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ABSTRACT—Acute lung injury (ALI) is characterized by excessive production of inflammatory factors and alveolar epithelial

damage, type II alveolar epithelial (ATII) cells participate in the repairment of the damaged lung tissue in ALI. Recently,

microRNAs (miRNAs) have been found to play crucial roles in the amelioration of various inflammation-induced diseases,

including ALI. However, the biological function and the mechanisms of action of miRNAs in the regulation of inflammation,

and how ATII cells repair damaged lung tissue in ALI remain unknown. In this study, a model of ALI was established using

LPS, and ATII cells were isolated and treated with LPS. Hematoxylin and eosin staining revealed the injury to lung tissues. In

this study we found that miR-541-5p expression was significantly decreased in ALI tissue and in the LPS-induced ATII cell

model. Additionally, the LPS-induced model showed suppression of ATII cell proliferation and activity. Furthermore,

overexpression of miR-541-5p was found to promote cell activity and proliferation in the LPS-induced ATII cell model.

Moreover, a luciferase assay illustrated that HMGB1 is a target of miR-541-5p, HMGB1 knockdown blocked the inhibitory

effect of miR-541-5p on LPS-induced ATII cells. Ultimately, our study demonstrated that expression of p38, JNK, and ERK in

LPS-induced ATII cells increased significantly. These results suggest that miR-541-5p is a key effector in ALI tissue, and that

LPS-induced ATII cells act by regulating HMGB1 expression. This effect may be related to excessive activation of the JNK/

ERK/p38 signaling pathway.
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INTRODUCTION

Acute lung injury (ALI) is characterized by uncontrolled

pulmonary inflammation. Many studies have suggested that

excessive inflammation resulting in alveolar epithelial cell

injury is central to the pathogenesis of ALI, and that the diffuse

damage to the alveolar epithelial barrier leads to a high

mortality (1, 2). Recent epidemiologic studies have reported

that ALI remains a major challenge for clinicians and is an

important public health problem globally (3). Type II alveolar

epithelial (ATII) cells are progenitor cells that can differentiate

into type I alveolar epithelial (ATI) cells to promote re-epithe-

lization of impaired alveoli, and the secretion of alveolar

surfactant reduces surface tension and prevents collapse of

the alveoli (4, 5). Therefore, repair and regeneration of injured

ATII cells is critical in the alleviation of lung injury.
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MicroRNAs (miRNAs) comprise 18 to 23 nucleotides (NTs)

noncoding small RNAs that modulate both the translation and

stability of targeted mRNA (6). Aberrant expression of miR-

NAs is linked to many pathological conditions, including

cancer and cardiovascular disease. A large number of studies

have pinpointed the aberrant expression of miRNAs in the onset

and development of inflammatory lung diseases, including ALI

(7). The essential role of miRNAs in ALI indicates that

miRNAs might be a useful therapeutic target for the treatment

of ALI. Previous studies have demonstrated that miR-541-5p is

a key effector in lung pulmonary fibrosis. However, the precise

mechanism of the effect of miR-541-5p on LPS-induced ATII

cell viability and proliferation in vitro remains elusive.

Accumulating evidence suggests that inflammation plays a

pivotal role in the pathogenesis of ALI, and that suppression of

inflammation results in a reduction of the severity of ALI

damage (8). High-mobility group box-1 (HMGB1) is a highly

conserved nuclear protein that has been widely investigated as

a putative danger signal for various inflammatory diseases

(9, 10), it has also been proposed as a therapeutic agent for

ALI (11, 12). Previous studies have shown that HMGB1 was able

to influence the normal function of vascular endothelial cells in

ALI (13), suggest that the progression of alveolar epithelial cell

injury in ALI may be mediated by HMGB1 signaling, implying

that it is a potential therapeutic target for these conditions.

