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Abstract. Sepsis‑induced acute lung injury (ALI) is an
inflammatory process that involves inflammatory cytokine
production and cell apoptosis. In the present study, the regu‑
latory role of microRNA (miR)‑139‑5p in sepsis‑induced
ALI was investigated using a murine model of cecal ligation
puncture (CLP) and an in vitro model using lipopolysaccha‑
ride (LPS)‑induced normal human bronchial epithelial cells
(NHBEs). Sepsis‑induced pathological changes in the lungs of
ALI mice were detected using hematoxylin and eosin staining.
Lung water content was determined, and the expression of
proinflammatory cytokines in the bronchoalveolar lavage fluid
and serum of sepsis‑induced ALI mice were quantified using
ELISA. The levels of oxidative stress in lung tissues were
determined using commercial kits. The degree of apoptosis
was determined using a TUNEL assay. The expression levels
of miR‑139‑5p and Rho‑kinase 1 (ROCK1) were determined
using reverse transcription‑quantitative PCR and western blot
analyses. A dual‑luciferase reporter assay was used to confirm
the direct targeting of ROCK1 by miR‑139‑5p. NHBEs were
co‑transfected with vectors expressing ROCK1 (or empty
vector) and miR‑139‑5p mimics or control mimics prior to LPS
treatment. The transcriptional activity of caspase‑3, the ratio of
apoptotic cells, the expression levels of mucin 5AC, mucin 1,
TNF‑α, IL‑1β, IL‑6, NLR family pyrin domain containing 3,
apoptosis‑associated speck‑like protein containing a CARD
and caspase‑1 were evaluated. Compared with the normal
group, mice that underwent CLP exhibited abnormal lung
morphology, enhanced production of TNF‑α, IL‑1β and IL‑6,
increased reactive oxygen species (ROS), malondialdehyde
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and lactate dehydrogenase levels, an increased proportion of
apoptotic cells and increased ROCK1 expression. Superoxide
dismutase, glutathione peroxidase and miR‑139‑5p levels
were decreased following CLP. In the NHBEs, stimulation
with LPS caused a marked increase in inflammatory cyto‑
kine levels and apoptosis compared with the untreated cells.
Overexpression of miR‑139‑5p attenuated cell apoptosis and
inflammation. Overexpression of ROCK1 in NHBEs restored
the ROS levels and proinflammatory cytokine production
inhibited by miR‑139‑5p. In conclusion, miR‑139‑5p alleviated
sepsis‑induced ALI via suppression of its downstream target,
ROCK1, suggesting that miR‑139‑5p may hold promise in the
treatment of sepsis‑induced ALI.
Introduction
Sepsis is a complicated disorder that develops as a result of
dysregulated host response to infection, may manifest as acute
organ dysfunction, and it is associated with a high mortality
rate (1). Sepsis is a life‑threatening syndrome with a global
mortality rate of ~25% (2). Sepsis impairs the function of
numerous vital organs, including the brain, kidneys and
heart (3‑7). Amongst the various sepsis‑induced complica‑
tions, which may result in multiple organ failure, acute lung
injury (ALI) is the most likely to occur during the early phase
of sepsis, due to the purulent inflammatory involvement of the
lungs (8).
Sepsis‑induced ALI is characterized by an aggressive
inflammatory process that generates inflammatory cytokines
and chemokines. The oxidative stress in sepsis‑induced ALI
is hypothesized to be initiated by the activation of products
from lung macrophages and infiltrating neutrophils, and these
products rapidly diffuse to the lung epithelial and endothelial
cells (9). Redox stress induces production of redox‑sensitive
transcription factors (such as NF‑κ B and activator protein‑1),
leading to increased secretion of proinflammatory cytokines
and chemokines, further exacerbating inflammation and
oxidative stress (10). Dysregulated lung cell apoptosis is
another pathophysiological mechanism implicated in ALI (11).
However, there are currently no suitable medications recom‑
mended as standard treatment for ALI.
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According to a recent genome‑wide expression analysis,
~80% of genetic elements are reported to be abnormally
expressed in patients with sepsis, with non‑coding RNAs,
including microRNAs (miRNAs/miRs), long non‑coding
RNAs (lncRNAs) and circular RNAs, serving as key regula‑
tors of the pathogenesis of sepsis (12). miRNAs are ~19‑22
nucleotides in length and participate in a wide range of physi‑
ological processes by regulating the expression of target genes,
and novel therapies that focus on miRNA interventions have
been attracting increasing attention (13‑15).
miR‑139‑5p is a critical modulator of the progression
of several illnesses, including sepsis. Overexpression of
miR‑139‑5p reduces the levels of IL‑1β, IL‑6 and TNF‑α by
inhibiting the activity of NF‑κ B (16). miR‑139‑5p has been
shown to inhibit the expression of transformation‑dependent
proteins, thereby regulating hypoxia/ischemia‑induced
neuronal apoptosis in neonatal rats (17). Additionally,
miR‑139‑5p has also been found to inhibit cell viability
and metastasis and induce apoptosis in non‑small cell lung
cancer (18).
It was previously demonstrated that Rho‑kinase 1
(ROCK1) plays a key role in sepsis‑induced lung injury, and
that the mechanism may involve oxidative and/or nitrosative
stress‑mediated caspase cleavage, resulting in apoptosis (19).
By searching the miRDB database (mirdb.org), ROCK1 was
predicted to be a target gene of miR‑139‑5p. However, the
precise effect and regulatory mechanism of miR‑139‑5p in
ALI have yet to be fully elucidated.
In the present study, the regulatory role and potential molec‑
ular mechanism of action of miR‑139‑5p in sepsis‑induced
ALI were examined using a cecal ligation and puncture (CLP)
mouse model, as well as normal human bronchial epithelial
cells (NHBEs). The extent of lung tissue damage, apoptosis and
expression of inflammatory cytokines were investigated. The
results may highlight potential novel therapeutic targets and
provide a theoretical basis for the treatment of sepsis‑induced
ALI.
Materials and methods
Mouse model of CLP‑induced sepsis. A total of 20 adult male
C57BL/6 mice were purchased from Nanjing Biomedical
Research Institute of Nanjing University (Nanjing, China) and
reared under normal conditions (temperature 23˚C; humidity
50%; 12/12 h light/dark cycle; lights on at 09:00 am) with free
access to food and water. All animals were handled in accor‑
dance with the guidelines approved by the Experimentation
Ethics Review Committee of Nanjing University. Following
acclimation for 1 week, the mice were randomly assigned to
two groups: Normal and CLP (n=10 per group). A total of 12
mice underwent electrosurgery to establish a mouse model
of sepsis‑induced ALI (20,21). Briefly, pentobarbital sodium
(50 mg/kg) was injected intraperitoneally to anesthetize
the mice, which were then fixed in a supine position on the
operating table. A 0.4‑cm longitudinal midline incision was
performed in the abdomen to expose the cecum. After ligating
with a 3‑0 silk thread 1 cm from the tip, the cecum was
punctured once with a 20‑gauge needle, 0.5 cm distal to the
ligature. After gently compressing the cecum to squeeze out
a small amount of feces, the intestine was repositioned in the

