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MicroRNA-27a alleviates LPS-induced acute lung injury in mice via inhibiting
inflammation and apoptosis through modulating TLR4/MyD88/NF-κB pathway
MinJie Jua*, BoFei Liub*, HongYu Hea*, ZhunYong Gua, YiMei Liua, Ying Sua, DuMing Zhua, Jing Cangc,
and Zhe Luoa

aDepartment of Critial Care Medicine, Zhongshan Hospital, Fudan University, Shanghai China; bDepartment of Intensive Care Medicine, 1st
People Hospital, ZhangjiaGang, China; cDepartment of Anesthesiology, Zhongshan Hospital, Fudan University, Shanghai, China

ABSTRACT
Acute lung injury (ALI) is a critical clinical condition with a high mortality rate, characterized with
excessive uncontrolled inflammation and apoptosis. Recently, microRNAs (miRNAs) have been found
to play crucial roles in the amelioration of various inflammation-induced diseases, including ALI.
However, it remains unknown the biological function and regulatory mechanisms of miRNAs in the
regulation of inflammation and apoptosis in ALI. The aim of this study is to identify and evaluate the
potential role of miRNAs in ALI and reveal the underlying molecular mechanisms of their effects. Here,
we analyzed microRNA expression profiles in lung tissues from LPS-challenged mice using miRNA
microarray. Because microRNA-27a (miR-27a) was one of the miRNAs being most significantly down-
regulated, which has an important role in regulation of inflammation, we investigated its function.
Overexpression of miR-27a by agomir-27a improved lung injury, as evidenced by the reduced
histopathological changes, lung wet/dry (W/D) ratio, lung microvascular permeability and apoptosis
in the lung tissues, as well as ameliorative survival of ALI mice. This was accompanied by the
alleviating of inflammation, such as the reduced total BALF cell and neutrophil counts, decreased
levels of tumor necrosis factor alpha (TNF-α), interleukin-1 (IL-6) interleukin-1β (IL-1β) and myeloper-
oxidase (MPO) activity in BAL fluid. Toll-like receptor 4 (TLR4), an important regulator of the nuclear
factor kappa-B (NF-κB) signaling pathway, was identified as a novel target of miR-27a in RAW264.7
cells. Furthermore, our results showed that LPS stimulation increased the expression of MyD88 and
NF-κB p65 (p-p65), but inhibited the expression of inhibitor of nuclear factor-κB-α (IκB-α), suggesting
the activation of NF-κB signaling pathway. Further investigations revealed that agomir-miR-27a
reversed the promoting effect of LPS on NF-κB signaling pathway. The results here suggested that
miR-27a alleviates LPS-induced ALI inmice via reducing inflammation and apoptosis through blocking
TLR4/MyD88/NF-κB activation.

ARTICLE HISTORY
Received 30 May 2018
Revised 21 July 2018
Accepted 28 July 2018

KEYWORDS
Acute lung injury;
inflammation and apoptosis;
microRNA-27a; TLR4/MyD88/
NF-κB pathway

Introduction

Acute lung injury (ALI) is a spectrum of pulmonary
condition that results in edema, hypoxemia, and
respiratory failure [1]. Recent epidemiologic studies
reported that ALI remains an important public
health problem globally and a major challenge for
clinicians [2]. Despite several treatment strategies
have been made to improve the functional outcome,
the mortality rate of ALI patients remains high [3,4].
Therefore, it is important and urgent to explore the
pathogenesis of ALI and find a new therapeutic
strategy for the treatment of ALI.

Accumulating evidence suggests that inflammation
play a pivotal role in the pathogenesis of ALI [5].
Importantly, inflammation suppression resulted in

reduction of the damage severity of ALI [6,7].
Lipopolysaccharide (LPS), a major biologically active
component of the Gramnegative bacterial cell wall,
has been widely used to induce an ALI model that is
similar with pathological features to ALI in humans
by triggering excessive inflammatory mediator [8].
For example, Chi et al. showed that Limonene atte-
nuated the pulmonary inflammatory responses
induced by LPS in ALI [9]. Jiang et al. found that
Geraniol alleviated lung tissue inflammation induced
by LPS in a murine model [10]. Accordingly, focusing
on the potential targets of inflammatory processes
would provide novel treatment strategies for the pre-
vention and treatment of ALI.

MicroRNAs (miRNAs) are small non-coding
RNAs with a length of 18–23 nucleotides that serve
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key roles in post-transcriptional regulation of gene
expression [11]. A large number of studies have
pinpointed the essential roles of miRNAs in the
onset and development of inflammatory lung dis-
eases, including ALI [12,13]. Extensive studies have
been carried out to characterize miRNA expression
and function in ALI. For example, Fu et al. showed
that downregulation of miR-181a protected mice
from LPS-induced acute lung injury by targeting
Bcl-2 [14]. Tang et al. recently reported that miR-
126-5p played a similar role in the LPS-induced ALI
mice by down-regulating vascular endothelial
growth factor-A (VEGFA) [15]. However, the
importance of miRNAs in the pathogenesis of ALI
is largely unknown, especially their effect on inflam-
mation. Therefore, an understanding of the role of
miRNAs in regulating inflammatory response pre-
sents an attractive approach to control ALI disease.

In the present study, we adopted microarray ana-
lysis to investigate the expression profiles of miRNAs
in lung tissue of ALI mice and picked up a miRNA,
miR-27a, as a potential candidate in the regulation of
inflammatory progress in ALI. Moreover, we
demonstrated that overexpression of miR-27a in
vivo attenuated LPS induced ALI through suppres-
sing inflammatory response via regulating TLR4/
MyD88/NF-κB pathway. Our findings provide
novel research strategies for the molecular therapeu-
tic target of ALI to some extent.