Of note above, whether miR-541-5p affected the progression

of ALI via modulating the cellular function of ATII cell remains

unknown. Thus, the aim of this study was to dissect the role and

underlying mechanism of miR-541-5p in the ALI and the

pathophysiology in ATII cell.
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MATERIALS AND METHODS

Animal preparation

C57BL/6 mice (4 6 weeks old; 18 22 g of weight) were purchased from
Shanghaijiaotong University with the animal license of SCXK (hu) 2017 0011.
All animal experiments were performed in accordance with the standards
established by the Institutional Animal Care and Use Committee at Shanghai
Jiaotong University Medical School. These mice were raised in a specific
pathogen-free animal laboratory, and the Physical Laboratory was the respon-
sible unit. Briefly, male mice that were randomized into three groups (Sham,
LPS injection 6 h, LPS injection 12 h) of six per group were anesthetized and
used as a model of direct lung injury with LPS. The abdominal skin of the rats
was disinfected with iodophor, then wiped with cotton, and the LPS solution
was injected intraperitoneally at a dosage of 10 mg/kg body weight. Control
mice were treated with isovolumetric physiological saline.

Isolation of ATII cells

The ATII cells were isolated at 90% to 95% purity from 6-week-old C57BL/
6 mice following the procedure described by Corti et al. (14). Briefly, the mice
were killed, the pulmonary artery was cannulated, and the lungs were perfused
with normal saline in situ to deplete blood. Then, the fresh lungs were excised
carefully, transferred on ice, dissected free, minced with sharp scissors, and
placed in 5 mL dispase to digest them at room temperature for 60 min with
gentle rocking. Pancreatic DNase (0.01% in DMEM) was added for the final
5 min of the incubation. The lung suspension was filtered through strainers of
100, 200, and 400 sterile meshes. After centrifugation and removal of the
supernatant, the cells were gently suspended in DMEM (low glucose) without
fetal bovine serum. We coated 100 mm bacteriologic plastic dishes with 5 mL of
0.05% pig IgG solution. The lgG solution was adhered for 3 h at 378C and was
then removed from the dishes. The dishes were washed twice with 10 mL of
phosphate-buffered saline (PBS) and once with 10 mL DMEM. Nonadherent
cells were collected, pelleted by centrifugation, resuspended in normal saline,
and counted using a hemocytometer. Cells were cultured in air containing 5%
CO2 in a humidified atmosphere at 378C.

Hematoxylin and eosin (H&E) staining

Lung tissues collected from mice at 6 h and 12 h after LPS intraperitoneal
injection were inflated with 10% buffered formalin for 24 h, fixed with 10%
buffered formalin, embedded in paraffin, and tissue sections (5 mm) were cut
and stained with hematoxylin and eosin (H&E) for 5 min. The pathological
changes in the lung tissues were then examined under a light microscope.

RNA interference and cell transfection

miR-541-5p and HMGB1-specific RNAi oligonucleotides (siRNA) were
designed and synthesized by GenePharma (Shanghai, China). miR-541-5p
mimics and inhibitors were purchased from RiboBio (Guangzhou, China).
The sequences of siRNAs were as follows: shHMGB1-1: 50-CACCCGGAT-
GCTTCTGTCAACTTCT-30; shHMGB1-2: 50-GGCAAAGGCTGACAAGG-
CTCGTTAT-30; shHMGB1-3: 50-CCTTCGGCCTTCTTCTTGTTCT GTT-30;
mmu-miR-541 mimics: 50-AAGGGAUUCUGAUGUUGGUCACACU-30;
mmu-miR-541 inhibitor 50-AGUGUGACCAACAUCAGAAUCCCUU-30.
The RNA oligonucleotides were transfected into ATII cells using Lipofectamine1

2000 (Invitrogen, Carlsbad, Calif) in Opti-MEM culture medium. ATII cell
samples were collected subsequently and analyzed after culturing for 48 h.