abdomen and then sutured. The mice were given a subcuta‑
neous injection of saline immediately after surgery. The same
procedure was performed for the normal group, omitting the
cecal ligation and puncture. After the mice were awakened
following CLP surgery, they were given free access to water
and observed under normal conditions for 2 days. At the end
of that period, the mice were anesthetized by intraperitoneal
injection of sodium pentobarbital (50 mg/kg), 0.2‑0.3 ml blood
was extracted from the eye, placed at room temperature for 2 h,
centrifuged at 1,000 x g for 10 min at 4˚C, and the supernatant
was separated and stored in a refrigerator at ‑80˚C. Following
blood collection, pentobarbital sodium (100 mg/kg) was
injected intraperitoneally to euthanize the mice, the thorax
was cut open to expose the trachea and bronchoalveolar lavage
fluid (BALF) was collected.
Hematoxylin and eosin (HE) staining. The HE staining proce‑
dure was performed as described previously (22). The lung
tissues were immersed in 4% paraformaldehyde solution over‑
night in 4˚C. Subsequently, the lung tissues were embedded
in paraffin, and cut into 5‑µm thick serial sections. The tissue
sections were dehydrated with an ascending ethanol gradient,
cleared using xylene and then stained with hematoxylin solu‑
tion for 6 min at room temperature, followed by soaking in
1% acidic ethanol and washing with distilled water. Next, the
sections were stained with eosin solution for 5 min at room
temperature. Finally, the sections were dehydrated with a
graded series of alcohol solutions and cleared with xylene.
Images were captured using a light microscope (magnifica‑
tion, x400; Olympus Corporation).
Analysis of pulmonary edema. Lung tissue was obtained and
weighed, dried at 80˚C, and then weighed again after 48 h to
calculate the wet‑to‑dry (W/D) ratio.
EL ISA. TN F‑ α , I L‑ 6 and I L‑1 β ELISA k its (cat.
nos. 130‑101‑688, 130‑094‑065, 130‑094‑053, respectively)
were purchased from Miltenyi Biotec, Inc. ELISA was
performed in accordance with the manufacturer's protocol,
and absorbance was measured at 450 nm.
Lung tissues were homogenized and diluted to 10%, and
centrifuged at 3,000 x g for 10 min at 4˚C. The supernatant was
collected in preparation for further analysis. The levels of reac‑
tive oxygen species (ROS), malondialdehyde (MDA), lactate
dehydrogenase (LDH) and glutathione peroxidase (GSH‑px)
in the serum and BALF, as well as superoxide dismutase
(SOD) levels in the serum, were detected according to the
protocol of the manufacturer of the ROS kit (Jianglai Biotech,
cat. no. JL20383), lipid peroxidation MDA kit (Beyotime
Institute of Biotechnology, cat. no. S0131S), LDH cytotoxicity
assay kit (Beyotime Institute of Biotechnology, cat. no. C0016),
GSH assay kit (Nanjing Jiancheng Bioengineering Institute,
cat. no. S0052) and total SOD assay kit with WST‑8 (Beyotime
Institute of Biotechnology, cat. no. S0101S), respectively.
TUNEL assay. The 5‑µm section of lung tissue embedded in
paraffin were dewaxed in the oven at 60˚C for 2 h, washed
with xylene at room temperature, rehydrated in a descending
alcohol series (100, 90, 80 and 75%) and washed three times
with PBS at room temperature. A TUNEL kit (Roche Applied

EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1059, 2021

Science) was to detect apoptotic cells according to the manu‑
facturer's protocol. Cell permeability solution was added for
8 min and 500 µl TUNEL reaction mixture was added (50 µl
TdT and 450 µl fluorescein‑labeled dUTP) at 37˚C for 1 h in
the dark box. After DAPI staining (10 µg/ml; at room tempera‑
ture for 5 min), the sample was mounted under glass coverslip
with a mixture of PBS and glycerol (1:2). Using fluorescence
microscopy (magnification, x400; Olympus Corporation), five
high‑power microscope fields were randomly selected from
each glass slide to count the number of TUNEL‑positive cells.
RNA extraction and reverse transcription‑quantitative (RT‑q)
PCR analysis. Total RNA from mouse lungs was extracted
using the RNA Isolation kit (cat. no. 4992456; Tiangen
Biotech, Co., Ltd.) according to the manufacturer's protocol
and samples were stored at ‑80˚C until subsequent use. The
PrimeScript™ RT reagent kit (cat. no. DRR037A; Takara
Bio, Inc.) was used for the RT of RNA into cDNA using the
following conditions: 37˚C for 5 min, 42˚C for 60 min and
followed by 70˚C for 10 min. qPCR under the conditions of
pre‑denaturation at 95˚C for 3 min, 40 cycles of denaturation
95˚C for of 15 sec, annealing at 58˚C for 1 min, and extension
at 72˚C for 30 sec was performed using SYBR® Premix Ex
Taq™ (Takara Bio, Inc. cat. no. DRR041A). The sequences of
the PCR primers used were as follows: MiR‑139‑5p forward,
5'‑TCTACAGTGCACGTGTC‑3' and reverse, 5'‑GAATAC
CTCG GACCCTGC‑3'; ROCK1 forward, 5'‑TGGA AAGAC
ATGC TTG CTCAT‑3' and reverse, 5'‑CGGT TAGAACAA
GAGGTAA AT‑3'; mucin (MUC)1 forward, 5'‑TGCC GC
CGAA AGA ACTACG‑3' and reverse, 5'‑TGGGGTACTCGC
TCATAGGAT‑3'; MUC5AC forward, 5'‑TGCGTCCCACGA
CATC TG‑3' and reverse, 5'‑CAGGTGA ATG GGCACATG
TG‑3 and GAPDH forward, 5'‑TTCAACGGCACAGTCAAG
G‑3' and reverse, 5'‑CTCAGCACCAGCATCACC‑3' and
U6 forward, 5'‑CTCG CTTCGG CAG CACA‑3' and reverse,
5'‑AACG CTTCACGAATTTGCGT‑3'. U6 was used as an
endogenous control for miR‑139‑5p and GAPDH was used
as a control for other genes. Relative gene expression levels
were quantified using the 2‑ΔΔCq method (23) and normalized
to GAPDH.
Western blotting. Total protein was extracted from lung
tissues using the RIPA lysis buffer (Beyotime Institute of
Biotechnology). The protein concentration was measured
with a bicinchoninic acid protein assay kit (Beyotime Institute
of Biotechnology) and equal quantities (30 µg) of protein
extract were loaded on a 10% SDS gel. Proteins were resolved
using SDS‑PAGE and transferred to a PVDF membrane. The
membranes were first blocked using fat‑free milk (5%) in
Tris‑buffered saline (TBS) for 2 h at room temperature and then
incubated overnight at 4˚C with rabbit monoclonal anti‑ROCK1
(cat. no. 4035; 1:1,000; Cell Signaling Technology, Inc.), rabbit
monoclonal anti‑NLR family pyrin domain containing 3
(anti‑NLRP3; cat. no. 15101; 1:1,000; Cell Signaling
Technology, Inc.), rabbit monoclonal anti‑apoptosis‑asso‑
ciated speck‑like protein containing a CARD (anti‑ASC;
cat. no. 67824; 1:1,000; Cell Signaling Technology, Inc.),
rabbit monoclonal anti‑caspase‑1 (cat. no. 24232; 1:1,000; Cell
Signaling Technology, Inc.), rabbit monoclonal anti‑caspase‑3
(cat. no. 9662; 1:1,000; Cell Signaling Technology, Inc.) and
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anti‑cleaved caspase‑3 (cat. no. 9661; 1:1,000; Cell Signaling
Technology, Inc.), rabbit monoclonal anti‑Bcl‑2 (cat. no. 4223;
1:1,000; Cell Signaling Technology, Inc.), rabbit monoclonal
