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Abstract
Acute lung injury is a critical acute respiratory distress syndrome (ARDS) with high morbidity and mortality. MicroRNAs 
(miRNAs) have been demonstrated to play important roles regulating acute lung injury development. In this study, we found 
that the expression of miR-598 was significantly upregulated in the lung tissues of mice with lipopolysaccharide (LPS)-
induced acute lung injury. Both loss-of-function and gain-of-function studies were performed to evaluate the function of 
miR-598 in acute lung injury. The results showed that inhibition of miR-598 attenuated inflammatory response, oxidative 
stress, and lung injury in mice treated with LPS, while overexpression of miR-598 exacerbated the LPS-induced acute lung 
injury. Mechanistically, transcription factor Early B-cell Factor-1 (Ebf1) was predicted and validated as a downstream target 
of miR-598. Overexpression of Ebf1 attenuated LPS-induced production of inflammatory cytokine TNF-α and IL-6, amelio-
rated LPS-induced oxidative stress, promoted proliferation, and inhibited apoptosis in murine lung epithelial-15 (MLE-15) 
cells. Moreover, we demonstrated that Ebf1 knockdown abolished the protective effect of miR-598 inhibition in LPS-treated 
MLE-15 cells. In summary, miR-598 inhibition ameliorates LPS-induced acute lung injury in mice through upregulating 
Ebf1 expression, which might provide potential therapeutic treatment for acute lung injury.
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Introduction

Acute lung injury is a critical acute respiratory distress syn-
drome (ARDS) with high morbidity and mortality (Wilson 
and Calfee 2020; Butt et al. 2016). The pathogenesis of acute 
lung injury involves the damage of both vascular endothe-
lium and alveolar epithelium (Johnson and Matthay 2010). 

In the past decades, great efforts have been made to develop 
novel treatment for acute lung injury. However, no pharma-
cological treatment has been approved and current treatment 
is still supportive such as protective mechanical ventilation 
(Nieman et al. 2020; Xiong et al. 2016; Ortiz-Diaz et al. 
2013). Thus, it is important to understand the pathogenesis 
of acute lung injury, and there is an urgent unmet medical 
need for acute lung injury treatment.

Animal models have been widely used to study the 
mechanisms and therapeutic treatment of acute lung injury 
(Matute-Bello et al. 2008; Windsor et al. 1993). Lipopoly-
saccharide (LPS) is a main component of Gram-negative 
bacterial cell walls, which could induce an inflammatory 
response in the lung and result in similar pathological char-
acterization of acute lung injury in humans (Maeda et al. 
2020; Lee and Downey 2001). Intratracheal administration 
of LPS has been widely used to establish the acute lung 
injury model in mice and explore the novel treatment for 
acute lung injury (Matute-Bello et al. 2008; Zhang et al. 
2021; Jiang et al. 2017).

MicroRNAs (miRNAs) are a class of small non-coding 
RNAs involved in various biological processes (Hombach 
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and Kretz 2016). Accumulating evidence suggest that 
miRNAs play important roles in the pathogenesis of acute 
lung injury (Rajasekaran et al. 2016; Cao et al. 2016). For 
instance, miRNA-454 has been demonstrated to play a pro-
tective role in LPS-induced acute lung injury (Tao et al. 
2016). In contrast, miRNA-127 could regulate macrophage 
polarization and exacerbate acute lung injury via activating 
JNK signaling pathway (Ying et al. 2015). In addition, miR-
NAs could be utilized as biomarkers for diagnosis and thera-
peutic treatment (Ferruelo et al. 2018). MiR-598 has been 
studied as a tumor suppresser in gastric and lung cancers (Xu 
et al. 2019; Liu et al. 2018; Yang et al. 2018). MiR-598 was 
found to suppress cancer cell proliferation, migration, and 
invasion, and regulate the expression of epithelial–mesen-
chymal transition (EMT) hallmark genes, which are involved 
in the tumorigenesis of non-small cell lung cancer cancers 
(Xu et al. 2019; Liu et al. 2018; Yang et al. 2018). However, 
since acute lung injury is closely related to the disruption of 
the epithelial and endothelial barrier, the function of miR-
598 during such injury rather than tumorigenesis of lung 
epithelial cells has not been defined.

