNAs are implicated in certain inflam-
matory lung diseases. For example, Guo et al (19) reported
that the upregulation of miR-125b significantly reduced
lipopolysaccharide (LPS)-induced pulmonary inflammation
in mice. Chen et al (20) demonstrated that miR-212-3p inhib-
ited the LPS-induced inflammatory response by targeting
high mobility group box-1 protein in murine macrophages.
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Recently, several studies have revealed that sevoflurane exerts
its biological effects via modulation of miRNAs (21-23).
Wu et al (22) revealed that sevoflurane protected against
hepatic IRI by modulating miRNA-200c regulation in
mice. Furthermore Wenlan et al (23) demonstrated that
miR-34a-5p attenuated the protective effect of sevoflurane
in hypoxia/reoxygenation-induced cardiomyocyte injury by
targeting Syntaxin 1A . In another study, Lv et al (21) reported
that the downregulation of miR-27a-3p expression ameliorated
sevoflurane-induced neurotoxicity as well as learning and
memory impairment in neonatal mice. However, whether
miRNAs participate in the anti-inflammatory activity of sevo-
flurane in ALI remains unclear.

In the present study, the aim was to assess the possible
protective effects of sevoflurane against LPS-induced lung
injury and to elucidate the possible underlying mechanisms.
The results from the in vivo experiments suggest that sevo-
flurane attenuates LPS-induced ALI through the inhibition of
miR-27a/Toll-like receptor 4 (TLR4)/MyD88/NF-«kB signaling
pathway activation. Therefore, the present study suggests that
sevoflurane may be a potential approach for ALI treatment.

Materials and methods

Animals. Male BALB/c mice (n=84), weighing 20-30 g, aged
8-12 weeks, were purchased from the Shanghai Experimental
Animal Center. All surgical and care procedures were
approved by the Animal Care and Use Committee of the First
Affiliated Hospital of Xinxiang Medical University. All mice
were maintained in a temperature-controlled room (22+2°C)
with a 12-h light/dark cycle, a relative humidity of 40-60% and
free access to food and water.

Experimental design and LPS induction. The mice were
randomized into 7 experimental groups (n=6/group): Group 1,
the Sham group who received saline (0.3 ml, intragastrically);
group 2, the ALI group who only received LPS (5 mg/kg
body weight, intranasally; Escherichia coli serotype 055:B5;
Sigma-Aldrich; Merck KGaA) in 300 ul PBS for sensitiza-
tion (24); group 3, the sevoflurane group (SEVO group), in
which mice inhaled 3% sevoflurane (Sigma-Aldrich; Merck
KGaA) for 4 h; group 4, ALI + SEVO group (3% sevoflu-
rane + LPS), in which mice were treated the same as the ALI
group but were administered 3% sevoflurane for 4 h, starting
2 h after LPS treatment (25); group 5, ALI + agomir-27a
group (8 mg/kg agomir-27a + LPS), in which mice were
injected with agomir-27a (8 mg/kg) by tail intravenous injec-
tion 24 h prior to LPS treatment, and then repeatedly injected
every 24 h for 3 day; group 6, ALI + SEVO + antagomir-27a
group (3% sevoflurane + 8 mg/kg antagomir-27a + LPS),
in which mice were treated in the same way as group 5
(8 mg/kg antagomir-27a + LPS) but were also administered
3% sevoflurane for 4 h, starting 2 h after LPS treatment;
group 7, ALI + SEVO + antagomir-negative control (NC)
group (3% sevoflurane + 8 mg/kg antagomir-NC + LPS), in
which mice were treated in the same way as group 5 (8 mg/kg
antagomir-NC + LPS) but were also administered 3% sevo-
flurane for 4 h, starting at 2 h after LPS treatment. Animals
were sacrificed 3 days after treatment with LPS or saline, and
the lung tissues at 6, 12 and 24 h, and bronchoalveolar lavage

WANG et al: SEVOFLURANE ALLEVIATES LPS-INDUCED ACUTE LUNG INJURY IN MICE

fluid (BALF) at 12 h were collected for analysis. Antagomir-27a
and agomir-27a were designed and synthesized by Guangzhou
RiboBio Co., Ltd. The doses of miRNA were selected based
on previous studies (26-29). The lung tissues were snap-frozen
and stored at -80°C until subsequent use.