anti‑Bax (cat. no. 14796; 1:1,000; Cell Signaling Technology,
Inc.) or rabbit polyclonal anti‑GAPDH (cat. no. sc‑32233;
1:2,000; Santa Cruz Biotechnology, Inc.), and subsequently
with horseradish peroxidase‑conjugated goat anti‑rabbit IgG
antibody (cat. no. 98164; 1:2,000; Cell Signaling Technology,
Inc.) for 2 h at room temperature. The optical density values
of all bands were standardized to the respective GAPDH
band and visualized using luminescent reagents (Santa Cruz
Biotechnology, Inc.) and analyzed via ImageJ software 1.4
(National Institutes of Health).
Dual‑luciferase reporter assay. The ROCK1 3'‑untranslated
region (3'‑UTR) fragment with a putative binding site for
miR‑139‑5p obtained from ensemble database (version 38;
https://asia.ensembl.org;) was entered into the Primer3Plus
website (https://www.bioinformatics.nl/cgi‑bin/primer‑
3plus/primer3plus.cgi) to acquire the primer sequences,
which was cloned into the luciferase gene in a pmirGlo vector
(Shanghai GenePharma, Co., Ltd.) by Shanghai GenePharma,
Co., Ltd. Mutant (MUT) ROCK1 3'‑UTR was used to
construct the ROCK1‑MUT vector. 293 cells obtained from
The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences (5x104 cells/well) were plated in 12‑well
plates (Thermo Fisher Scientific, Inc.) with 10% FBS and 1%
penicillin/streptomycin in a humidified incubator at 37˚C
with 5% CO2 and co‑transfected with miR‑139‑5p mimics
(50 nM, 5'‑UCUACAGUGCACGUGUCUC CAGU‑3') or
negative control (NC) mimics (50 nM, 5'‑UUUGUACUACAC
AAAAGUACUG‑3') and ROCK1‑wild type (WT, 100 ng) or
ROCK1‑MUT (100 ng) when they reached 70‑80% conflu‑
ence. Luciferase activity was assessed using a Dual‑Luciferase
Reporter assay system (Promega Corporation) 2 days
post‑transfection and normalized to that of Renilla luciferase
activity.
Cell culture. NHBE cells were purchased from The Cell
Bank of Type Culture Collection of The Chinese Academy of
Sciences. NHBE cells were cultured in DMEM (Invitrogen;
Thermo Fisher Scientific, Inc.) with 10% FBS and 1% peni‑
cillin/streptomycin in a humidified incubator at 37˚C with 5%
CO2. The six cell groups were as follows: i) Control, ii) LPS,
iii) LPS plus miR‑NC mimics, iv) LPS plus miR‑139‑5p
mimics, v) LPS plus miR‑139‑5p mimics and empty vector
and vi) LPS plus miR‑139‑5p mimics and overexpression
(Ov)‑ROCK1. miR‑139‑5p mimics (5'‑UCUACAGUGCAC
GUGUCUCCAGU‑3'; 50 nM) and control mimics (5'‑UUU
GUACUACACA AAAGUACUG ‑3'; 50 nM) were prepared
by Shanghai GenePharma Co., Ltd., and transfected into
NHBE cells using Lipofectamine ® 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.). At 24 h post‑transfection,
cells were treated with 1 mg/ml lipopolysaccharide (LPS;
Sigma‑Aldrich; Merck KGaA). miR‑139‑5p, IL‑1b, IL‑6 and
ROCK1 levels were assessed 6 h after LPS treatment. The
ROCK1 overexpression plasmid (OV) was established into the
pcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific, Inc.),
whereas an empty vector served as the Vector. NHBEs were
co‑transfected with 1 µg Ov‑ROCK1 (or Vector) and 50 nM
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Figure 1. Pathological changes in the lung tissues. (A) Representative histological images of hematoxylin and eosin staining (magnification, x400). Yellow
single arrows represent inflammatory cells, black double arrows represent alveolar cavities, and red double arrows represent alveolar septa. Scale bar, 100 µm.
(B) W/D weight ratio of the lung in mice 24 h after surgery. Data are presented as the mean ± standard deviation. ***P<0.001 vs. normal group. W/D, wet/dry.