Materials and methods

Animals

BALB/cmice, weighing 18–20 g each, were purchased
from Shanghai Slack Laboratory Animal Co, Ltd
(Shanghai, China). We confirmed that all animal
experiments were carried out in accordance with the
guidelines of the Guide for the Care and Use of
Laboratory Animals of the Institutional Animal Care
and Use Committee (IACUC) set by the Zhongshan
Hospital, Fudan University. The protocols were
approved by the Animal Care and Use Committee
of the Zhongshan Hospital, Fudan University
(Shanghai, China). Pentobarbital sodium was used
as an anesthetic to minimize pain during all proce-
dures. All animals were housed in plastic cages at
22 ± 2°C with free access to food and water on a
12 h light/dark cycle.

Establishment of ALI model

The mice model of LPS-induced ALI was estab-
lished as previous reported [13]. Mice were ran-
domly divided into different groups: a control
group with intra-tracheal instillation of 1.5 mg/kg
normal saline (NS) (n = 6) and an ALI group
(n = 6) (LPS group) with intra-tracheal instillation
of 3 mg/kg LPS (Escherichia coli 055:B5; Sigma),
LPS +agomir-27a (3 mg/kg LPS plus 8 mg/kg
agomir-27a) (n = 3) and LPS + agomir-NC
(3 mg/kg LPS plus 2 mg/kg agomir-NC) (n = 3).
MiR-27a agomirs and miR-27a agomirs negative
control were synthesized by RiboBiotech (Ribo-
Bio Co., Ltd., China). Agomirs of miR-27 (2 mg/
kg) or control agomirs were injected intravenously
(tail vein) every third day until the ALI was
induced as described above. Twenty-four hours
after injection of LPS, mice were humanely killed
by overdose of anesthesia. Chest was opened and
left lung was clamped. Right lung was lavaged
using 0.9% saline. Bronchoalveolar lavage fluid
(BALF) was collected and centrifuged for 15 min
at 4°C using a cooling centrifuge (4000 rpm). Cell
pellet was collected and used for the determination
of cell counts. The BALF supernatants were stored
at −80°C until further analysis. Small piece of the
left lung was weighed and homogenized in
0.1 mol/L phosphate buffer (pH 7.4) in an ice
bath. The remaining of left lung was dissected
and washed with ice-cold saline then then fixed
in 10% neutral buffered formalin for 24 h and
submitted for histopathological assessments, wes-
tern blot assay and terminal deoxynucleotidyl
transferase mediated dUTP nick end labeling
(TUNEL) staining.

In addition, four mice in control and ALI group
were selected to subject to miRNA microarray
analysis. The survival experiments were performed
in four group mice (n = 10/group) (LPS, Control,
LPS + agomir-27a, LPS + agomir-NC). Survival of
mice was monitored for 96 h.

Microarray analysis

Total RNA isolation was performed with miRNeasy
mini kit (QIAGEN) following the manufacturer’s
protocol. RNA concentration and qualification
were determined by Nanodrop spectrophotometer
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(ThermoFisher Scientific, USA). Total RNA was
labeled using the miRCURY™ Hy3™/Hy5™ power
labeling kit (Exiqon Inc., Woburn, MA, USA) and
hybridized on the miRCURY™ LNA Array (v18.0)
(Exiqon, Copenhagen, Denmark). After washing, the
slides were scanned using an Axon GenePix 4000 B
microarray scanner (Axon Instruments, Foster City,
CA, USA). After washing and staining, the arrays
were scanned in an Agilent G2565BA Microarray
Scanner System (Agilent Technologies, Santa Clara,
CA, USA). Scanned images were then imported into
GenePix Pro 6.0 software (Axon) for grid alignment
and data extraction. Replicated miRNAs were aver-
aged, andmiRNAs with intensities ≥50 in all samples
were used to calculate a normalization factor.
Expressed data were normalized by median normal-
ization. After normalization, the miRNAs that were
significantly differentially expressed were identified
by Volcano Plot filtering. Finally, Tthe expression
data were subjected to hierarchical clustering and
subsequently depicted in a heat map format using
GeneSpring GX, version 7.3 (Agilent Technologies,
California, United Stages).

Quantitative real-time PCR analysis

For miRNAs analysis, total RNA was isolated
from lung tissues and splenocytes using
miRNeasy mini kit (QIAGEN) following the
manufacturer’s protocol. Reverse transcription
was performed using miRNA specific stem-
loop primers (Applied Biosystems, Foster City,
CA, USA). The qRT-PCR assays were carried
out using SYBR Green Master Mixture (Roche)
reagent on a 7500 Fast Real-Time PCR System
(Applied Biosystems, USA). U6 was used as an
internal control. The primer sequences were as
follows: miR-27a, RT: 5ʹ-GTCGTATCCAGTG
CAGGGTCCGAGGTATTCGCACTGGATACG-
ACGCGGAA-3ʹ Forward: 5ʹ-CGGCGGTTTCA
CAGTGGCTAAG-3ʹ, Reverse: 5ʹ-CCAGTGC
AGGGTCCGAGGTAT-3ʹ; U6 forward: 5ʹ-GC
TTCGGCAGCACATATACTAAAAT-3ʹ, reverse:
5ʹCGCTTCACGAATTTGCGTGTCAT-3ʹ. The
relative expression of miR-27a was shown as
fold difference relative to U6.

BALF collection and analysis

Following euthanasia, mice lungs were lavaged three
times with 0.5 mL of ice-cold PBS as previously
described [16]. The pellet was re-suspended in PBS
and total cells were counted with a hemacytometer.
The BALF was centrifuged 1500 rpm for 10 min at
4°C and the supernatant was collected and stored in
−80°C freezer until use. The remaining cell pellet was
re-suspended in 200 μL of PBS and centrifuged
700 rpm for 5 min. For differential cell counting, cell
deposits were then stained using the Diff Quick stain-
ing system (International Reagents Corp., Japan). A
microscopic cell count was then conducted using an
Olympus BX61WI microscope at 400x magnification
in which 300 cells were counted on the slide (100 in
three separate frames of view) and averaged to 100
cells to deduce the percentage of neutrophils.