In this study, we found that the expression of miR-598 
was significantly upregulated in the lung tissues of mice with 
LPS-induced acute lung injury. By using both in vivo LPS-
induced acute lung injury model and in vitro MLE-15 cell 
assays, we demonstrated that miR-598 inhibition ameliorates 
LPS-induced acute lung injury in mice through upregulating 
Ebf1 expression, which might provide potential therapeutic 
treatment for acute lung injury.

Materials and methods

Cell culture and treatment

Murine lung epithelial-15 (MLE-15) cells were purchased 
from American Type Culture Collection (ATCC, USA) and 
cultured in DMEM medium (Gibco, USA) supplemented 
with fetal bovine serum (FBS; Invitrogen, USA) at 37 °C in 
a 5% CO2 cell incubator. Cells were treated with different 
concentrations of LPS (Sigma-Aldrich, USA) for varying 
times and subjected for further analysis.

Transfection

Mmu-miR-598 mimics (5ʹ-GCG​GUG​AUG​CCG​AUG​GUG​
CGAGC-3ʹ), miR-598 inhibitor (5′-GCU​CCG​ACC​AUC​
GGC​AUC​ACCGC-3ʹ), and corresponding negative con-
trols si-Ebf1, and relative control siRNA were obtained 
from GenePharma (Shanghai, China). MLE-15 cells at ~75% 
confluence were transfected using Lipofectamine 3000 (Inv-
itrogen, USA), following the manufacturer’s protocol. Ebf1 
overexpression vector was constructed by cloning the ORF 

of Ebf1 cDNA into pcDNA3.1 vector (Invitrogen, USA). 
Typically, 1 × 106 MLE-15 cells in one well of a 6-well plate 
were transfected with 2.5 µg plasmid or 100 pmol miRNA 
mimic or inhibitor. At 48 h after transfection, cells were 
subjected to the additional assays.

Luciferase reporter assay

Full length of Ebf1 3′-UTR was amplified by PCR and 
cloned into luciferase reporter vector (Promega, USA) and 
site mutations were generated using QuickChange Site-
directed mutagenesis kit (Stratagen, USA). MLE-15 cells 
were transfected with luciferase reporter vectors, together 
with miR-598 mimics or negative control. At 48 h after 
transfection, cells were lysed and the relative luciferase 
activity was measured using the Dual-Luciferase Reporter 
Assay kit (Promega, USA).

CCK‑8 assay

Cell growth was analyzed by Cell Counting Kit-8 (CCK-8) 
assay (Dojindo, Japan), following the manufacturer’s proto-
col. After adding CCK-8 reagent, the absorbance at 450 nm 
was measured to determine the cell viability.

Apoptosis assay

Terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling (TUNEL) assay was performed to 
assess cell apoptosis. Briefly, cells were fixed, permeabilized 
and incubated with FITC-labeled dUTP and terminal deoxy-
nucleotidyltransferase for 1 h and nuclei was counterstained 
with DAPI. The TUNEL-positive cells were counted under 
a fluorescence microscope (SOPTOP, ICX41, China), and 
data were analyzed with Image-Pro Plus software (Media 
Cybernetics, USA).

Enzyme‑linked immunosorbent assay (ELISA)

Inflammatory cytokine IL-1β, IL-6, and TNF-α in cell cul-
ture supernatant or BALF were analyzed by using corre-
sponding ELISA kits purchased from eBioscience (USA), 
following the manufacturer’s protocol.