Total RNA isolation and quantitative real-time reverse
transcription-PCR

The total RNA of ATII cells with the different treatments was extracted using
Trizol reagent (Invitrogen) according to the manufacturer’s protocol. The RNA
concentrations were detected with a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific). Reverse transcription (RT) was performed using the
EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen
Biotech, Shanghai, China). Real-time RT-PCR amplification was performed with
10 ng of cDNA using the SYBR Green reagent (Thermo Fisher Scientific) on the
Prism 7500 SDS system (Applied Biosystems, Foster City, Calif). Relative mRNA
and microRNA expression levels were normalized to GAPDH (glyceraldehyde 3-
phosphate dehydrogenase) or U6 snoRNA. The primers for the various genes were
as follows: miR-541-5p forward: 50-GTCGTATCCAGTGCAGG GTCCGAGG-
TATTCGC-30; reverse: 50-ACTGGATACGACAGTG TG-30; HMGB1 forward: 50-
ACTTGGCAAAGCAAGGAGTGA-30; reverse: 50- GCCAGCGTTCTTGTGA-
TAGC-30; b-actin forward: 50-CACTGTCGAGTCCGCGT-30; reverse: 50- GCAT-
CATCTCCCGCG AA-30.
Western blot analysis

The cells samples with different treatments were extracted using RIPA lysis
buffer (Thermo Fisher Scientific). Whole-cell lysates from ATII cells with the
different treatments were subjected to SDS-PAGE (sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis) using 12% polyacrylamide gels. Proteins were then
transferred to the Pure Nitrocellulose Blotting membrane (Millipore, Billerica,
Mass). The membranes were incubated with anti-HMGB1 antibody (Ab79823,
Abcam), anti-p-JNK antibody (#9251, CST), anti-JNK antibody (#9252, CST), anti-
p-ERK antibody (#4370, CST), anti-ERK antibody (#4695, CST), anti-p-38 anti-
body (#4511, CST), anti-p-38 antibody (#8690, CST), and anti-b-actin antibody
(AY0573, Abways) at 48C overnight, followed by three washings with PBS (10 min
each). After that, the membranes were incubated with horseradish peroxidase-
conjugated secondary antibody (1:2,000 dilution; Thermo Fisher Scientific) at room
temperature for 1 h and then washed three times with PBS (10 min each). The
immunoreactivity was visualized using the Chemiluminescence Detection Kit
(Donghuan Biotech, Shanghai, China) and the data were analyzed using Gel-pro
Analyzer Software. GAPDH was used as the loading control

Luciferase reporter assay

The starBase web server v2.0 was used to predict the interaction between
miR-541-5p and HMGB1. The wild-type reporter construct was obtained by
cloning HMGB1 30 UTR sequences that were amplified by PCR technique into
the psiCHECK-2 luciferase reporter plasmid (Promega, Madison, Wis). The
putative binding site was mutated as HMGB1-Mut. In brief, HEK293T cells
(Cobioer, Najing, China) were cotransfected with the HMGB1-Wt or Mut 30

UTR reporter plasmids (2 mg), and miR-541-5p mimic (50 nM). Forty-eight
hours after transfection, luciferase activities were examined using the Dual-
Luciferase Reporter Assay System (Promega).

Cell viability assay

The viability of ATII cells was detected using Cell Counting Kit-8 (CCK-8)
[Donghuan Biotech] following the manufacturer’s instructions. Briefly, the ATII
cells with different treatments were seeded in a 96-well plate. Then, the CCK-8
solution (10% of the medium, 10 mL) was added to each well and incubated for
4 h. The absorbance at 450 nm was then measured using a microplate reader. Data
were recorded as the cell number change relative to the control.

Enzyme-linked immunosorbent assay (ELISA)

The content of tumor necrosis factor-a (TNF-a), and interleukin-6 (IL-6) in
lung tissue and ATII-cells were measured on the basis of the instructions of the
commercial kit’s protocol (Meilian Biotech (ml063159, ml002095, China). The
absorption was determined at the wavelength of 450 nm.

EdU incorporation assay

The ATII cells were seeded in 24-well tissue culture plates at a density of
1,500 cells per well. Next, 5-ethynyl-20-deoxyuridine (EdU) [Donghuan Bio-
tech] was added to each well and incubated for 2 h after hypoxia treatment. The
cells were then fixed with 4% paraformaldehyde for 30 min at room tempera-
ture, followed by incubation with Apollo Staining reaction liquid (RiboBio,
Guangzhou, China) to detect the positive cells. Hoechst (Sigma) was used for
nuclear staining. Immunofluorescence was detected by fluorescence micros-
copy (Zeiss, Oberkochen, Germany).