miR‑139‑5p mimics 24 h prior to treatment with LPS using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). NHBEs co‑transfected with empty vector and control
mimics were used as the respective controls.
Cell apoptosis assay. Cells were seeded (1x106 cells/well) in
six‑well plates and placed in an incubator for 12 h, followed
by another 48 h of incubation after transfection, as described
above. Next, cells were digested, washed twice with PBS
and incubated in 1X binding buffer (provided in the
Annexin V‑FITC/PI apoptosis kit; cat. no. C1062M; Beyotime
Institute of Biotechnology), adjusting the cell concentration
to 1x106/ml. Subsequently, 10 µl Annexin V‑FITC and 5 µl
propidium iodide (PI) were added to the cells (200 µl) and
cells were incubated for 15 min at room temperature in the
dark. BD FACSCalibur™ flow cytometer (BD Biosciences)
was used to quantify stained cells and data were analyzed by
FlowJo software (version 7.6.1; FlowJo LLC).
Statistical analysis. All experiments were repeated three
times, and the data are presented as the mean ± standard devia‑
tion. Comparisons between two groups were performed using
a unpaired Student's t‑test. Comparisons between multiple
groups were performed using one‑way ANOVA followed by
Tukey's post hoc test. All data were analyzed using GraphPad
Prism version 7.0 (GraphPad Software, Inc.). P<0.05 was
considered to indicate a statistically significant difference.
Results
Lung histological analysis. To investigate the effects of
miR‑139‑5p in the regulation of sepsis‑induced ALI, a mouse
model of sepsis was established by CLP surgery. The results
of lung tissue histological examination are shown in Fig. 1.
No pathological changes were observed in the normal group
(Fig. 1A). However, serious injury was present in the sepsis
group compared with the normal control group, where the
normal alveolar structure of the lung injury group was partially
destroyed, inflammatory cells infiltrated, alveolar septum was
significantly thickened, alveolar cavity was narrowed, and
some alveoli were atrophied. In addition, the sepsis group had
a significantly higher W/D ratio compared with the normal
group (Fig. 1B). These results indicated that the ALI mouse
model was successfully established.

Inflammatory cytokines in the serum and BALF, and oxidative
stress. In the normal group, TNF‑α, IL‑6 and IL‑1β were main‑
tained at low levels in the serum and BALF (Fig. 2A and B).
However, the expression levels of TNF‑α, IL‑6 and IL‑1β were
significantly increased following CLP, suggesting a notable
increase in the release of inflammatory factors.
Oxidative stress levels were analyzed by measuring
the ROS levels in the lung tissues (Fig. 2C) and measuring
SOD, GSH‑px, MDA and LDH activity (Fig. 2D). ROS levels
were increased in septic mice compared with the normal
group. Furthermore, the SOD and GSH‑px activities were
notably reduced in septic mice compared with the controls.
By contrast, MDA and LDH activities were higher in the
sepsis group compared with the normal group. These results
suggested that the levels of inflammatory factors and oxida‑
tive stress in the serum and BALF were upregulated in mice
following sepsis‑induced lung injury.
Apoptosis and inflammation in lung tissues. Lung tissue
sections were stained using TUNEL reagent to examine
apoptotic cell death. An increased number of TUNEL‑positive
(apoptotic) cells were detected in mice with sepsis‑induced lung
injury compared with the normal group (Fig. 3A). The results
suggested that sepsis‑induced ALI promoted cell apoptosis.
Expression of miR‑139‑5p and ROCK1 in lung tissues. Next,
the levels of miR‑139‑5p were analyzed by RT‑qPCR, and the
results revealed that miR‑139‑5p levels were decreased in the
sepsis‑induced lung injury group compared with the normal
group (Fig. 3B). ROCK1 expression was detected by RT‑qPCR
and western blot analyses and was found to be significantly
upregulated in the sepsis‑induced lung injury group compared
with the normal group (Fig. 3C and D).
miR‑139‑5p targets ROCK1. The predicted binding site
between ROCK1 3'‑UTR and miR‑139‑5p is shown in Fig. 4A.
WT and MUT luciferase reporter gene plasmids containing
the 3'‑UTR region of ROCK1 were created and co‑transfected
with miR‑139‑5p mimics and mir‑NC. Dual‑luciferase
reporter experiments demonstrated that the luciferase activity
of ROCK1‑WT was significantly reduced in cells transfected
with miR‑139‑5p compared with the control mock cells. These
findings indicated that ROCK1 regulates the expression of its
downstream target, miR‑139‑5p (Fig. 4).
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Figure 2. Effect of induction of ALI on the expression of inflammatory factors. (A) IL‑1β, TNF‑α and IL‑6 serum levels were assessed by ELISA. (B) IL‑1β,
TNF‑α and IL‑6 BALF levels were evaluated by ELISA. (C) ROS levels in mouse lung tissues were measured using commercial ROS assay kits. (D) MDA,
SOD, LDH and GSH‑px activity in mouse lung tissues was evaluated using commercial assay kits. Data are presented as the mean ± standard deviation.
***
P<0.001 vs. normal group. ALI, acute lung injury; SOD, superoxide dismutase; MDA, malondialdehyde; LDH, lactate dehydrogenase; GSH‑px, glutathione
peroxidase; BALF, bronchoalveolar lavage fluid; ROS, reactive oxygen species.