Cellular ROS analysis

Cellular ROS was determined by flow cytometry analysis of 
DCFDA staining. Briefly, transfected cells were incubated 
with PBS or LPS, together with 10 μM H2DCFDA (molecu-
lar probes, Eugene) at 37 °C for 15 min. Cells were collected 
after treatment with 0.25% Trypsin–EDTA (Thermo Fisher, 
USA) and washed with PBS, followed by flow cytometry 
analysis of mean fluorescence intensity for DCFDA staining. 
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Cell samples in PBS were excited with a 488-nm argon ion 
laser in a flow cytometer (Coulter-XL, Beckman, USA), and 
the emission was measured at 525 nm. At least 10,000 sin-
glet cells based on the FSC-A/FSC-H and SSC-A/SSC-H 
parameters were gated for analysis using the EXP032 ADC 
Analysis Software (Beckman, USA).

MDA/SOD/GSH/LDH activity analysis

The levels of antioxidant and apoptotic markers, including 
malondialdehyde (MDA), superoxide dismutase (SOD), 
glutathione peroxidase (GSH), and lactate dehydrogenase 
(LDH), in culture supernatants of lung tissues were deter-
mined with commercial ELISA kits and other enzymatic 
activity measurement kits (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China), according to the manufac-
turer’s instructions.

Acute lung injury animal model

BALB/c mice at 5–6 weeks old were purchased from Shang-
hai Laboratory Animal Center (Shanghai, China). Randomly 
grouped mice received 1.4% isoflurane in 100% oxygen, 
and were intratracheally administrated with 5 mg/kg of LPS 
(Sigma–Aldrich, USA) to establish the acute lung injury 
model. For the treatment group, mice (n = 5) were injected 
with antagomir-598 (30 mg/kg/day) or antagomir control 
via the tail vein for a consecutive 3 days. The efficiency was 
analyzed 1 week later in murine lungs. All animal experi-
ment were approved by the Animal Care and Use Committee 
of Shaanxi University of Chinese Medicine.

Haematoxylin and eosin (H&E) staining

The left lungs of the mice were harvested after LPS 
treatment and fixed with 4% PFA, followed by embed-
ding in paraffin, sectioning into 5-μm sections, and stain-
ing with haematoxylin and eosin. The histopathological 
analysis was performed under a microscope (SOPTOP, 
CX40, China) by two pathologists who were blinded to 
the study. Image data were analyzed with Image-Pro Plus 

Fig. 1   MiR-598 expression is 
upregulated in LPS-induced 
acute lung injury in mice. a–g 
Mice were treated with 1 mg/kg 
LPS or saline control for 24 h 
(n = 5 per group). Lung tissue 
samples and BALF were col-
lected for subsequent analysis. 
a Lung tissues were processed 
for a histopathological analysis, 
b wet-to-dry weight ratio, c 
Evans blue dye extravasation 
assay, and d myeloperoxidase 
activity analysis to evaluate the 
lung injury. e IL-1β, IL-6, and 
TNF-α levels in BALF were 
analyzed by ELISA. f The rela-
tive expression of miR-598 in 
lung tissues from saline or LPS 
treatment group was analyzed 
by qPCR. g Mice were treated 
with different doses of LPS 
and the expression of miR-598 
in lung tissue was analyzed by 
qPCR. h Mice were treated with 
LPS at 1 mg/kg and over time 
and the expression of miR-
598 was analyzed by qPCR. 
*p < 0.05, ** p < 0.01, *** 
p < 0.001
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software (Media Cybernetics, USA). Lung injury scores 
were assessed by the following criteria: cellular infiltra-
tion, alveolar wall thickness, and hemorrhage, which were 
each scored from 0 to 4 (0 no injury, 1 injury in 25% of the 
field, 2 injury in 50%, 3 injury in 75%, 4 injury throughout 
the field). Areas were determined in a blinded manner in 
five equally spaced fields in each lung section. Counts of 
the average score for each lung section were summed and 
used as the ALI score.

Evaluation of lung permeability

Lung permeability was analyzed by using the Evans blue 
dye extravasation method, as previously described (Duan 
et al. 2012). Briefly, Evans blue dye was injected into the 
external jugular vein, and then each lung was perfused 
with PBS. Evans blue dye was extracted using formamide 
for 18 h at 60 °C and then the absorbance at 620 nm was 
analyzed.