Measurement of inflammatory cytokines by
enzyme-linked immunosorbent assay (ELISA)

ELISA kits for the detection of IL-1β (Cat no.
E-EL-H0149c), IL-6 (Cat no. E-EL-H0102c) and
TNF-α (Cat no. E-EL-H0109c) protein levels
were obtained from Elabscience Biotechnology
Co., Ltd (Wuhan, China). The levels of IL-6, IL-
1β, and TNF-α in BALF and cells were analyzed
with corresponding ELISA kits according to the
manufacturer’s instructions. Each experiment was
independently performed three times.

Measurement of wet-to-dry ratio of the lungs

At 24 h after challenge with LPS, mice were eutha-
nized, the right lung was then removed and the wet
weight was determined. Subsequently, the lungs
were incubated at 60°C for 3 to 4 days to remove
all moisture, then the dry weight was measured and
the ratio of wet-to-dry weight calculated.

Oxygenation index (PaO2/FiO2) analysis

At 24 h after ALI (or control), mice were anesthetized
and given endotracheal intubation with a 18-gauge
catheter. The mice were mechanically ventilated with
pure oxygen at 7 mL/kg (120 breaths/min). After
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20 min-ventilation, the arterial blood was obtained
from carotid artery andmeasured using a commercial
blood gas analyzer (model ABL8000; Radiometer
Copenhagen, Westlake, Ohio).

Evaluation of lung permeability

Lung permeability was assessed using the Evans
blue dye extravasation method, as described pre-
viously [17]. In brief, Evans blue dye (Sigma-
Aldrich; 30 g/L) was injected (45 mg/kg) into the
external jugular vein 30 min before the animals
were euthanized. After adequate perfusion with
PBS, 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, Winooski, Vermont,
United States) and is reported as the amount of
EB per wet tissue weight (μg/g).

Histopathological analysis

For assessment of lung injury, the left lungs of
mice were excised at 24 h after the LPS challenge,
and fixed in 4% (v/v) paraformaldehyde,
embedded in paraffin, sectioned at 4-μm thickness,
stained with H&E solution (Sigma-Aldrich) and
then examined under a microscope. The histo-
pathological changes were scored following a clas-
sic lung injury score standard as described by
Eveillard, Soltner [18] and Parsey MV [19].

Myeloperoxidase activity assay

Lung tissues were homogenized and the superna-
tant was subjected to myeloperoxidase activity
assay using a commercially available kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing,
China). Absorbance was determined at 460 nm.

Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick-end labeling (TUNEL) staining

After being deparaffinized with xylene, the sections
of lung tissues were rehydrated with ethanol at
graded concentrations of 100%–70% (v/v), followed
by washing with water. Then, the lung tissues seg-
ment was subjected to 100 μL proteinase K (20 μg/
ml, Roche) for 15 min at RT, and then washed three

times with PBS. TUNEL solution preparation and
staining were performed using TUNEL Apoptosis
Detection Kit (Alexa Fluor 488) (Roche, Basel,
Switzerland). Cell quantification was obtained
using an inverted fluorescence microscope (DP73;
Olympus) at 400 × magnification. TUNEL-positive
cells were counted in three fields of view per section.

Immunohistochemistry

4-μm-thick formalin-fixed, paraffin-embedded serial
sections of lung tissues were used for immunohis-
tochemistry analysis of TLR4 expression. The sec-
tions were immersed in xylene for 15 minutes before
being rehydrated in water by using an ethanol gra-
dient. Then the sections were immersed in citric acid
(pH 6.0; DAKO) for 10 minutes, after the samples
were cooled to room temperature, the sections were
washed with water and PBS buffer for 15 minutes
before incubated with 3% H2O2 for 10 minutes.
Then the sections were blocked with 5% BSA for
30 minutes before incubated with the primary anti-
body overnight at 4°C. Color development was per-
formed by using a DAB color development kit
(DAKO). Sections were scanned by Pannoramic
Scanning Electron Microscope to view the images.

Cell culture

RAW 264.7 cells were obtained from the Type
Culture Collection of the Chinese Academy of
Sciences (Shanghai, China) and grown in
DMEM/F12 (Abcam, Cambridge, MA) media sup-
plemented with 10% fetal bovine serum (FBS,
Gibco, Rockville, MD) and 1% pen-strep at 37°C
in a humidified atmosphere with 5% CO2.

Cell transfection

The miR-27a mimics, mimics negative control
(mimics NC), miR-27a inhibitor, and inhibitor NC
were bought from GenePharma (Shanghai, China).
TLR4 expression vector was constructed by inserting
overall sequence of TLR4 into the pcDNA 3.1 vector
(Invitrogen). Specific small interfering RNAs
(siRNAs) for TLR4 were purchased from
GenePharma. Cellular transfection was performed
by using Lipofectamine 3000 (Invitrogen, Carlsbad,
CA, USA) according to the protocol.
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Cell apoptosis

After 48 h transfection, RAW 264.7 cells were
harvested by ice-cold PBS and stained with
FITC-Annexin V and propidium iodide (PI) in
binding buffer for 15 min at room temperature
in the dark. Then, cell apoptosis was analyzed on
a FACScan flow cytometer (FCM; Bechman
Coulter, CA).