To evaluate the transfection efficiency of miR-27a
in vivo, 12 mice were randomized into another 4 experi-
mental groups (n=3/group). Agomir-27a/agomir-NC groups
(Antagomir-27a/antagomir-NC groups), in which all mice were
given agomir-27a/agomir-NC (Antagomir-27a/antagomir-NC
groups; 8 mg/kg) via tail intravenous administration every
24 h for 3 days; after a further 3 days, animals were sacrificed
and the lung tissues were extracted.

The survival experiment. The survival experiments were
performed in all 7 groups of mice (the Sham, ALI, SEVO,
ALI+SEVO, ALI + agomir-27a, ALI + SEVO + antagomir-27a
and ALI + SEVO + antagomir-NC groups; n=10/each group).
Mice were treated as aforementioned. Mice were monitored
regularly, and survival was recorded over a period of 7 days.

Bronchoalveolar lavage collection. BALF was obtained
by flushing the right lung lobes with 1.0 ml PBS. In total,
~0.8 ml of BALF was recovered without significant differ-
ences between groups. After centrifugation for 10 min at
600 g at 4°C, the pellet was re-suspended in PBS. Total cell
numbers were counted using a hemocytometer. At least
200 cells were counted per sample. The supernatants were
collected and immediately frozen on dry ice and stored at
-80°C for cytokine measurements using mouse ELISA kits
(R&D Systems, Inc.) for interleukin (IL)-1f, IL-6, and tumor
necrosis factor (TNF)-a.

Evaluation of lung permeability. Lung permeability was
assessed using the Evans blue dye extravasation method, as
described previously (30). Briefly, via the tail vein, 4 ml/kg
of 2% Evans blue (Sigma-Aldrich; Merck KGaA) in normal
saline was administered 10 h before the animals were eutha-
nized. After adequate perfusion with normal saline, Evans
blue dye was extracted from the lung using formamide for 18 h
at 60°C and measured as the absorbance of the supernatant
at 620 nm on a microplate reader (BioTek Instruments, Inc.)
and was reported as the amount of Evans blue per wet tissue

weight (ug/g).

Lung wet/dry (W/D) ratio. Mice were sacrificed, and the right
lungs were excised and placed in an incubator at 80°C for 48 h
to obtain the dry weight. The ratio of wet lung to dry lung was
then calculated to assess tissue edema.

Histopathologic evaluation of lung tissues. Upper and
lower lobe lung samples were excised 24 h after the LPS
challenge, fixed with 10% formalin at room temperature for
24 h and microsectioned at 5 ym. Then, the tissues were
embedded in paraffin and stained with hematoxylin and
eosin at 37°C for 5 min. Finally, the lung injury score was
assessed in a blinded fashion via semi-quantitative light
microscopy evaluation as previously described (31). The
images were captured with a Nikon E100 light microscope
with x200 magnification.
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Measurement of pro-inflammatory cytokines. The levels of
TNF-a (cat. no. MTAOOB), IL-6 (cat. no. M6000B), and IL-1p
(cat. no. MLBOOC) in BALF were measured using mouse
ELISA kits (R&D Systems, Inc.) according to the manufac-
turer's instructions protocol.

miRNA microarray. Total RNA was isolated from frozen lung
tissue using the miRNeasy isolation kit (Qiagen, Inc.) following
the manufacturer's protocol. The samples were analyzed via a
miRCURY LNA™ Array (v.18.0; Agilent Technologies, Inc.).
The procedure and images process method were conducted as
described previously (32).

Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA was isolated from the left lung tissue samples using a
miRNeasy mini kit (Qiagen, Inc.) following the manufactur-
er's protocol. RT was performed at 40°C for 45 min followed
by incubation at 95°C for 5 min using a miRNA reverse tran-
scription kit (Applied Biosystems; Thermo Fisher Scientific,
Inc.). qPCR was performed using a standard protocol from
the SYBR Green PCR kit (Toyobo Life Science) on an
ABI PRISM 7500 Real-time PCR system (Thermo Fisher
Scientific, Inc.). RT-qPCR was performed at 95°C for 10 min,
followed by 40 cycles of amplification at 95°C for 2 sec and
60°C for 34 sec. The melting curve stage was performed at
95°C for 30 sec, 60°C for 30 min and 95°C for 30 sec. The
primer sequences were as follows: miR-19a forward, 5'-"TCA
TCACGCTGTGCAAATCT-3' and reverse, 5-TATGGTTGT
TCTGCTCTCTGTCTC-3"; miR-149* forward, 5'-ACACTC
CAGCTGGGAGGGACGGGGGC-3' and reverse, 5-CTC
AACTGGTGTCGTGGA-3"; miR-146a-5p forward, 5'-TGA
GAACTGAATTCCATGGGT-3' and reverse, 5'-CGAGAA
GCTTGCATCACCAGAGAACG-3'; miR-122 forward
5'-GTGACAATGGTGGAATGTGG-3' and reverse, 5'-AAA
GCAAACGATGCCAAGAC-3'; miR-27a forward 5'-TGC
GGTTCACAGTGGCTAAG-3" and reverse, 5'-CTCAAC
TGGTGTCGTGGA-3"; U6 forward, 5'-GCTTCGGCAGCA
CATATACTAAAAT-3" and reverse, SSCGCTTCACGAAT
TTGCGTGTCAT-3". The results were quantified using the
2-44C method (33).