Statistical analysis

All experiments were performed in triplicate. Data were expressed as the mean
� standard error of the mean (SEM), and analyzed using GraphPad Prism 5.01
(GraphPad Software). Differences between three or more groups were analyzed
using one-way analysis of variance followed by the Tukey test for post hoc tests for
variables with a normal distribution or the Kruskal–Wallis test followed by the
Dunnett t test for those without a normal distribution. Differences between two
groups were analyzed using the two-tailed unpaired Student t test for variables
with a normal distribution or the Mann–Whitney test for variables without a
normal distribution. A P value< 0.05 indicates a significant difference.

RESULTS

Histology and inflammatory proteins in LPS-induced ALI

H&E staining showed serious hyperemia in the lung tissues

and marked inflammatory cell and red blood cell infiltration

in the alveolar spaces, but in contrast, there were no obvious



FIG. 1. miR-541-5p was downregulated in LPS-induced acute lung injury in mice. A, Histological changes in lung tissues of LPS-induced ALI mice, as
evaluated by H&E staining; scare bar, 10 mm. B, Lung inflammation score. C, The miR-541-5p level in lung tissue samples was measured by qRT-PCR (n¼3/
group). D, The HMGB1 level in lung tissue samples was measured by qRT-PCR (n¼3/group). E, F, IL-6 and TNF-a levels in lung tissue were measured at 12 h
after LPS intervention (n¼3/group). Data are presented as means � SD of three individual experiments. **P<0.01 vs control group.

FIG. 2. miR-541-5p was downregulated in LPS-induced ATII cells. A, Identification of ATII cells by immunofluorescence staining. B, Expression levels of
miR-541-5p were analyzed by real-time quantitative PCR (qRT-PCR). C, CCK8 assay analyses of the cell viability potentials of ATII cells treated with LPS at
different concentrations. D, E, EdU assay analyses of the cell proliferation of ATII cells treated with LPS at different concentrations; scare bar, 50 mm. Data are
presented as means � SD of three individual experiments. *P<0.05 and **P<0.01.
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pathological changes in the control group (Fig. 1A and B).

Levels of tumor necrosis factor (TNF)-a and interleukin (IL)-6

were determined using ELISA (enzyme-linked immunosorbent

assay), the results of which indicated that levels of both TNF-a

and IL-6 induced by LPS treatment were effectively increased

in lung tissues (Fig. 1E and F).

LPS inhibits the activity and proliferation of ATII cells,
miR-541-5p was significantly decreased in ALI tissues
and LPS-induced ATII cells

To investigate the function of ATII cells in LPS interven-

tion, primary cultured ATII cells were treated with LPS at
FIG. 3. Upregulation of miR-541-5p played a crucial role in ATII cells trea
cells treated with inhibitor NC, miR-541-5p inhibitor, NC mimics, and miR-541-5p mi
with NC mimics, miR-541-5p mimics, LPSþNC mimics, miR-541-5p inhibitor, and
ATII cells treated with NC mimics, miR-541-5p mimics, LPS þ NC mimics, and LPS
of three individual experiments. *P<0.05 and **P<0.01.
different concentrations (Fig. 2A) and cell viability and

proliferation were then measured. CCK8 and EdU analysis

showed a reduction of the activity and proliferation of LPS-

induced ATII cells (Fig. 2C–E). We detected the expression of

miR-541-5p in LPS-induced ATII cells by qRT-PCR. The

results showed that miR-541-5p was markedly decreased in

LPS-induced ATII cells (Fig. 2B), consistent with ALI tissues

(Fig. 1C). These results indicate that LPS exerts its function by

reducing the viability and migration of ATII cells, miR-541-

5p might play an important role in ALI and in LPS-induced

ATII cells.
ted with LPS. A, qRT-PCR analyses of the expression of miR-541-5p in ATII
mics. B, CCK8 assay analyses of the cell viability potentials of ATII cells treated
LPSþmiR-541-5p mimics. C, D, EdU assay analyses of the cell proliferation of
þmiR-541-5p mimics; scare bar, 50 mm. Data are presented as means� SD
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MiR-541-5p regulated the activity and proliferation of LPS-
induced ATII cells

To further clarify the role of miR-541-5p in LPS-induced

ATII cells, we investigated the function of miR-541-5p on ATII

cell activity and proliferation. CCK8 and EdU analysis showed

decreased activity and proliferation of LPS-induced ATII cells.