Luciferase assay

The 3´-UTR of TLR4, with wild-type or mutant
(Mut) binding sites for miR-27a, was amplified
and cloned into the pGL3 vector (Promega,
Madison, WI, USA) to generate the plasmid
pGL3-WT-TLR4-3´-UTR or pGL3-Mut-TLR4-3
´-UTR, respectively. For the luciferase reporter
assay, RAW 264.7 cells were co-transfected with
the luciferase reporter vectors and miR-27a
mimics, miR-27a inhibitor or corresponding nega-
tive control (10 pmol/ml, GenePharma) using
Lipofectamine 2000 reagent. The pRL-TK plasmid
(Promega, Madison, USA) was used as a normal-
izing control. After 24 h of incubation, luciferase
activity was analyzed using the Dual-Luciferase
Reporter Assay System (Promega) according to
the manufacturer’s protocol.

Western blot

Protein samples from tissues and cells were pre-
pared using addition of radio immunoprecipita-
tion assay buffer containing 1 × protease
inhibitory cocktail and phosphatase inhibitors
(RIPA buffer, Cell Signaling Technology,
Danvers, MA, USA). We extracted nuclear pro-
teins using a nuclear protein extraction kit
(Pierce). Briefly, the prepared samples were incu-
bated on ice for 15 min, after which 12.5 µl of 10%
Nonidet P-40 was added and the contents were
mixed on a vortex and then centrifuged for 1 min
at 4°C at 14,000 g. The nuclear pellet was resus-
pended in 25 µl of ice-cold nuclear extraction
buffer (20 mM Hepes, pH 7.9, 0.4 M NaCl,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM
PMSF, 2.0 µg/ml leupeptin, 2.0 µg/ml aprotinin,
0.5 mg/ml benzamidine) and incubated on ice for
30 min with intermittent mixing. The tube was

centrifuged for 5 min (14,000g) at 4°C, and the
supernatant (nuclear extract) was stored at −80°C.
Protein quantification was directly measured using
a BCA protein assay kit (Thermo Fisher Scientific,
Inc.) according to the instructions provided by the
manufacturer. Next, proteins (25 µg each sample)
were resolved on 10% SDS–PAGE gels, transferred
onto PVDF membranes (Millipore, Billerica, MA,
USA), as descripted previously. After blocking
with Tris-buffered saline and Tween (TBST) con-
taining 5% skim milk, the blots were incubated
overnight at 4°C with a primary antibody against
TLR-4 (Cat no. 14,358, 1:1,000), p-p65 (Cat no.
3033, 1:1,000), MyD88 (Cat no. 4283, 1:1,000),
IκB-α (Cat no. 4814, 1:1,000) or β-actin (Cat no.
4970, 1:2,000), and then incubated with a HRP-
conjugated secondary antibody (Cat no. 7074,
1:5,000) at room temperature for 1 h. All antibo-
dies were supplied by Cell Signaling Technology,
Inc. (Danvers, MA, USA). A chemiluminescence
detection system (Millipore, Billerica, MA, USA)
was used for visualization of the results and quan-
tification of the bands was performed using
Quantity One software (Bio-Rad, Hercules,
CA, USA).

Statistical analysis

Data are presented as the means ± standard devia-
tion (SD) of results derived from three indepen-
dent experiments performed in triplicate.
Statistical differences were analyzed using the
Student’s t test or one-way analysis of variance
(ANOVA) with the Tukey’s test. Kaplan-Meier
method was performed to calculate the survival
rates, and log-rank test was conducted to compare
the survival distributions between four groups. P
values <0.05 were considered significant.

Results

miR-27a was downregulated in LPS-induced
acute lung injury in mice

As we known, intratracheal administration of LPS
has gained wide acceptance as a clinically relevant
model of ALI [20,21]. In this study, we first estab-
lished the animal model as described previously
[13]. Compared with the control group, the lung
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of mice in LPS group showed marked inflamma-
tory alterations characterized by edema, necrosis,
and neutrophil infiltration (Figure 1(a)).
Subsequently, the histopathological changes were
scored and the result showed that LPS significantly
induced the histological damage (Figure 1(a)),
which indicated the success of the model establish-
ment. To determine the potential involvement of
miRNAs in the pathogenesis of ALI, we used
microarray analysis to determine miRNA levels
in lung tissues between ALI and control groups.
Our data revealed that compared with normal
group, 39 miRNAs were downregulated and 20
miRNAs were upregulated in ALI group
(Figure 1(b)). Among them, we observed that
miR-27a was one of the most dysregulated
miRNAs, which has been shown to have a protec-
tive effect in many injury models [22–24].
Furthermore, miR-27a has been demonstrated to
play an important role in regulating inflammatory
response [24–26]. However, whether miR-27a
plays a similar role in ALI remains unknown.

To validate the expression trend of miR-27a in
lung tissues obtained from miRNA microarray
assay, quantitative real-time-PCR (qRT-PCR) was
performed to detect miR-27a in lung tissues from
all ALI mice. As shown in Figure 1(c), the expres-
sion level of miR-27a in lung tissues was signifi-
cantly decreased in mice challenged with LPS
compared with the control groups. Consistent
with our findings from the analysis of miR-27a
expression in lung tissues, the expression of miR-
27a in BAL fluid (Figure 1(d)) and splenocytes
(Figure 1(e)) was also down-regulated. Given the
importance of splenocytes in inflammatory
response, we speculate that miR-27a might be
involved in the development of ALI.