Cells transfection. In order to up-or downregulate the expres-
sion of miR-27a, 50 nM miR-27a mimics, 50 nM miR-27a
inhibitor and 50 nM their NC were synthesized by Shanghai
GenePharma Co., Ltd. The sequences for these oligonucle-
otides were as follows: 5'-UUCACAGUGGCUAAGUUC
CGC-3' for miR-27a mimics; 5-GCGGAACUUAGCCAC
UGUGAA-3' for miR-27a inhibitor; 5'-UUCUCCGAACGU
GUCACGUTT-3' for NC mimics; and 5-CAGUACUUUUGU
GUAGUACAA-3' for the NC inhibitor. Cell transfection was
conducted using Lipofectamine 2000™ reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) for 48 h following the manu-
facturer's protocol. At 24 h post-transfection, the cells were
collected and used for the following analyses.

Bioinformatics. TargetScan (version 7.0; www.targetscan.
org/), miRbase (version 21.0; www. mirbase. org/) and
PicTar (version 2006; pictar.mdc-berlin.de) target gene
prediction software were used to select MIF as a target gene
of miR-27a.
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Luciferase reporter assay. The 3'-UTR of TLR4 and the
mutated sequence were inserted into the pGL3 control
vector (Promega Corporation) to construct the wild-type (wt)
TLR4-3'-UTR vector and mutant TLR4-3'-UTR vector, respec-
tively. For luciferase reporter assay, 293T cells (American
Type Culture Collection) in 24-well plates (5.0x10%/well)
and were transfected with either the wt or mut reporter
vector, combined with miR-27a mimics or miR-27a inhibitor
using Lipofectamine 2000™ (Invitrogen; Thermo Fisher
Scientific, Inc.). At 48 h post-transfection, the dual-luciferase
reporter assay system (Promega Corporation) was used
to measure the luciferase activity. The pRL-TK plasmid
(Promega Corporation) was used as a normalizing control. All
experiments were performed in triplicate.

Western blot analysis. Lung tissue samples were lysed in RIPA
buffer (Cell Signaling Technology, Inc.) supplemented with
protease inhibitors (Roche Applied Science) for 30 min on
ice. The protein concentrations were measured using a BCA
protein assay kit (Beyotime Institute of Biotechnology). The
protein samples (40 ug) were separated by 10% SDS-PAGE
(Bio-Rad Laboratories, Inc.) and transferred onto a PVDF
membrane, which was then blocked with 5% non-fat milk
at room temperature for 1 h. Membranes were incubated
with primary antibodies against Bcl-2 (cat. no. ab32124;
1:2,000), cleaved caspase-3 (cat. no. ab2302; 1:2,000), TLR4
(cat. no. ab22048; 1:2,000), nuclear-phospho (p)-p65 (Ser-536;
cat. no. ab86299; 1:2,000), total p-65 (cat. no. ab140751;
1:2,000), p-IkBa (Ser-36; cat. no. ab133462; 1:5,000), total
IxBa (cat. no. ab32518; 1:5,000), MyD88 (cat. no. ab199247;
1:2,000) and B-actin (cat. no. ab8226; 1:2,000; all Abcam)
at 4°C overnight. After washing with PBS, the membrane was
incubated with the appropriate horseradish peroxidase-conju-
gated secondary antibodies including goat anti-rabbit
immunoglobulin (Ig)-G (cat. no. ab6721; 1:5,000; Abcam) and
goat anti-mouse IgG (cat. no. ab6789; 1:5,000; Abcam) for 1 h
at room temperature. A chemiluminescence detection system
(EMD Millipore) was used for visualization of the results and
quantification of the bands was performed using Quantity One
software (version 4.4; Bio-Rad Laboratories, Inc.).