miR‑139 ‑5p overexpression inhibits L PS ‑in du ced
inflammation and oxidative stress via targeting ROCK1 in
NHBEs. In order to further determine the beneficial effects
of miR‑139‑5p overexpression on sepsis‑induced lung injury,
an in vitro NHBE cell model was developed to mimics
in vivo sepsis‑induced epithelial cell stimulation using LPS.
miR‑139‑5p mimics were transfected into NHBE cells, and
RT‑qPCR was used to confirm overexpression. Compared
with the control group, the expression of miR‑139‑5p was
significantly decreased in the LPS‑treated group, whereas
transfection of miR‑139‑5p mimics prior to LPS treatment
significantly increased the levels of miR‑139‑5p in NHBEs
(Fig. 5A). Next, ROCK1 overexpression plasmid was trans‑
fected in NHBE cells, and overexpression was confirmed
using both RT‑qPCR and western blotting. Compared with
the control group, the expression of ROCK1 was significantly
increased in the Ov‑ROCK1 group and the Vector group
(Fig. 5B and C).
MUC5AC and MUC1 are markers of lung mucosal
epithelial cell damage (24). To further explore whether
miR‑139‑5p modulates inflammation and oxidative stress by
specifically targeting ROCK1, NHBEs were co‑transfected
with miR‑139‑5p mimics and vectors expressing ROCK1 (or
empty vector). LPS‑treated cells exhibited significantly higher
levels of MUC5AC and MUC1 compared with the untreated
cells. The NHBEs transfected with control mimics exhibited
similar levels of MUC5AC and MUC1, whereas transfection
of miR‑139‑5p mimics significantly decreased the expression
of MUC5AC and MUC1. Compared with the miR‑139‑5p
mimics group, there were no differences between miR‑139‑5p
and empty vector co‑transfected NHBEs, whereas miR‑139‑5p

and Ov‑ROCK1 co‑transfected NHBEs exhibited significantly
increased expression of MUC5AC and MUC1 (Fig. 6A). The
levels of inflammatory factors in the cell supernatants were
assessed using ELISA. Compared with the control group,
the expression of TNF‑α, IL‑1β and IL‑6 were significantly
increased by LPS treatment. Overexpression of miR‑139‑5p
largely suppressed the production of pro‑inflammatory cyto‑
kines in NHBEs, whereas ROCK1 overexpression resulted
in significant upregulation of TNF‑α, IL‑1β and IL‑6 at the
protein level (Fig. 6B).
Next, the protein expression levels of NLRP3, ASC and
caspase‑1 were examined and found to be significantly
increased following LPS treatment compared with the control
group (P<0.05). miR‑139‑5p mimics transfection alone or
co‑transfection with the empty vector control resulted in
significant decreases in NLRP3, ASC and caspase‑1. However,
cells co‑transfected with miR‑139‑5p mimics and Ov‑ROCK1
exhibited significant increases in the expression of NLRP3,
ASC and caspase‑1 (Fig. 6C). These data suggest that
miR‑139‑5p inhibits the expression of inflammatory factors in
NHBEs cells by targeting ROCK1.
To determine the effects of miR‑139‑5p and ROCK1 on
oxidative stress, the levels of indicators of ROS were detected.
Compared with the control group, LPS treatment signifi‑
cantly increased the levels of ROS; miR‑139‑5p mimics and
miR‑139‑5p mimics co‑transfection with empty vector control
resulted in significant decreases in the levels of ROS. However,
miR‑139‑5p mimics co‑transfection with Ov‑ROCK1 resulted
in a significant increase in the levels of ROS (Fig. 6D).
Additionally, the levels of SOD, GSH‑px, MDA and LDH were
determined. The changes in expression of MDA and LDH
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Figure 3. Effects of ALI induction on cell apoptosis, and the expression of miR‑139‑5p and ROCK1. (A) Histological analysis of mouse lung tissue samples
using TUNEL staining. Representative histological images (magnification, x400) and percentage of positively stained cells. Scale bar, 100 µm. (B) miR‑139‑5p
levels in lung tissues were assessed using RT‑qPCR analysis. ROCK1 levels in lung tissues were assessed by (C) RT‑qPCR and (D) western blotting. Data are
presented as the mean ± standard deviation. **P<0.01, ***P<0.001 vs. normal group. RT‑qPCR, reverse transcription‑quantitative PCR; ALI, acute lung injury;
ROCK1, Rho‑associated kinase 1; miR, microRNA.

increased, whereas miR‑139‑5p mimics co‑transfected with
Ov‑ROCK1 significantly decreased the levels of SOD and
GSH‑px (Fig. 6E). Taken together, these findings indicated that
miR‑139‑5p overexpression may inhibit LPS‑induced inflam‑
mation and oxidative stress via targeting ROCK1 in NHBEs.