Increased miR-27a ameliorated LPS induced ALI
in mice

Having verified the expression of miR-27a was
down-regulated in LPS-induced ALI mice, then
we explored whether raising the expression of
miR-27a in vivo alleviates the process of ALI. To
confirm our assumption, the mice were given
agomiR-27a (2 mg/kg) by tail intravenous injec-
tion at 24 h prior to LPS treatment. After LPS
administration for 24 h, all animals were

euthanized by CO2 asphyxiation. Subsequently,
lung tissue samples were collected for analysis.
We first detected the miR-27a level in lung tissue
samples by qRT-PCR. It was found that the level of
miR-27a was significantly increased in lung tissue
samples from ALI mice after agomiR-27a injection
(Figure 2(a)). Pathological analysis indicated that
agomir-27a really relieved the severity and distri-
bution of lung lesions compared with the LPS plus
agomir-NC group (Figure 2(b)). Lung microvas-
cular permeability was assessed by EB extravasa-
tion. As shown in Figure 2(c), compared with the
control group, LPS caused a marked increase in EB
extravasation, whereas injected with agomir-27a
effectively inhibited LPS induced the increase in
EB extravasation. The lung wet-to-dry (W/D) ratio
and oxygenation index (PaO2/FiO2) were evalu-
ated to indicate the pulmonary edema. 24 hours
after LPS challenge, the lung W/D ratio increased
significantly, while the PaO2/FiO2 decreased in
mice with ALI. However, administration of
agomir-27a dramatically decreased W/D ratio
and increased PaO2/FiO2 (Figure 2(d,e)).
Furthermore, results in Figure 2(f) demonstrated
that mice survival rate in LPS + agomir-27a group
was significantly longer than LPS group.
Collectively, all data suggest that miR-27a is able
to alleviate the development and pathological pro-
cess of ALI in vivo.

Enforced expression of miR-27a attenuated the
LPS-induced inflammation response

Given the importance of miR-27a in inflammatory
response, we sought to determine the effects of
enforced expression of miR-27a on LPS-induced
inflammatory response. First, we detected the total
cell and neutrophil counts in BALF from ALI mice
injected with agomir-27a. As shown in Figure 3(a),
B, LPS significantly increased the total inflamma-
tory cell and neutrophil counts in the BALF com-
pared with that in control group. However,
upregulation of miR-27a significantly suppressed
the increased total inflammatory cell and neutro-
phil counts induced by LPS. We also measured the
myeloperoxidase (MPO) activity which is com-
monly used to assess the quantification of neutro-
phil accumulation in tissues [17]. The results
showed that LPS significantly increased the MPO
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activity in the lung tissues compared with that in
the control group. Agomir-27a treatment
obviously inhibited LPS induced MPO activity
(Figure 3(c)). To further assess the anti-inflamma-
tory effects of miR-27a, we detected the levels of

pro-inflammatory cytokines in BAL fluid. We
found that LPS significantly increased the levels
of pro-inflammatory cytokines including IL-6, IL-
1β and TNF-α in the BAL fluid compared with
that in the control group, whereas agomir-27a

Figure 1. miR-27a was downregulated in LPS-induced acute lung injury in mice. Groups of mice (n = 10/group) were challenged
with 1 mg/kg LPS or PBS for 24 h. Lung tissue samples, splenocytes and the BALF were collected and analyzed. (a) Lung tissues from
each experimental group were processed for histological evaluation. Data represent the mean ± SD of three independent
experiments. **p < 0.01 vs. control group. (b) Heat map of miRNA profiles represented the significantly regulated miRNAs
(n = 3/group). (C-E) MiR-27a expression was validated by qRT-PCR in lung tissues, BALF and splenocytes of mice challenged with
LPS (n = 3/group). Data represent the mean ± SD of three independent experiments. **p < 0.01 vs. control group.
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treatment obviously inhibited the levels of pro-
inflammatory cytokines induced by LPS (Figure 3
(d–f)). These results indicate that enforced expres-
sion of miR-27a has a protective effect on ALI
through suppressing inflammatory response.

Overexpression of miR-27a inhibited the
apoptosis in lps-induced ALI mice

Apoptosis is another key pathologic feature of ALI
[27]. To determine whether miR-27a inhibited the
apoptosis in LPS-induced ALI mice, we quantified
the number of apoptotic events in the lungs of ALI
mice after agomir-27a treatment by TUNEL

staining assay. As expected, LPS significantly
increased the numbers of TUNEL-positive cells
compared with that in the control group, whereas
the TUNEL-positive cells induced by LPS were
obviously inhibited after agomir-27a injection
(Figure 4(a)). Previous studies have shown the
critical role of apoptosis associated proteins Bcl-2
and Bax during the development of ALI [28].
Thus, we detected the expressions of Bcl-2 and
Bax, as well as cleaved-capase-9. The results on
this study demonstrated that the expression of
Bax and cleaved-capase-9 was significantly
increased in LPS alone group compared with con-
trol group, while the levels of Bcl-2 protein was

Figure 2. Increased miR-27a ameliorated LPS induced ALI in mice. Groups of mice were given agomir-27a or agomir NC (2 mg/kg) by
tail intravenous injection 24 h prior to 1 mg/kg LPS treatment. The mice were sacrificed after LPS administration for 24 h and then
lung tissues were collected for analysis. (a) The miR-27a level in lung tissue samples were measured by qRT-PCR (n = 3/group). (b)
Lung tissues from each experimental group were processed for histological evaluation (n = 3/group). (c, d) The Evans blue content
and lung wet/dry assay (n = 3/group). (e) Oxygenation index (PaO2/FIO2) were determined (n = 3/group). Data represent the mean
± SD of three independent experiments. *p < 0.05, **p < 0.01 vs. control group. ##p < 0.01 vs. LPS alone group. (f) The survival
rates were observed during 96 h after exposure to LPS (n = 10/group). **p < 0.01 vs. control group. ##p < 0.01 vs. LPS alone group.
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markedly reduced compared with the control
group. However, treatment with agomir-27a sig-
nificantly inhibited the expression of Bax and
cleaved-capase-9 induced by LPS and reversed
the inhibitory effect of LPS on the expression of
Bcl-2 (Figure 4(b,c)). Taken together, these data
suggest that enhanced expression of miR-27a
attenuates LPS-induced apoptosis in ALI mice.