Lung wet‑to‑dry ratio analysis

Right lung was harvested from each mouse treated with LPS 
and the weight of the wet lung was recorded. The lung was 
incubated at 60 °C for 4 days to remove moisture, and the 
dry lung weight was recorded to calculate the wet-to-dry 
ratio.

Myeloperoxidase activity assay

The myeloperoxidase activity in lung tissue was measured 
by using a myeloperoxidase activity assay kit (Nanjing 
Jiancheng, China) following the manufacturer’s protocol.

Real‑time quantitative polymerase chain reaction 
(RT‑qPCR)

Total RNA was purified using miRNeasy mini kit (Qiagen, 
Germany) and reverse-transcribed using miRNA specific 
stem-loop primers (Applied Biosystems, USA). RT-qPCR 
was performed using SYBR Master mixture (Applied Bio-
systems, USA) on a QuantStudio 6 real-time PCR machine 
(ThermoFisher, USA). U6 or β-actin was used as an inter-
nal control. The specific primer sequences are listed below: 
miR-598, forward 5ʹ-GCG​GUG​AUG​CCG​AUG​GUG​
CGAGC-3ʹ and reverse, universal PCR Reverse Primer 
(cat. no. B532451; Sangon Biotech Co., Ltd.), U6, forward 
5ʹ-CTC​GCT​TCG​GCA​GCACA-3ʹ and reverse 5ʹ-AAC​GCT​
TCA​CGA​ATT​TGC​GT-3ʹ, Ebf1, forward 5ʹ-AGA​TTG​AGA​
GGA​CGG​CCT​TTGT-3ʹ and reverse 5ʹ-TCT​GTC​CGT​ATC​
CCA​TTG​CTG-3ʹ, and β-actin, forward 5ʹ-CGT​GGG​CCG​
CCC​TAG​GCA​CCA-3ʹ and reverse 5ʹ-TTG​GCC​TTA​GGG​
TTC​AGG​GGG-3ʹ.

Western blot

Cultured cells or lung tissues were lysed in radioim-
munoprecipitation assay (RIPA) buffer with proteinase 
inhibitor (Beyotime, China). Equal amounts of protein 
(30 µg per lane) were separated by sodium dodecyl-sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto polyvinylidene difluoride (PVDF) mem-
brane (Millipore, USA). The membranes were blocked 
with 5% non-fat milk in 1× phosphate-buffered saline 
supplemented with 0.1% Tween 20 detergent (PBST), 
followed by incubation with indicated primary antibod-
ies overnight at 4 °C. Subsequently, the membranes were 
further incubated with a secondary antibody conjugated 
with horseradish peroxidase (HRP). The protein levels 
were visualized by using a western blot enhanced chemi-
luminescence (ECL) kit (PIERCE, USA). The follow-
ing antibodies were used in the study: anti-mouse Ebf1 
(1:2000 dilution; #ab126135; Abcam), anti-mouse β-actin 
(1:2000 dilution; #ab8226; Abcam), and anti-rabbit sec-
ondary antibody (1:5000 dilution; #ab6721; Abcam).

Statistical analysis

All data were presented as mean ± standard error of the 
mean (SEM). The statistical analyses were performed 
using two-tailed Student t test or analysis of variance 
(ANOVA) with GraphPad Prism V8 software (Prism, 
USA). A p value < 0.05 was considered as statistically 
significant.

Results

MiR‑598 expression is upregulated in lung tissues 
of mice with LPS‑induced acute lung injury