These results indicate that LPS exerts its function by reducing

the viability and proliferation of ATII cells. Additionally,
FIG. 4. miR-541-5p exerted its role by regulating HMGB1 in ATII cells trea
luciferase constructs containing the HMGB1 wild-type or mutated 3’-UTRs and miR
blot analyses of the expression of HMGB1 in ATII cells treated with LPS at differe
HMGB1 in ATII cells treated with NC, shHMGB1, LPS, LPSþ shHMGB1. F, G, EdU
LPS, and LPSþ shHMGB1. H, CCK8 assay analyses of the cell viability potentials
presented as means � SD of three individual experiments.b-Actin served as a c
overexpression of miR-541-5p was found to partly reverse

the LPS-induced ATII cell activity and proliferation

(Fig. 3B–D).

miR-541-5p regulates the activity and proliferation of ATII
cells by HMGB1 in ATII cells

To confirm the regulation of HMGB1 by miR-541-5p, the

dual-luciferase reporter assay was used to detect binding
ted with LPS. A, Luciferase assay of HEK293 cells cotransfected with firefly
-541-5p mimics, and NC mimics, as indicated (n¼3). B, C, qPCR and western
nt concentrations. D, E, qPCR and western blot analyses of the expression of
assay analyses of the cell proliferation of ATII cells treated with NC, shHMGB1,
of ATII cells treated with NC, shHMGB1, LPS, and LPSþ shHMGB1. Data are
ontrol; scare bar, 50 mm. *P<0.05 and **P<0.01.
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between miR-541-5p and HMGB1. The results showed that

miR-541-5p mimics the inhibited luciferase activity of the

wild-type HMGB1 reporter, but no changes were observed

in target identification and validation (Fig. 4A). Furthermore,

expression of HMGB1 was increased in LPS-induced ATII

cells (Fig. 4B and C), miR-541-5p inhibitor upregulated the

expression of HMGB1, whereas overexpression of miR-541-5p

decreased the mRNA expression of HMGB1 (Figs. 4D, E, 5A,

B). Moreover, CCK8 and EdU analysis showed increased

activity and proliferation of LPS-induced ATII cells when

HMGB1 was inhibited (Figs. 4F, G, 5C). Result confirms that

HMBG1 is regulated by miR-541-5p in ATII cells.

microRNA-541-5p regulates type II alveolar epithelial cell
proliferation and activity by modulating the HMGB1/JNK/
ERK/p38 pathway

To confirm the regulation of HMGB1/JNK/ERK/p38 path-

way by miR-541-5p, p-JNK, p-ERK, and p-p38, which belong

to the MAPK family, were detected in LPS-induced ATII cells.

Western bolt showed the expression of p-JNK, p-ERK, and p-

p38 were increased, while overexpression of miR-541-5p
FIG. 5. miR-541-5p/HMGB1 regulates ATII cell proliferation and activity v
analyses of the expression of HMGB1 in ATII cells treated with NC mimics, LPS þ
assay analyses of the cell proliferation of ATII cells treated with NC mimics, LPS
presented as means � SD of three individual experiments.b -Actin served as a
suppresses expression (Fig. S1, http://links.lww.com/SHK/

B361, S2, http://links.lww.com/SHK/B362)
DISCUSSION

ALI is one of the most serious complications of sepsis and it

remains an obstinate condition, characterized by serious dam-

age to the alveolar capillary membrane (15, 16). Many studies

have shown that ATII cells are the main progenitor cells in

restoring the alveolar epithelium after injury (17, 18). Previous

studies have demonstrated that promotion of ATII cell prolif-

eration and activation is an effective way to attenuate lung

injury (19).