TLR4 was a direct target of miR-27a

To uncover the molecular mechanism by which
miR-27a performs a suppressive role in ALI pro-
gression, miRanda and Targetscan were used to
predicate the potential targets of the miR-27a.
Toll-like receptor 4 (TLR4) was considered as
one of the candidates after analysis. Previous
studies showed that TLR4 mediates microbial
infection of immune and inflammatory
responses and is involved in the pathogenesis
of ALI [29]. Furthermore, it has been reported
that miR-27a attenuated the inflammatory
response during microglial activation by

targeting TLR4 [26]. Thus, TLR4 was selected
for further analysis. As suggested in Figure 5(a,
b), the complementary sequence of miR-27a was
found in the 3´-UTR of TLR4 mRNA. To
experimentally validate whether TLR4 was a
direct target of miR-27a, we constructed the
dual-luciferase reporter system containing the 3
´-UTR of TLR4 along with the putative miR-27a
binding sites. Luciferase reporter gene assay
showed that the activity of luciferase was
remarkably decreased after co-transfection with
WT constructive luciferase reporter plasmid har-
boring the TLR4 3´UTR and miR-27a mimics.
By contrast, the activity of luciferase was notably
increased following co-transfection with WT
constructive luciferase reporter plasmid and
miR-27a inhibitor. However, these effects were
abrogated when the TLR4 sequence was mutated
(Figure 5(c)). To further identify the correlation
between the miR-27a levels and the TLR4 pro-
tein, the protein levels in RAW 264.7 cells were
examined by Western blot. The expression of
TLR4 at protein level was significantly

Figure 3. Overexpression of miR-27a attenuated LPS-induced inflammatory response. Groups of mice were given agomir-27a or
agomir NC (2 mg/kg) by tail intravenous injection 24 h prior to 1 mg/kg LPS treatment. The mice were sacrificed after LPS
administration for 24 h, and then the BALF were collected for analysis. (a,b) The total counts of cells and neutrophils from the BALF
were counted using a hemocytometer (n = 3/group). (c) MPO activity in lung tissues was measured at 24 h after LPS challenge
(n = 3/group). (d-f) IL-6, IL-1β and TNF-α levels in BALF were measured at 24 h after LPS challenge (n = 3/group). Data represent the
mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 vs. control group. ##p < 0.01 vs. LPS alone group.
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downregulated after overexpression of miR-27a,
whereas upregulated after knockdown of miR-
27a in RAW 264.7 cells (Figure 5(d)). We also
assessed the effect of agomir-27a on the expres-
sion of TLR4 protein in vivo by Western Blot.
As shown in Figure 5(e), we found that LPS
significantly increased the expression level of
TLR4 compared with control group, whereas
agomir-27a treatment attenuated the promoting
effect of LPS on the expression of TLR4

(Figure 5(e)). In addition, the expression of
TLR4 in lung tissues was tested by immunohis-
tochemistry. Consistently, LPS significantly
increased the expression level of TLR4 compared
with control group, whereas injectiond with ago-
mir-27a effectively inhibited LPS induced the
expression of TLR4 (Figure 5(f)). All above find-
ings indicated that miR-27a may exert anti-
inflammatory effect through suppressing the
expression of TLR4.

Figure 4. Overexpression of miR-27a inhibited LPS-induced apoptosis. Groups of mice were given agomir-27a or agomir NC (2 mg/
kg) by tail intravenous injection 24 h prior to 1 mg/kg LPS treatment. The mice were sacrificed after LPS administration for 24 h, and
then the BALF were collected for analysis. (a) Apoptotic cells in the tissues were observed and the number of TUNEL positive cells
was counted in 5 to 10 fields for each slide (n = 3/group). (b) The protein expression levels of Bcl-2, Bax and cleaved-caspase 9 were
detected by Western Blot (n = 3/group). Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 vs.
control group. ##p < 0.01 vs. LPS alone group. (C) The bands were semi-quantitatively analyzed by using Image J software,
normalized to β-actin density. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 vs. control
group. ##p < 0.01 vs. LPS + agomir-NC group.
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miR-27a regulates the inflammatory response
and apoptosis in LPS treated RAW 264.7 cells
through targeting TLR4

To confirm the role of TLR4 in the observed
protective effects of miR-27a overexpression on
ALI, we overexpressed the expression of TLR4 in
miR-27a mimics transfected RAW 264.7 cells, and
then treated with LPS for 6 h, followed by the
assessment of cell apoptosis and pro-inflammatory
cytokines (IL-1β, TNF-α and IL-6). As shown in
Figure 6(a–c), overexpression of miR-27a mark-
edly suppressed the expression of IL-1β, TNF-α
and IL-6 induced by LPS, whereas these inhibitory
effects was attenuated when TLR4 was overex-
pressed. Moreover, overexpression of miR-27a
reduced LPS induced cell apoptosis, while the
inhibitory effect was attenuated when TLR4 was
overexpressed (Figure 6(d)). In contrast, silencing
TLR4 could mimic the effect of miR-27a on LPS-
stimulated RAW 264.7 cells and resulted in
decreased secretion of IL-1β, TNF-α and IL-6
and cell apoptosis (Figure 6(e–h)). Collectively,
these results revealed that miR-27a overexpression
attenuated LPS-induced cell apoptosis and inflam-
mation through downregulating of TLR4.