Figure 4. ROCK1 is a direct target of miR‑139‑5p. TargetScan predicted that
ROCK1 was a direct downstream target of miR‑139‑5p. (A) Putative ROCK1
binding site on miR‑139‑5p (ROCK1‑WT). (B) 293T cells were co‑transfected
with NC mimics or miR‑139‑5p mimics with ROCK1‑WT or ROCK1‑MUT.
**
P<0.01 vs. miR‑NC. ROCK1, Rho‑associated kinase 1; miR, microRNA;
WT, wild‑type; MUT, mutant; NC, negative control.

were the same as those of ROS, whereas SOD and GSH‑px
levels exhibited the opposite trend. Compared with the control
group, LPS treatment significantly decreased the levels of SOD
and GSH‑px; miR‑139‑5p mimics and miR‑139‑5p mimics
co‑transfected with the empty vector control significantly

miR‑139‑5p reduces apoptosis via suppression of ROCK1
expression in NHBEs. To further examine whether miR‑139‑5p
regulated cell apoptosis by targeting ROCK1, NHBEs were
co‑transfected with miR‑139‑5p mimics and vector expressing
ROCK1 (or empty vector control). The LPS‑treated cells
exhibited a markedly higher rate of apoptosis compared
with the control cells. The NHBEs transfected with miR‑NC
exhibited a similar rate of apoptosis as the LPS group, whereas
transfection with miR‑139‑5p mimics significantly decreased
the proportion of apoptotic cells. NHBEs transfected with
miR‑139‑5p mimics and empty vector control had a similar
proportion of apoptotic cells as that of the miR‑139‑5p
mimics group; however, miR‑139‑5p mimics and Ov‑ROCK1
co‑transfection significantly increased the proportion of
apoptotic NHBEs (Fig. 7A).
Furthermore, the levels of key proteins associated with
the apoptotic pathway were measured. The levels of Bax and
cleaved caspase‑3 were higher in LPS‑treated NHBEs as well
as in LPS‑treated NHBEs transfected with miR‑NC compared
with NHBEs with miR‑139‑5p mimics and empty vector
co‑transfection. Compared with the miR‑139‑5p mimics and
empty vector co‑transfection groups, the expression of Bax and
cleaved caspase‑3 were increased in the miR‑139‑5p mimics
plus Ov‑ROCK1 group. However, the Bcl‑2 protein levels in the
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Figure 5. Effects of transfection with miR‑139‑5p mimics and Ov‑ROCK1 on the expression of miR‑139‑5p and ROCK1 in LPS‑stimulated NHBEs.
(A) NHBEs were transfected with miR‑NC mimics or miR‑139‑5p mimics and subsequently treated with LPS. The relative expression of miR‑139‑5p was
examined using RT‑qPCR. NHBEs were transfected with the empty vector control or Ov‑ROCK1 and the expression levels of ROCK1 were analyzed using
(B) RT‑qPCR and (C) western blotting. Data are presented as the mean ± standard deviation. ***P<0.001 vs. normal (control) group; *P<0.01 vs. LPS + miR‑NC.
ROCK1, Rho‑associated kinase 1; miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; NHBEs, normal human bronchial epithelial cells;
Ov, overexpression; LPS, lipopolysaccharide.

LPS group were significantly decreased compared with those
in the control group, and the miR‑139‑5p mimics and vector
co‑transfection group exhibited significant decreases in Bcl‑2
protein levels compared with the miR‑139‑5p mimics, as well
as the miR‑139‑5p mimics and empty vector co‑transfection
group (Fig. 7B). These results suggested that miR‑139‑5p may
inhibit cell apoptosis via suppression of ROCK1 expression in
NHBEs.
Discussion
Sepsis‑induced ALI is a clinical syndrome characterized by
injury of alveolar epithelial and endothelial cells (25). ALI
is a condition that develops from excessive inflammation,
and involves a variety of potential therapeutic targets and
signaling pathways (26). The pathophysiology of human sepsis
is similar to that caused by cecal perforation in the mouse CLP
model, and it has been widely used to study organ dysfunction
caused by sepsis (27). In the present study, a mouse model of
sepsis‑induced ALI was successfully established, and the mice
exhibited alveolar wall thickening and pulmonary edema.
miR‑139‑5p has been identified as a tumor suppressor,
and acts by reducing cell migration, invasion and metastasis