A large number of miRNAs are expressed in the lung and are

involved in respiratory diseases, including ALI (20, 21). These

miRNAs widely influence the signaling networks, leading to

pathological responses after ALI (22). ALI leads to damage of

alveolar epithelial cells due to a variety of direct and indirect

causes (23). Evidence has suggested that miR-541-5p plays

important roles in many organs (24–27). Studies have shown

that miR-541-5p is a key effector in lung fibrosis and its
ia modulation of the JNK/ERK/p38pathway. A, B, qPCR and western blot
NC mimics, LPS þmiR-154-5p mimics, and LPS þ pHIV-HMGB1. C, D, EdU
þ NC mimics, LPSþmiR-154-5p mimics, and LPS þ pHIV-HMGB1. Data are
control scare bar, 50 mm. *P<0.05 and **P<0.01.

http://links.lww.com/SHK/B361
http://links.lww.com/SHK/B361
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overexpression is protective against lung fibrosis (24). How-

ever, the functional role of miRNAs in alveolar damage is

largely unknown. In this study, we first demonstrated that miR-

541-5p was decreased in ALI lung tissues and LPS-induced

ATII cells, and that overexpression of miR-541-5p inhibited

LPS-induced ATII cell proliferation and viability. Therefore,

we speculate that miR-541-5p might be involved in the pro-

gression of ALI.

To investigate the involvement of cytokine and other medi-

ators in ALI and LPS-induced ATII cells, we analyzed cytokine

and chemokine expression levels by ELISA. There was higher

expression of IL-6 and TNF-a in lung tissues after LPS

intervention. Considering the role of HMGB1 in inflammatory

progression, evidence suggests that HMGB1 plays a critical

role in the pathogenesis of ALI. (28). In this study, we demon-

strated that HMGB1 expression was dramatically increased in

LPS-induced ALI tissues and LPS-induced ATII cells, and that

inhibition of HMGB1 expression increased ATII cell prolifer-

ation and activation. In addition, dual luciferase reporter assay

verified that miR-541-5p targeting HMGB1 in ATII cells

directly regulates HMGB1 expression. Furthermore, we dem-

onstrated that miR-541-5p suppressed the inflammatory

response through HMGB1 activation.

As an essential signaling pathway protein, it has been

demonstrated that the MAPK (mitogen-activated protein

kinase) protein family is involved in ALI (29, 30). For instance,

blocking of p-p38/p38, and the p-JNK/JNK signaling pathway

alleviate the inflammatory response in ALI (29, 31). This

finding demonstrates an association between ALI and MAPK.

In our study, p-JNK, p-ERK, and p-p38, which belong to the

MAPK family, were detected in LPS-induced ATII cells. We

found that miR-541-5p is a key regulator of ATII cell prolifer-

ation and viability, and our results showed that miR-541-5p

regulates cell proliferation and viability in vitro. Mechanisti-

cally, we found that HMGB1 binds to miR-541-5p, which

thereby regulates the JNK/ERK/p38 pathway activity. This

finding is significant as it suggests that modulation of the

activity of miR-541-5p/HMGB1/JNK/ERK/p38 may be a

potential therapeutic target for ALI.

Our study has some limitations. For instance, we only

identified that miR-541-5p could restrain HMGB1 expression

at the post-transcriptional level in ATII cells. Whether miR-

541-5p could affect the expression of other key regulators of

LPS-induced ATII cell proliferation and viability proliferation

and viability needs further investigation.
CONCLUSIONS

In conclusion, our study provides new insights into the

modulation of the biological progression of ATII cells. Our

results illustrate that miR-541-5p/HMGB1 exerts an important

role via modulation of the miR-541-5p/HMGB1 pathway in the

LPS-induced ATII cell model. Overexpression of miR-541-5p

attenuated LPS-induced ATII cell proliferation and viability in

vitro via suppressing HMGB1 expression and upregulation of

the JNK/ERK/p38 pathway, shedding light on the potential

diagnosis and treatment of ALI in the future.
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