Overexpression of miR-27a blocked TLR4/MyD88/
NF-κB pathway in LPS-induced ALI mice

As the TLR4/MyD88/NF-κB pathway is a key regu-
lator involved in inflammatory process [30,31], we
further explored the regulation of miR-27a on the
activation of the TLR4/MyD88/NF-κB pathway in
lung tissue. We extracted nuclear proteins from lung
tissues of different groups and subjected them to
western blot for detection of the NF-κB pathway
transcription factor nuclear p-p65 (one important
NF-κB subunit for its activation) [32], myeloid

differentiation factor 88 (MyD88) and IκB-α. As
shown in Figure 7(a,b), the protein expression of
MyD88 and nuclear p-p65 was significantly
increased, while the expression of IκB-α was
decreased in the LPS group compared with that in
the control group. In contrast, when agomir-27a was
applied (agomir-27a + LPS group), it was observed
that the expression of MyD88 and nuclear p-p65
became lower, while the expression of IκB-α was
significantly increased. Consistent with the results
in Western Blot, immunohistochemistry staining
exhibited that LPS promoted the expression of
p-p65, whereas the increased expression of p-p65
was significantly decreased after agomir-27a treat-
ment (Figure 7(c)). These results highlighted that
miR-27a suppressed LPS-induced inflammatory
response by attenuating the release of pro-inflamma-
tory cytokines through the inhibition of TLR4/
MyD88/NF-κB activation (Figure 8).

Discussion

In the present study, we reported the beneficial
effects of miR-27a overexpression against LPS-
induced ALI in mice, which could be explained in
part by its properties of anti-inflammation and anti-
apoptosis. Furthermore, we demonstrated that miR-
27a suppressed the inflammatory response through
the inhibition of TLR4/MyD88/NF-κB activation.
Thus, miR-27a may be a potential therapeutic target
for ALI.

Recent studies demonstrated that miRNAs
function as gene expression switches in key pro-
cesses of the ALI [33,34]. For example, Wu et al.
showed that miR-326 targeting the BCL2A1 gene
activated the NF-κB signaling pathway, resulting
in aggravated inflammatory response and lung
injury of septic shock with ALI in mice [35]. Shi
et al. found that miR-21 inhibitor could aggravate

Figure 5. TLR4 was a direct target of miR-27a. (a, b) The putative binding site of miR-27a and TLR4 is shown. (c) Luciferase assay of
HEK293 cells co-transfected with firefly luciferase constructs containing the TLR4 wild-type or mutated 3´-UTRs and miR-27a mimics,
mimics NC, miR-27a inhibitor or inhibitor NC, as indicated (n = 3). Data represent the mean ± SD of three independent experiments.
**p < 0.01 vs mimics NC, ## p < 0.01 vs inhibitor NC. (d) The expression of TLR4 protein after transfection with miR-27a mimic or miR-
27a inhibitor was measured by Western Blot. Data represent the mean ± SD of three independent experiments. **p < 0.01 vs.
inhibitor NC. ##p < 0.01 vs. mimics NC. (e) Expression of TLR4 was measured using Western Blot in lung tissues from ALI mice injection
with agomir-27a or agomir NC (n = 3/group). Data represent the mean ± SD of three independent experiments. **p < 0.01 vs. control
group. ##p < 0.01 vs. LPS + agomir-NC group. (f) Expression of TLR4 was measured using IHC in lung tissues from ALI mice injection
with agomir-27a or agomir NC (n = 3).
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the injury of lung tissue in hyperoxia-induced ALI
rats [36]. Zhao et al. found that the expression of
miR-7 increased significantly in lung tissue in
murine LPS-induced ALI model and miR-7 defi-
ciency could significantly attenuate the pathologies
of ALI [37]. Several studies have reported the role
of miRNAs as biomarkers of ALI, and their poten-
tial use as therapeutic targets for this condition
[38–41]. Microarray data from various experimen-
tal models reveal that ALI induces aberrant expres-
sion of miRNAs and the potential targets for these
miRNAs that are associated with many pathophy-
siological processes such as inflammation and
apoptosis [42,43]. In the present, by using
miRNA microarray analyses, we found a large set
of miRNAs were significantly deregulated in
injured lung tissues compared with normal
group, and the expression of miR-27a was further
confirmed by qRT-PCR analysis.

It should be noted that several other studies
have demonstrated aberrant expression of miR-
27a in many injury models. For example, Boris
et al. found that miR-27a was decreased in the
brain tissue suffered from traumatic brain injury
(TBI), and administration of miR-27a mimics atte-
nuated neuronal apoptosis via inhibition of pro-
apoptotic Bcl-2 protein [44]. Similarly, Sun et al.
showed that overexpression of miR-27a protected
against brain injury via suppressing FoxO3a-

mediated neuronal autophagy following TBI [45].
Cai et al. reported that miR-27a protected hippo-
campal neurons against oxygen-glucose depriva-
tion-induced injury [22]. However, the role of
miR-27a in ALI is unclear. In this study, we
found that overexpression of miR-27a alleviated
lung injury after ALI, as evidenced by the reduced
histopathological changes, lung wet/dry (W/D)
ratio, lung microvascular permeability and apop-
tosis in the lung tissues, and increased oxygenation
index and survival of ALI mice. However, the
molecular mechanism of miR-27a mediated
improvement in ALI is unclear.

Recent studies reported that inflammatory
response played important roles in initiation and
maintenance of ALI [46,47]. Pro-inflammatory
cytokines such as TNF-α and IL-1β increase the
permeability of pulmonary epithelium, further-
more induced lung tissue damage and accumula-
tion of neutrophils which lead to lung edema [31].
IL-6 is increased in the BALF of patients and
higher levels increase mortality, which is identified
as one of the biomarkers in monitoring ALI [48].
In addition, MPO activity is a sensitive and speci-
fic marker for ALI that is used to assess the quan-
tification of neutrophil accumulation in tissues
[49]. Notably, miR-27a has been reported to be
associated with inflammatory mediator production
[26], which promoted us to verify whether miR-

Figure 6. miR-27a regulates the inflammatory response and apoptosis in LPS treated RAW 264.7 cells through targeting TLR4. RAW
264.7 cells were co-transfected with pcDNA-TLR4 and miR-27a mimics or treated with si-TLR4 alone, and then treated with LPS for 6
h, followed by the assessment of cell apoptosis and inflammatory response. (a-c, e-g) IL-6, IL-1β and TNF-α levels were measured
using ELISA assay (n = 3). (d, h) Cell apoptosis was determined by flow cytometry. Data represent the mean ± SD of three
independent experiments. *p < 0.05, **p 0. 0.01 vs. control group. ##p * 0.01 vs. LPS alone group.
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27a also attenuates LPS-induced ALI through sup-
pressing the inflammatory response. As expected,
the present study showed that overexpression of
miR-27a significantly reduced the numbers of total
cells in BALF and the MPO activity in lung tissues
compared with the LPS group. In addition, we also
found that overexpression of miR-27a effectively
reduced TNF-α, IL-6 and IL-1β secretion in BALF.
These results suggest that the improvement of ALI
by miR-27a in the lung is associated with its inhi-
bition of inflammatory response.