Intratracheal administration of LPS has been widely used 
to establish the acute lung injury model in mice (Matute-
Bello et al. 2008). We established the LPS-induced acute 
lung injury model as previously described (Fang et al. 2017). 
As shown in Fig. 1a, LPS treatment led to significant neutro-
phil infiltration, edema, and necrosis in mouse lung tissue, 
with a much higher lung injury score. The lung wet-to-dry 
ratio was markedly high in the lungs from LPS treatment 
mice (Fig. 1b). LPS treatment also enhanced lung perme-
ability, as demonstrated by Evans blue dye extravasation 
assay (Fig. 1c). The myeloperoxidase (MPO) activity, which 
could be used to quantify the neutrophil infiltration to lung, 
was significantly higher in LPS-treated lung tissue (Fig. 1d). 
Consistently, we found that LPS administration markedly 
enhanced the proinflammatory cytokine expression in the 
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bronchoalveolar lavage fluid (BALF), such as IL-1β, IL-6, 
and TNF-α (Fig. 1e). The above findings suggested that LPS 
administration in mice successfully established an acute 
lung injury model. Interestingly, a significant upregulated 
expression of miR-598 in lung tissue post LPS treatment was 
identified by qPCR analysis (Fig. 1f). In addition, we found 

that LPS treatment upregulated the expression of miR-598 
in mouse lung tissue dose-dependently (Fig. 1g). We also 
treated mice with LPS for different durations and found that 
LPS elevated the expression of miR-598 in a time-dependent 
manner (Fig. 1h).

Fig. 2   Inhibition of miR-598 
prevents inflammation, oxida-
tive stress, and lung injury upon 
LPS treatment in mice. Mice 
were intravenously treated with 
LPS (5 mg/kg), mmu-miR-598 
antagomir (30 mg/kg/day), or 
control antagomir for a consecu-
tive 3 days, and efficiency was 
detected 1 week later in murine 
lungs. a The expression level 
of miR-598 in lung tissue was 
analyzed using RT-qPCR. b–f 
mmu-miR-598 antagomir/ctrl 
was administrated 12 h prior 
to LPS (5 mg/kg) treatment. 
b The numbers of total cells, 
neutrophils, and macrophages in 
BALF were analyzed. c The lev-
els of IL-1β, IL-6, and TNF-α in 
BALF were detected by ELISA 
(n = 5). d MPO activity, MDA 
content, and GSH level in lung 
tissues were analyzed. e Total 
SOD activity and LDH activity 
in lung tissues were analyzed. f, 
g Lung tissues were processed 
for histopathological analysis. 
h Lung wet/dry weight ratio in 
different treatment groups was 
analyzed. * p < 0.05, ** p < 0.01
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Inhibition of miR‑598 attenuates inflammation, 
oxidative stress, and lung injury in mice treated 
with LPS

To further characterize the function of miR-598 in LPS-
induced acute lung injury, we treated mice with LPS or 
saline, together with miR-598 antogomir or negative control 
for 3 consecutive days. Lung injury in mice was analyzed 
1 week later. LPS administration led to enhanced expres-
sion of miR-598, while antigomir-598 treatment inhibited 
miR-598 expression (Fig. 2a). Functionally, inhibition of 
miR-598 markedly decreased the total cells in BALF, with 

significantly reduced neutrophils and macrophages (Fig. 2b). 
Consistently, antigomir-598 treatment suppressed the inflam-
matory response in lung tissues, with decreased expression 
of IL-1β, IL-6, and TNF-α levels in BALF (Fig. 2c). Moreo-
ver, we found that antagonizing miR-598 also suppressed 
the oxidative stress in the lung tissues of mice treated with 
LPS, showing markedly reduced MPO activity, malondial-
dehyde (MDA, lipid peroxidation marker), and glutathione 
(GSH) levels (Fig. 2d). Inhibition of miR-598 also enhanced 
superoxide dismutase (SOD) activity, but suppressed lactate 
dehydrogenase (LDH) activity in the lung tissues of mice 
treated with LPS (Fig. 2e). Moreover, miR-598 inhibition 