Statistical analysis. GraphPad Prism 5.0 (GraphPad Software,
Inc.) was used to analyze the statistical analyses. Data are
presented as the mean + standard deviation. Statistical differ-
ences were analyzed using one-way analysis of variance with
the Tukey's post hoc test. Survival studies were analyzed
using the log rank test and the results are presented as the
Kaplan-Meier curves. P<0.05 were considered to indicate a
statistically significant difference.

Results

Sevoflurane protects against LPS-induced ALI in mice.
Previous studies on rat and mice have revealed that sevoflu-
rane is able to improve different types of injuries, including
lung, liver and renal injuries (10,34-36). In the present study,
a mouse model of LPS-induced ALI was used to evaluate
the therapeutic effects of sevoflurane. As shown in Fig. 1A,
50% of the LPS-induced ALI mice succumbed within 7 days
whilst the survival rate of the ALI + sevoflurane mice was
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Figure 1. Sevoflurane protects against LPS-induced lung injury. Mice were divided into 4 groups: The Sham, SEVO, ALI and ALI + SEVO groups. (A) Animal
survival was recorded at the indicated time points (n=10/group). ““P<0.01, as indicated. (B) Lung slides were stained with hematoxylin and eosin (magnifica-
tion, x200) to assess lung damage and the histopathological changes were scored (n=6 mice/group). (C) The capillary permeability was evaluated by Evans
Blue assay (n=6 mice/group). (D) The ratio of wet lung to dry lung was calculated to evaluate lung tissue edema (n=6 mice/group). Data are presented as the
mean = standard deviation of three independent experiments. “P<0.05 and “P<0.01 vs. Sham group; "P<0.01, as indicated. LPS, lipopolysaccharide; SEVO,

the sevoflurane treated group; ALI, acute lung injury.

significantly higher than that of the ALI group. Then, the
present study analyzed the histopathological changes in the
lungs of ALI mice. Lung inflammatory responses including
interstitial infiltration of inflammatory cells and thickening of
the alveolar walls observed in the lung tissues of LPS-induced
ALI mice were markedly reduced following sevoflurane treat-
ment (Fig. 1B-D). Subsequently, the histopathological changes
were scored and the result revealed that sevoflurane clearly
ameliorated the histological damage (Fig. 1B). In addition,
Evans blue dye was employed to evaluate the permeability of
lung vasculature and it was observed that the LPS-induced
increase in capillary permeability was significantly abolished
by sevoflurane (Fig. 1C). Furthermore, the lung W/D ratio
(an indicator of the extent of lung edema) of mice in the ALI

group was higher than that of Sham mice, whilst sevoflurane
significantly reduced the W/D ratio of LPS-stimulated ALI
mice compared with the ALI group (Fig. 1D). These results
indicated that the mouse model of ALI was successfully estab-
lished and that sevoflurane treatment can protect LPS induced
ALI in mice.

Sevoflurane inhibits LPS induced inflammation and apoptosis
in mice. An excessive inflammatory response and increased
endothelial cell permeability contribute to vascular leakage
in ALI, which is considered to be central to the pathogen-
esis of ALI (37). Thus, the present study then examined the
protective effects of sevoflurane on vascular leakage in ALI
mice by measuring the total cell counts in BALF using a
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Figure 2. Sevoflurane inhibits inflammation and apoptosis in ALI mice. Mice were divided into 4 groups: The Sham, SEVO, ALI and ALI + SEVO groups (n=6
mice/group). (A) The total counts of cells from BALF were counted using a hemocytometer. (B-D) The protein levels of (B) IL-1p3, (C) IL-6 and (D) TNF-a
were assessed by ELISA. (E) The expression of cleaved caspase 3 and Bcl-2 was measured by western blotting. Data are presented as the mean + standard
deviation of three independent experiments. “P<0.05 and “"P<0.01 vs. Sham group; “P<0.01, as indicated. SEVO, the sevoflurane treated group; ALI, acute lung
injury; IL, interleukin; TNF, tumor necrosis factor; BALF, bronchoalveolar lavage fluid.