TLR4 is a sensory receptor for LPS and has a very
important role in the up-regulation of inflamma-
tion and the release of inflammatory cytokines in

animal models and also in in vitro cellular models
of ALI [50]. For example, disruption of the TLR4
inhibits lung inflammatory responses associated
with ALI, confirming the role of TLR receptor sig-
naling in inflammation associated lung damage
[30,50–53]. In addition, neutrophil accumulation
in the lung, which is a characteristic feature of
ALI, is attenuated in TLR4 mutant mice, indicating
the involvement of TLR4 signaling in lung inflam-
matory responses [54,55]. Interestingly, we noticed
that the expression of TLR4 had also been reported
influencing by miR-27a. For example, Lv et al.
demonstrated that miR-27a is associated with
microglial activation and the inflammatory

Figure 7. Overexpression of miR-27a blocked TLR4/NF-κB pathway in LPS-induced ALI mice. Groups of mice were given agomir-
27a or agomir NC (2 mg/kg) by tail intravenous injection 24 h prior to 1 mg/kg LPS treatment. The mice were sacrificed after
LPS administration for 24 h, and then the BALF were collected for analysis. (a) The levels of MyD88, nuclear p-p65 and p-IκB-α
were measured by Western Blot (n = 3). (b) The bands were semi-quantitatively analyzed by using Image J software,
normalized to β-actin density. Data represent the mean ± SD of three independent experiments. **p < 0.01 vs. control
group. ##p < 0.01 vs. LPS + agomir-NC group. (c) Expression of nuclear p-p65 was measured using IHC in lung tissues from ALI
mice injection with agomir-27a or agomir NC.
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response by targeting TLR4 in lipopolysaccharide
(LPS)-induced cell model [26]. Another study
showed that increasing expression of miR-27a ame-
liorates inflammatory damage to the blood-spinal
cord barrier after spinal cord ischemia: reperfusion
injury in rats by downregulating TLR4/NF-κB/IL-
1βsignaling pathway [24,56,57]. Therefore, we
determined whether miR-27a exerts effective pro-
tection in modulating LPS-induced ALI through
targeting TLR4. Our results showed that TLR4
was a potential target of miR-27a and miR-27a
negatively regulated the protein level of TLR4 by

targeting its 3´-UTR in vitro and in vivo. Moreover,
overexpression of TLR4 reversed the inhibitory
effects of miR-27a overexpression on inflammatory
response and apoptosis. In addition, we performed
western blot analysis to evaluate the expression of
pivotal protein involved in the TLR4/NF-κB signal-
ing pathway. The results showed that agomiR-27a
downregulated the levels of MyD88 and nuclear
p-p65 and upregulated the levels of IκB-α induced
by LPS. These indicate that miR-27a exerts its
effects on inflammatory response in ALI by mod-
ulating TLR4/MyD88/NF-κB pathway.

Figure 8. Scheme summarizing the protective effects of miR-27a on LPS-induced acute lung injury via the inhibiting TLR4/MyD88/
NF-κB activation. LPS can induce NF-κB activation via TLR4-MyD88 signaling, IκBα acts as an inhibitor of NF-κB, Once the pathway is
activated and IκBα is degraded, the NF-κB subunit p65 translocates from the cytoplasm to nucleus, which triggers the transcription
of target genes, including TNF-α, IL-1β, and IL-6, and thus regulates inflammatory responses. However, miR-27a attenuates the
release of pro-inflammatory cytokines by inhibiting TLR4/MyD88/NF-κB activation.
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A variety of studies have shown that, in the devel-
opment and manifestations of ALI, apoptosis is
thought to be closely related to the severity of ALI
[58,59]. For example, extensive apoptosis of pulmon-
ary alveolar type II epithelial cells has been shown to
be responsible for the impairment of the epithelial
barrier function and the remodeling of certain
mesenchymal cells in ALI [60]. In addition, uncon-
trolled activation of apoptosis pathway result in
inflammation and causes destruction of lung tissues,
suggesting that inhibition of apoptosis maybe a pro-
mising therapeutic strategy for ALI [61]. In this study,
we found that overexpression ofmiR-27a significantly
decreased the apoptotic index (number of TUNEL-
positive cells) in ALI mice. It has been found that
intrinsic and extrinsic pathways are involved in the
apoptosis [62,63]. In our study, we found that over-
expression of miR-27a significantly upregulated
expression of anti-apoptotic protein Bcl-2 and down-
regulated expressions of pro-apoptotic proteins Bax
and cleaved-caspase 9. These results implied thatmiR-
27a has a protection effect in ALI by inhibiting
apoptosis.

In conclusion, the present study proved the level
of miR-27a was significantly down-regulated in lung
tissues of ALI mice and overexpression of miR-27a
protected against ALI through a mechanism invol-
ving suppressing inflammation via modulating
TLR4/MyD88/NF-κB pathway (Figure 7). Our find-
ings provide a previously unknown role of miR-27a
in the pathology of ALI, which could aid the devel-
opment of new therapeutic strategies against ALI.
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