Fig. 3   Overexpression of miR-
598 exacerbates LPS-induced 
acute lung injury in mice. Mice 
were intravenously treated with 
LPS (5 mg/kg), mmu-miR-598 
agomir (30 mg/kg/day), or 
control agomir for a consecutive 
3 days, and the efficiency was 
detected 1 week later in murine 
lungs. a The expression level 
of miR-598 in lung tissue was 
analyzed using RT-qPCR. b–g 
mmu-miR-598 agomir/control 
was administrated 12 h prior 
to LPS (5 mg/kg) treatment. 
b The numbers of total cells, 
neutrophils, and macrophages in 
BALF were analyzed. c The lev-
els of IL-1β, IL-6, and TNF-α 
in BALF were detected by 
ELISA (n = 5). d MDA content. 
e GSH level in lung tissues was 
analyzed. f Total SOD activity 
and LDH activity in lung tissues 
was analyzed. g, h Lung tissues 
were processed for histopatho-
logical analysis. i Lung wet/
dry weight ratio in different 
treatment groups was analyzed. 
* p < 0.05, ** p < 0.01
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significantly attenuated lung injury, as evidenced by histo-
pathological analysis (Fig. 2f, g). Suppression of miR-598 
consistently decreased the lung wet/dry weight ratio in mice 
treated with LPS (Fig. 2h).

Overexpression of miR‑598 exacerbates 
LPS‑induced acute lung injury in mice

Next, we overexpressed miR-598 in mice treated with LPS 
to further characterize its function (Fig. 3a). As shown in 
Fig. 3b, overexpression of miR-598 significantly increased 
the total cells, neutrophils, and macrophages in BALF. 
MiR-598 overexpression also upregulated the inflamma-
tory response in lung tissues, with enhanced expression of 
IL-1β, IL-6, and TNF-α levels in BALF (Fig. 3c). In addi-
tion, we found that miR-598 overexpression also enhanced 
the oxidative stress in the lung tissues of mice treated with 
LPS, showing markedly upregulated MDA levels, GSH lev-
els, and enhanced LDH activity, while the SOD activity was 
decreased (Fig. 3d–f). Moreover, miR-598 overexpression 
significantly exacerbated lung injury, as evidenced by his-
topathological analysis (Fig. 3g and h). Consistently, over-
expression of miR-598 increased the lung wet/dry weight 
ratio in mice treated with LPS (Fig. 3i). It is worth noting 

that intravenous (IV) administration of miR-598 mimics 
did increase miR-598 expression in other tissues, includ-
ing spleen, liver, and thyroid (data not shown). Thus, it is 
possible that overexpressed miR-598 in other organ systems 
might also contribute to these changes.

Ebf1 is a downstream target of miR‑598

We performed bioinformatics analysis to predict the poten-
tial downstream targets of miR-598. As shown in Fig. 4a, the 
3′-UTR of Ebf1 had the complementary sequences pairing 
with miR-598. The WT or mutated 3′-UTR of Ebf1 was con-
structed into luciferase reporter, and the dual luciferase assay 
demonstrated that miR-598 mimics specifically suppressed 
luciferase activity in mouse lung epithelial cell MLE-15 
transfected with luciferase reporter vector containing WT 
3′-UTR of Ebf1 (Fig. 4b). Overexpression of miR-598 sup-
pressed Ebf1 expression, while inhibition of miR-598 mark-
edly enhanced Ebf1 expression in MLE-15 cells (Fig. 4c and 
d). In addition, we found that LPS treatment led to the down-
regulation of Ebf1 in MLE-15 cells in a dose-dependent and 
time course-dependent manner (Fig. 4e and f). Moreover, 
the expression of Ebf1 in lung tissues of LPS-treated mice 
was significantly lower than that in control mice (Fig. 4g). 

Fig. 4   Ebf1 is a downstream target of mmu-miR-598, and Ebf1 
expression in MLE-15 cells is downregulated by LPS stimulation. 
a Sequence alignment of Ebf1 3'UTR and miR-598. WT, wild type; 
MUT, mutated. b Immortalized mouse lung epithelial MLE-15 cells 
were transfected with luciferase reporter vector containing WT or 
mutated 3′-UTR of Ebf1, together with miR-598 mimics or nega-
tive control. The dual luciferase assay was performed to validate the 
interaction between miR-598 and Ebf1. c, d MLE-15 cells were 
transfected with miR-598 mimics, miR-598 specific inhibitor, or rela-

tive negative control miRNA. At 48  h after transfection, cells were 
harvested to analyze the mRNA and protein levels of Ebf1 by qPCR 
(c) and western blot (WB) (d), respectively. e, f MLE-15 cells were 
treated with different concentration of LPS (e) or treated with LPS 
for different durations, and the relative expression of Ebf1 mRNA 
was quantitated by RT-qPCR. g The relative expression level of Ebf1 
in lung tissues of sham/LPS treated mice at 24 h after challenge was 
determined by RT-qPCR. * p < 0.05, ** p < 0.01, *** p < 0.001
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These findings suggest that Ebf1 might be a downstream 
target of miR-598.