hemocytometer. As shown in Fig. 2A, LPS caused a signifi-
cant increase in the total cell counts in BALF compared with
the Sham group, whereas sevoflurane lead to a reduction in
the LPS-induced total cell counts in the LPS and sevoflurane
treated group. To further investigate the anti-inflammatory
effects of sevoflurane, the present study measured the expres-
sion levels of inflammatory factors (IL-1p, IL-6 and TNF-a)
in BALF via ELISA. The results demonstrated that the
concentrations of these pro-inflammatory factors in the ALI
group were significantly increased compared with the Sham
group, whereas sevoflurane pretreatment significantly amelio-
rated the levels of these inflammatory cytokines (Fig. 2B-D).
Additionally, the levels of the pro-apoptotic marker cleaved
caspase-3 and anti-apoptotic marker Bcl-2 were also analyzed
by western blotting in BALF. As presented in Fig. 2E, LPS
administration increased the levels of the pro-apoptotic protein,
cleaved caspase 3 and decreased the level of the anti-apoptotic
protein Bcl2 compared with the Sham group. On the other
hand, sevoflurane pretreatment induced a significant decrease
in the levels of cleaved caspase-3 as well as a marked increase
in the level of Bcl2 when compared with the ALI group. These
results suggest that sevoflurane attenuates LPS-induced lung
injury by suppressing the inflammatory response and reducing
apoptosis.

Sevoflurane upregulates the expression of miR-27a. Previous
studies have reported that various aberrantly expressed
miRNAs are associated with ALI and inflammatory
responses (38,39). To determine the potential involvement of
miRNAs in ALI in mice, the present study used microarray
analysis to determine the miRNA levels in lung tissues between
ALI and Sham groups. The miRNA microarray identified

25 miRNAs that were upregulated and 25 miRNAs that were
downregulated in the ALI group, compared with the Sham
group (Fig. 3A). To determine whether sevoflurane could alter
the expressions of some miRNAs obtained from the miRNA
microarray data, a total of 6 miRNAs were selected including
miR-1246 (40), miR-149* (41), miR-122 (42), miR-19a (43),
miR-146a-5p (44) and miR-27a (45) as the candidate miRNAs
as they have been shown to play a critical role in inflammation
regulation. As shown in Fig. 3B sevoflurane only upregulated
the expression of miR-27a, while the other miRNAs exhibited
no evident changes in expression after sevoflurane treatment.
To further investigate the effect of sevoflurane on the expres-
sion of miR-27a in ALI mice, RT-qPCR was performed in a
larger scale sample. As shown in Fig. 3C, miR-27a expression
was significantly decreased after LPS treatment (ALI group);
however, in the sevoflurane pretreatment group (ALI + SEVO)
the level of miR-27a increased significantly when compared
with the ALI group. As miR-27a has previously been reported
to be upregulated by sevoflurane in a sevoflurane-induced
anesthetic mouse model (21), it seems plausible that the
observed protective effects of sevoflurane may be exerted
through upregulating the expression of miR-27a in ALI.

miR-27a is involved in the therapeutic effects of sevoflurane
in ALI mice. Previous studies have shown that miR-27a play
important roles in several types of injuries, including trau-
matic brain injury (46), oxygen-glucose deprivation-induced
injury (46) and LPS-induced sepsis injury (47). These studies
warranted the investigation into whether the ectopic expression
of miR-27a contributes to the therapeutic effects of sevoflu-
rane in ALI mice. Since the stability of antagomir/agomir is
stronger than inhibitor/mimics, the agomir/antagomir were
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Figure 3. miR-27a is upregulated in lung injury after sevoflurane treatment. (A) Heat map analysis of the miRNA expression in ALI group (n=2 mice) and
Sham group (n=1 mice). Rows: Groups; Columns: miRNAs; Color key indicates the miRNA expression value, red indicates the highest expression and blue
indicates the lowest expression. (B) Validation of the 6 differentially expressed miRNAs in the ALI (n=6 mice), ALI + SEVO (n=6 mice) and Sham groups
(n=6 mice) based on the RT-qPCR assay. (C) The expression of miR-27a was further detected in the Sham (n=10 mice), ALI (n=20 mice) and ALI + SEVO
groups (n=20 mice) by RT-qPCR analysis. The decreased expression of miR-27a-3p caused by LPS treatment was significantly reversed when pretreated
with sevoflurane. Data are presented as the mean + standard deviation of three independent experiments. “P<0.05 and “P<0.01 vs. Sham group; #P<0.01, as
indicated. SEVO, the sevoflurane treated group; ALI, acute lung injury; miRNA/miR, microRNA; RT-qPCR, reverse transcription-quantitative PCR.