in breast, colorectal, prostate and esophageal squamous cell
carcinomas (28‑31). In addition, miR‑139‑5p is involved in
the regulation of multiple DNA repair and ROS defense path‑
ways, and is a potent regulator of the breast cancer response
to radiotherapy (32). Furthermore, deficiency of miR‑139‑5p
was shown to result in the initiation of the MAPK, NF‑κB and
STAT3 signaling pathways, thereby contributing to the devel‑
opment of intestinal inflammation and colorectal cancer (33).
Therefore, in the present study, the effects of miR‑139‑5p on
lung injury, oxidative stress, inflammation and autophagy were
assessed, and the molecular mechanisms in a mouse model
of CLP‑induced ALI were determined. In the in vivo model,
sepsis‑induced ALI resulted in a significant increase in the
levels of inflammatory cytokines, oxidative stress and apoptosis
compared with the normal mice. Additionally, miR‑139‑5p
levels were decreased in mice with septic lung injury.
ROCK1 has been reported to interact with miRNAs and
lncRNAs during cancer pathogenesis to regulate cell migra‑
tion, invasion and metastasis. For example, miR‑202‑5p was
found to inhibit tumor cell migration and invasion in osteo‑
sarcoma, whereas upregulation of ROCK1 abrogated these
effects (34). In the present study, ROCK1 was predicted and
confirmed to be a direct downstream target of miR‑139‑5p.
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Figure 6. miR‑139‑5p overexpression inhibits LPS‑induced inflammation and oxidative stress via targeting ROCK1 in NHBEs. NHBEs were divided into six
groups: Control, LPS, LPS plus miR‑NC mimics, LPS plus miR‑139‑5p mimics, LPS plus miR‑139‑5p mimics and empty vector, and LPS plus miR‑139‑5p
mimics and Ov‑ROCK1. (A) Relative mRNA expressions of MUC5AC and MUC1 were measured using RT‑qPCR. (B) Proinflammatory cytokine levels in the
treated NHBEs were examined using ELISA. (C) ROS levels in different groups. (D) Expression levels of NLRP3, ASC and caspase‑1 in the treated NHBEs were
examined using western blotting. (E) SOD, GSH‑px and LDH activities and MDA levels were determined using commercial assay kits. Data are presented as the
mean ± standard deviation. ***P<0.001 vs. control; #P<0.01, ##P<0.005 and ###P<0.001 vs. miR‑NC; ΔΔP<0.005 and ΔΔΔP<0.001 vs. miR‑139‑5p mimics + Vector.
ROCK1, Rho‑associated kinase 1; miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; NHBEs, normal human bronchial epithelial cells;
Ov, overexpression; SOD, superoxide dismutase; MDA, malondialdehyde; LDH, lactate dehydrogenase; GSH‑px, glutathione peroxidase; LPS, lipopolysac‑
charide; NC, negative control; MUC, mucin; NLRP3, NLR family pyrin domain containing 3; ASC, apoptosis‑associated speck‑like protein containing a CARD.

miR‑139‑5p expression was significantly downregulated and
positively correlated with ROCK1 expression during Ewing
sarcoma progression (35). Moreover, the lncRNA X‑inactive
specific transcript was found to sponge miR‑139‑5p, thereby
reducing the levels of ROCK1 (36). In the present study,

miR‑139‑5p expression was reduced in the mice with
sepsis‑induced lung injury, whereas ROCK1 expression was
significantly increased.
Further investigations on the role of miR‑139‑5p and
targeting of ROCK1 in sepsis‑induced lung injury were
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Figure 7. miR‑139‑5p overexpression reduces LPS‑induced apoptosis by targeting ROCK1 in NHBEs. (A) Proportion of apoptotic cells among transfected
NHBEs was determined using flow cytometry. (B) Expression levels of Bax, Bcl‑2, cleaved caspase‑3 and caspase‑3 in the treated NHBEs were determined
using western blotting (left, representative blots; right, densitometry analysis). Data are presented as the mean ± standard deviation. ***P<0.001 vs. control;
###
P<0.001 vs. miR‑NC; Δ P<0.01 and ΔΔΔ P<0.001 vs. miR‑139‑5p mimics + Vector. NHBEs, normal human bronchial epithelial cells; ROCK1, Rho‑associated
kinase 1; miR, microRNA; LPS, lipopolysaccharide; NC, negative control; Ov, overexpression.

performed using LPS‑treated NHBEs in vitro. Treatment
with LPS resulted in a significant increase in the levels of
inflammatory cytokines, oxidative stress and apoptosis in
NHBEs compared with the untreated cells. Overexpression of
miR‑139‑5p reversed these trends by decreasing the expression
of ROCK1 in NHBEs.

In conclusion, miR‑139‑5p alleviated sepsis‑induced
proinflammatory cytokine production, oxidative stress and
apoptosis induced by ALI via downregulation of ROCK1
expression levels. Therefore, the findings of the present study
highlight miR‑139‑5p as a potential therapeutic target for the
management of sepsis‑induced ALI.
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