Ebf1 overexpression attenuates LPS‑induced 
inflammation, oxidative stress, impaired 
proliferation, and apoptosis in MLE‑15 cells

We further investigated the function of Ebf1 in LPS-induced 
acute lung injury by over expressing Ebf1 in MLE-15 cells 
(Fig. 5a and b). LPS stimulation promoted TNF-α and IL-6 
expression in MLE-15 cells. However, overexpression of 
Ebf1 attenuated the enhancement of TNF-α and IL-6 in 
MLE-15 cells (Fig. 5c). In addition, LPS stimulation led to 

oxidative stress with enhanced ROS production in MLE-15 
cells, which could be ameliorated by Ebf1 overexpression 
(Fig. 5d). Similarly, LPS treatment suppressed cell prolifera-
tion and enhanced cell apoptosis, while the Ebf1 overexpres-
sion could partially reverse the effect of LPS stimulation 
(Fig. 5e–g).

Ebf1 knockdown abolishes the protective effects 
of miR‑598 inhibition in MLE‑15 cells

To further study the functional relationship between 
miR-598 and Ebf1, we used siRNA to knockdown Ebf1 

Fig. 5   Ebf1 overexpres-
sion attenuates LPS-induced 
inflammation, oxidative stress, 
impaired proliferation, and 
apoptosis in MLE-15 cells. 
MLE-15 cells were transduced 
with control lentivirus or 
Ebf1-overexpressing lentivirus. 
a, b The expression levels of 
Ebf1 mRNA (a) and protein 
(b) were quantitated by RT-
qPCR and western blot assays, 
respectively. c–g MLE-15 cells 
after transfection with control 
lentivirus or Ebf1-expressing 
virus were further cultured in 
medium supplemented with 
PBS or 100 ng/mL LPS. c The 
TNF-α and IL-6 levels in MLE-
15 cell culture supernatant was 
quantitated by ELISA. d Cellu-
lar ROS was determined by flow 
cytometric analysis of DCFDA 
staining. e Cell proliferation was 
determined by CCK-8 assay. 
f, g Apoptosis was determined 
by TUNEL staining. Scale bar, 
100 µm. * p < 0.05, ** p < 0.01, 
*** p < 0.001
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expression in MLE-15 cells (Fig. 6a). While inhibition 
of miR-598 could decrease the production of TNF-α and 
IL-6 induced by LPS stimulation, knockdown of Ebf1 sig-
nificantly enhanced TNF-α and IL-6 production, and Ebf1 
knockdown antagonized the effect of miR-598 (Fig. 6b). 
Consistently, LPS stimulation led to enhanced ROS produc-
tion, decreased cell proliferation, and enhanced cell apopto-
sis, which could suppressed by miR-598 inhibition or further 
enhanced by Ebf1 knockdown (Fig. 6c–g). However, the pro-
tective effect of miR-598 inhibition on oxidative stress, cell 
proliferation, and cell apoptosis, could be abolished by Ebf1 
knockdown (Fig. 6c–g).