used in the in vivo experiments. The present study overex-
pressed and knocked down the expression of miR-27a via
an injection of agomir-27a/antagomir-27a prior to LPS and
sevoflurane treatment, and then observed the alterations in
the therapeutic effects of sevoflurane in ALI mice. Firstly, it
was observed that the expression of miR-27a was significantly
increased or decreased following the injection of agomir-27a
or antagomir-27a, respectively (Fig. 4A). As shown in Fig. 4B,
mouse survival in the ALI + agomir-27a group was markedly
improved compared with ALI group, which was similar to
the effects of sevoflurane pretreatment observed. However,
the survival rate of ALI + SEVO + antagomir-27a mice
was significantly lower than that of the ALI + SEVO group.
Furthermore, the agomir-27a injection improved LPS-induced
lung injury, as evidenced by the reduced histological scores,
capillary permeability and W/D ratio of lung in the lung
tissues (Fig. 4C-E), which is also similar to the observed
effects of sevoflurane. However, the improvement induced
by sevoflurane in lung injury was abrogated when miR-27a
was knocked down. In addition, the agomir-27a injection
attenuated the LPS-induced inflammatory response including
decreasing the total cell counts and reducing the levels of
IL-1B, IL-6 and TNF-a in BALF (Fig. 4F-I); treatment with
sevoflurane produced similar results. However, the inhibitory

effects of sevoflurane on inflammatory response were abol-
ished after the antagomir-27a injection. These results indicate
that sevoflurane ameliorates LPS-induced ALI in mice by
upregulating miR-27a.

TLRA4 is a direct target of miR-27a. To explore the molecular
mechanism by which miR-27a functions in the therapeutic
effects of sevoflurane in ALI mice, the potential targets of
miR-27a were screened using the TargetScan, miRBase and
PicTar databases. According to the bioinformatics analysis, the
present study focused on TLR4, an upstream positive regulator
of the NF-kB signaling pathway. As shown in Fig. 5A, the
RNA sequence alignment revealed that the 3'-UTR of TLR4
mRNA contained a complementary site for the seed region
of miR-27a. To confirm the target reaction of miR-27a on
the 3'-UTR of TLR4 mRNA, a luciferase activity assay was
performed. The reporters were co-transfected with either
miR-27a mimics/inhibitor or with NC mimics/inhibitor into
239T cells, and luciferase activity was then measured. It was
observed that the miR-27a expression levels were significantly
reducedin cells transfected with the miR-27a inhibitor,and were
significantly increased in cells transfected with the miR-27a
mimics (Fig. 5B). Then, it was revealed that the overexpres-
sion of miR-27a decreased the relative luciferase activity in the
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Figure 4. miR-27a is involved in the therapeutic effects of sevoflurane in ALI mice. (A) The expression of miR-27a was measured by reverse transcrip-
tion-quantitative PCR after agomir-27a and antagomir-27a (8 mg/kg) treatment via tail intravenous injection in mice (n=3 mice/group). “P<0.01, as indicated.
Then, mice were divided into 5 groups: The Sham, ALI group, ALI + SEVO, ALI + agomir-27a and ALI + SEVO + antagomir-27a groups (n=6 mice/group).
(B) Animal survival was recorded at the indicated time points. (C) Lung slides were stained with hematoxylin and eosin to review lung damage and the
histopathological changes were scored. (D) The capillary permeability was evaluated by Evans Blue assay. (E) The ratio of wet lung to dry lung was calculated
to evaluate lung tissue edema. (F) The total counts of cells from BALF were counted using a hemocytometer. (G-I) The protein levels of (G) IL-1, (H) IL-6
and (I) TNF-a were assessed by ELISA. All data are presented as the mean + standard deviation of three independent experiments. “P<0.05 and “P<0.01 vs.
Sham group; #P<0.01, as indicated. SEVO, the sevoflurane treated group; ALIL, acute lung injury; miR, microRNA; IL, interleukin; TNF, tumor necrosis factor;

BALF, bronchoalveolar lavage fluid; NC, negative control.

presence of the wt 3'-UTR, whereas knockdown of miR-27a
increased the relative luciferase activity (Fig. 5C). Similarly,
the luciferase activity did not change significantly when the
targeted sequence of TLR4 was mutated in the miR-27a-binding
site. To further confirm that TLR4 was negatively regulated by
miR-27a, the TLR4 protein expression levels were analyzed
by western blot analysis. The results demonstrated that the
TLR4 levels were markedly downregulated after miR-27a
mimics transfection, while transfection with the miR-27a

inhibitor enhanced TLR4 expression (Fig. 5D). In addition, the
present study also measured the expression of TLR4 in ALI
mice treated with sevoflurane and/or antagomir-27a. When
sevoflurane was applied to LPS treated mice, it was observed
that the expression of TLR4 protein decreased significantly
compared with the ALI group. However, antagomir-27a injec-
tion reversed the inhibitory effect of sevoflurane on the protein
levels of TLR4 (Fig. SE). Taken together, these results indicate
that TLR4 is a functional target of miR-27a, suggesting that
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Figure 5. TLR4 was a direct target of miR-27a. (A) miR-27a-binding sequences in the 3'-UTR of TLR4 and mutated sites in the 3'-UTR of TLR4. (B) The
transfection efficiency of miR-27a mimics/inhibitor was determined by reverse transcription-quantitative PCR. (C) miR-27a mimics suppressed the lucif-
erase activities of constructs containing the 3'-UTR segment of TLR4, while miR-27a inhibitor significantly increased the luciferase activities of constructs
containing the 3'-UTR segment of TLR4. All data are expressed as the mean + standard deviation (n=3). “P<0.01, as indicated. (D) The expression of TLR4
was detected by western blotting after treatment with miR-27a mimics or miR-27a inhibitor. (E) The expression of TLR4 was detected by western blotting in
4 groups of mice: The Sham, ALI, ALI + SEVO and ALI + SEVO + antagomir-27a groups (n=6 mice/group). All data are presented as the mean + standard
deviation (n=6). "P<0.05 and ""P<0.01 vs. Sham group; #P<0.01, as indicated. UTR, untranslated region; TLF4, Toll-like receptor 4; SEVO, the sevoflurane
treated group; ALI, acute lung injury; miR, microRNA; NC, negative control; wt, wild-type; mut, mutant.

the miR-27a/TLR4 signaling axis may be involved in the
therapeutic effects of sevoflurane in ALI mice.

The role of the NF-xB signaling pathway in the protective
effects of sevoflurane. Previous studies have indicated that the
activation of the NF-«B signaling pathway plays a pivotal role
in the inflammatory response to ALI, whereby downregulation
of NF-kB expression reduces the release of pro-inflammatory
cytokines and attenuates ALI (48,49). Given that miR-27a
directly targets the TLR4, a well-known upstream positive
regulator of the NF-«kB signaling pathway (50), the present
study determined whether the miR-27a/TLR4/NF-kB axis
was involved in the therapeutic effects of sevoflurane in ALI

mice. The protein expressions of the NF-kB signaling pathway
transcription factors including MyD88, nuclear p-p65, total
p-65, p-IkB-a and total IkB-a in the lung tissues obtained
from the different groups were determined by western blotting.
The results revealed that the levels of MyD88, nuclear p-p65
and p-IkB-a were increased in ALI mice when compared with
the Sham group, but these promotional effects were inhibited
by sevoflurane (Fig. 6). However, inhibition of miR-27a by the
antagomir-27a reversed the inhibitory effects of sevoflurane
on the expressions of MyD88, nuclear p-p65 and p-IkB-a
(Fig. 6A and B). These results suggest that sevoflurane blocked
the activation of the NF-«kB signaling pathway by upregulating
the miR-27a/TLR4 axis.
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Figure 7. Scheme summarizing the protective effects of sevoflurane on lipopolysaccharide-induced inflammation and apoptosis by suppressing the activation
of the miR-27a/TLR4/MyD88/NF-«B signaling pathway. miR, microRNA; TLR4, Toll-like receptor 4.

Discussion

In the present study, it was demonstrated that sevoflurane
effectively protected against LPS-induced ALI by inhibiting
the inflammatory response in mice. Furthermore, sevoflurane
increased the expression of miR-27a in the lung tissues of
the LPS-induced ALI mice model. In addition, the present
results demonstrated that the overexpression of miR-27a
ameliorated LPS-induced ALI and inhibited the expression of
the pro-inflammatory cytokines, TNF-a, IL-1f and IL-6. In
addition, it was identified that miR-27a suppressed TLR4 by
binding to its 3'-UTR, and it was also indicated that sevoflurane

exerts an anti-inflammatory effect on LPS-induced ALI
by suppressing the activation of the TLR4/MyD88/NF-«kB
signaling pathways.

To date, several in vivo studies have explored the effects
of sevoflurane on lung tissue. For example, Steurer et al (51)
showed that sevoflurane could attenuate LPS-induced
injury by suppressing the inflammatory response in alveolar
macrophages. In addition, Voigtsberger et al (52) reported
that sevoflurane alleviated lung damage in an in vivo model
of LPS-induced lung injury. Tang et al (53) demonstrated
that sevoflurane could improve lung function post-acute lung
injury by regulating immune homeostasis in mice. However,
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the relative mechanisms by which sevoflurane improve ALI
remain unknown. In the present study, sevoflurane effectively
reduced LPS-induced pulmonary inflammation and resulted
in the significant reduction of LPS-induced increases in lung
permeability and the W/D ratio of lung tissue, accompanied
by a significant reduction in the histopathology changes of
the lung. The present results demonstrated that sevoflurane
could protect the lung from LPS-induced ALI by regulating
the inflammatory responses. In addition, it was also revealed
that the expression of the apoptosis-related protein cleaved
caspase 3 was significantly decreased, while Bcl2 was
increased in the sevoflurane treated ALI mice. However, the
possible molecular mechanism requires further investigation
to be fully understood.