Discussion

Acute lung injury is a critical acute respiratory distress 
syndrome with high morbidity and mortality, while current 
therapeutic treatments are only supportive (Ortiz-Diaz et al. 
2013). The discovery of non-coding RNA such as miRNAs 
and long non-coding RNAs have provided new insights for 
acute lung injury diagnosis, prevention and treatment. By 
using LPS-induced acute injury mouse model, we found 
that miR-598 was significantly upregulated in the lung tis-
sue. In addition, we found miR-598 promoted inflammatory 
response, oxidative stress, and lung injury in mice treated 

Fig. 6   The protective effects of 
miR-598 inhibition in MLE-15 
cells were abolished by Ebf1 
knockdown. a MLE-15 cells 
were transfected with Ebf1-
specific siRNA or negative 
control siRNA. The mRNA and 
protein expression of Ebf1 in 
MLE-15 cells were analyzed 
by RT-qPCR and western blot, 
respectively. b–g MLE15 cells 
were transfected with negative 
control siRNA or Ebf1 siRNA 
oligos, together with control 
or miR-598 inhibitor. After 
stimulation with LPS for 24 h, 
cells were subjected to analyses: 
b inflammation as quantitated 
by TNF-α/IL-6 cytokine levels 
in cell culture supernatant, c, d 
oxidative stress as quantitated 
by DCFDA flow cytometry, e 
proliferation as quantitated by 
CCK-8 assay, and f, g apopto-
sis as quantitated by TUNEL 
staining. Scale bar, 100 µm. 
* p < 0.05, ** p < 0.01, *** 
p < 0.001
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with LPS. Moreover, we demonstrated that inhibition of 
miR-598 could ameliorate LPS-induced lung injury via 
enhancing the expression of Ebf1. These findings indicated 
that miR-598 could be a therapeutic target for acute lung 
injury.

MiR-598 has been studied as a tumor suppressor in mul-
tiple cancer types, such as colorectal cancer, osteosarcoma, 
gastric cancer, and also non-small lung cancer (Xu et al. 
2019; Liu et al. 2017; Chen et al. 2017). Yang et.al reported 
that miR-598 negatively regulated Derlin-1 and epithelial-
mesenchymal transition in non-small lung cancer (Yang 
et al. 2018). However, there is no report of miR-598 func-
tion on acute lung injury. Previous study has demonstrated 
that miR-598 was involved in the anti-inflammatory effect 
of alpha-1 antitrypsin augmentation therapy by inhibiting 
NF-κB signaling (Hassan et al. 2017). The NF-κB-IL-6 
signaling pathway is widely known in mediating vascular 
inflammation (Brasier 2010). Consistently, we found that 
LPS-induced acute lung injury led to upregulation of miR-
598 and enhanced production of inflammatory cytokine 
TNF-α and IL-6. In addition, we also revealed that miR-598 
modulated oxidative stress and cell proliferation/apoptosis 
in LPS-induced acute lung injury.

Bioinformatics analysis predicted that Ebf1 was a direct 
target of miR-598 and luciferase reporter assay, further vali-
dated the interaction between miR-598 and Ebf1. Ebf1 is 
a transcription factor, which is important for early B-cell 
development (Gao et al. 2009). Previous study has demon-
strated that Ebf1 expression was significantly upregulated in 
the early stages of sepsis (Bhatty et al. 2012). Intriguingly, 
Ebf1 mRNA was reported to be regulated by multiple altered 
miRNAs in a rat model of ARDS (Huang et al. 2014). Here 
we confirmed that overexpression of Ebf1 could attenuate 
LPS-induced inflammation, oxidative stress, impaired prolif-
eration, and apoptosis in MLE-15 via antagonizing the effect 
of miR-598. It should be noted that due to the multiple-to-
multiple relationship between miRNAs and target mRNAs, 
we could not exclude the possibility that miR-598 has multi-
ple targets, including Ebf1 contributing to the LPS-induced 
acute lung injury, while Ebf1 could also be regulated by 
multiple miRNAs.

In conclusion, the current study proved that miR-598 
was significantly enhanced in the lung of mice upon LPS 
treatment, while inhibition of miR-598 attenuated the acute 
lung injury induced by LPS administration. MiR-598 exacer-
bated LPS-induced acute lung injury via negatively regulat-
ing Ebf1 expression. These findings unveil a novel role of 
miR-598/Ebf1 in acute lung injury, which could be utilized 
to develop novel therapeutic treatment for acute lung injury.
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