Previous studies had demonstrated that sevoflurane
could attenuate LPS-induced ALI via its anti-inflammatory
properties. Voigtsberger et al (52) reported that sevoflurane
ameliorated the gas exchange and attenuated lung damage;
this property appeared to be mediated via the inhibition of
lung inflammation as indicated by the lower levels of cyto-
kines and less recruitment of effector cells into the lung tissue.
Schldpfer er al (54) revealed that sevoflurane exposure can
positively influence the course of LPS-induced lung injury
with regard to oxygenation and this effect was mediated by
the anti-inflammatory properties of sevoflurane leading
to less edema formation. Hofstetter et al (55) examined the
anti-inflammatory effects of sevoflurane in an in vivo model
of LPS-induced endotoxemia in rats. In this study, the admin-
istration of sevoflurane 15 min after stimulation with LPS
resulted in a decrease in TNF-a and IL-1f plasma levels (55).
However, the molecular mechanisms remain unknown.

Recently, an association has also been reported between the
aberrant expression of miRNAs and exposure to anesthetics
such as sevoflurane (56). For example, Tang et al (57) reported
that miR-29a regulated LPS-induced inflammatory responses
in murine macrophages through the Aktl/NF-xB signaling
pathway. Therefore, given the important role of sevoflurane in
the regulation of miRNA:s, it is possible that miRNAs are also
involved in the lung protective mechanisms of sevoflurane.
In the present study, microarray screening revealed miR-27a
to be one of the major miRNAs that were upregulated in
ALI mice by sevoflurane treatment, and that this upregula-
tion was time-dependent. Notably, previous studies have
reported that downregulation of miR-27a expression attenu-
ated sevoflurane-induced neuronal apoptosis, and learning
and memory impairment via the upregulation of peroxisome
proliferator-activated receptor-y, which play important roles
in sevoflurane mediated neurotoxicity and cognitive impair-
ment effects (21,55). Thus, the present study focused on
miR-27a for further study. Notably, it was confirmed that the
agomir-27a injection produced similar protective effects when
compared with sevoflurane, while the antagomir-27a injec-
tion suppressed the therapeutic effects of sevoflurane in ALI
mice. Taken together, these results indicate that upregulation
of miR-27a may contribute to sevoflurane-induced protective
effects against LPS-induced ALI.

TLR4, a component of the primary innate immune
receptor-mediated inflammatory signaling pathway, has
been associated with various inflammation-related diseases
including ALI (58-60). A previous study has shown that LPS
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could induce TLR4 activation and subsequently transmit
a signal via an adaptor molecule, MyD88, leading to the
activation of NF-xB, which in turn causes the upregula-
tion of pro-inflammatory cytokines such as IL-1p, IL-6 and
TNF-a (61). The present results demonstrated that TLR4 was
adirect target of miR-27a. In addition, it was revealed that LPS
induced the upregulation of TLR4, but the expression of TLR4
was markedly decreased after sevoflurane treatment. Notably,
increased MyD88, nuclear p-p65 and p-IkB-a, and decreased
IxB-a were detected in ALI mice, which was indicative of
the activation of the NF-«B signaling pathway in ALI mice.
However, pretreatment with sevoflurane decreased the expres-
sion of MyD88, nuclear p-p65 and p-IkB-a, and increased the
expression of IkB-a in all ALI mice. Interestingly, the inac-
tivation of NF-«kB signaling in sevoflurane treated ALI mice
was re-activated by an injection of the antagomir-27a. These
results indicate that sevoflurane blocked the activation of the
NF-«B signaling pathway through the miR-27a/TLR4 axis.

In conclusion, as illustrated in Fig. 7, the present results
firstly demonstrated that sevoflurane effectively protected ALI
against inflammation damage, which was largely dependent on
the upregulation of miR-27a via suppressing the LPS-activated
TLR4/MyD88/NF-«B signaling pathway. The present study
provides beneficial evidence for the application of sevoflurane
in the prevention of ALI. However, the application and efficacy
of sevoflurane in clinical practice remains to be studied.
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