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Inhibition of miR-221 alleviates LPS-induced acute lung injury via inactivation of
SOCS1/NF-κB signaling pathway
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ABSTRACT
The role of inflammation response has been well documented in the development of acute lung
injury (ALI). However, little is known about the functions of miRNAs in the regulation of inflam-
mation in ALI. The aim of this study was to explore the effects of miRNAs in the regulation of
inflammation in ALI and to elucidate the biomolecular mechanisms responsible for these effects.
The expression profiles of miRNAs in lung tissues from lipopolysaccharide (LPS)-induced ALI mice
model were analyzed using a microarray. It was observed that microRNA-221-3p (miR-221) was
significantly increased in lung tissues in ALI mice. The inhibition of miR-221 attenuated lung injury
including decreased lung W/D weight ratio and lung permeability and survival rates of ALI mice,
as well as apoptosis, whereas its agomir-mediated upregulation exacerbated the lung injury.
Concomitantly, miR-221 inhibition significantly reduced LPS-induced pulmonary inflammation,
while LPS-induced pulmonary inflammation was aggravated by miR-221 upregulation. Of note,
suppressor of cytokine signaling-1 (SOCS1), an effective suppressor of the NF-κB signaling path-
way, was found to be a direct target of miR-221 in RAW264.7 cells. Overexpression of SOCS1 by
pcDNA-SOCS1 plasmids markedly reversed the miR-221 inhibition-mediated inhibitory effects on
inflammation and apoptosis in LPS-treated RAW264.7 cells. Finally, it was found that miR-221
inhibition suppressed LPS induced the activation of the NF-κB signaling pathway, as demon-
strated by downregulation of phosphorylated-IκBα, p-p65 and upregulation of IκBα, whilst miR-
221 overexpression had an opposite result in ALI mice. Our findings demonstrate that inhibition of
miR-221 can alleviate LPS-induced inflammation via inactivation of SOCS1/NF-κB signaling path-
way in ALI mice.
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Introduction

Acute lung injury (ALI) is a common critical condi-
tion in patients with sepsis or infection, and it mainly
characterized with an excessive-uncontrolled inflam-
matory response [1–5]. Although several available
therapies have been applied to cure ALI such as nitric
oxide, surfactant, glucocorticoids, the morbidity and
mortality in critically ill patient remain high [6,7].
Therefore, it was an urgent need for the development
of novel and effective treatments.

Increasing evidence has confirmed that inflamma-
tory response plays an important role in the patho-
genesis of ALI [8]. Once activated, the inflammatory
cell including neutrophils and macrophages in the
lung tissue produces large amounts of pro-
inflammatory cytokines such as tumor necrosis fac-
tor-α (TNF-α), interleukin (IL)-1β and IL-6 that
increase the capillary permeability leading to tissue

edema and exacerbation of tissue injury [9–12]. In
ALI patients, the persistent elevation of pro-
inflammatory cytokines always predicts a poor out-
come [13]. Thus, reduction of inflammatory
response could be a benefit for the treatment of ALI.

MicroRNAs (miRNAs) are a class of highly con-
served, single-stranded, short noncoding RNAs that
suppress the expression of protein-coding genes at the
posttranscriptional level [14]. Emerging evidence
reveals that miRNAs play a major role in the ameli-
oration of various inflammatory diseases, including
ALI [15–17]. Recent studies in mouse ALI model
showed that miRNA expression profiles are altered
after ALI, and modulation of miRNA expression can
affect the development ofALI [16,18,19]. For example,
Guo et al. showed that enforced expression of miR-
125bwas able to ameliorate the LPS-inducedALI [20].
Li et al. found thatmiR-181a inhibition protectedmice
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against LPS-induced ALI by targeting Bcl-2 [16].
However, the regulations of the inflammatory
response by miRNAs in ALI have rarely been
reported.

In the present study, we conducted a miRNA
microarray to define the miRNA pattern in ALI
mice, and miR-221 attracted our attention.
Subsequently, using a mouse model of ALI, the
role of miR-221 in inflammation in ALI was
examined, and the role of the SOCS1/NF-κB
signaling pathway in the protective activity of
miR-221 against ALI was further confirmed.
These results suggest that miR-221 may serve
as a potential therapeutic target for the treat-
ment of ALI.

Materials and methods

Animals

Male BALB/c mice (18–22 g) were purchased from
The Third Affiliated Hospital of Zhengzhou
University (Zhengzhou, China). All surgical and
care procedures were finished in accordance with
the guide for the international guidelines on the
ethical use of animals. All mice were housed in
a specific pathogen-free condition at 22 ℃ ± 2 ℃ on
12 h light/dark cycle.

In miRNA microarray analysis, mice were ran-
domly divided into two groups, namely control
group (saline) and ALI group (n = 3/group).
A control group with intra-tracheal instillation of
2 mg/kg normal saline (NS) and an ALI group with
intra-tracheal instillation of 2 mg/kg LPS [21]
(Escherichia coli 055:B5; Sigma). Mice were huma-
nely killed at 24 h by an overdose of anesthesia after
LPS treatment. Three pairs of lung tissue samples
were subjected to miRNAs identification using
miRNA microarray analysis.

miR-221 antagomir (antagomir-221) (5ʹ-GAA
ACCCAGCAGACAAUGUAGCU-3ʹ) and miR-221
agomir (agomir-221) (5ʹ-CAAACCCAGCAG
ACAAUGUAGCU-3ʹ) experiments. The mice were
randomly divided into six groups (n = 16/group): (1)
Control group (saline), (2) LPS group (3) LPS +
agomir-221 group, (4) LPS + agomir-NC group, (5)
LPS + antagomir-221 group, (6) LPS + antagomir-
NC group. Mice were injected intravenously (tail
vein) with agomir-221, antagomir-221, control

antagomir or control agomir (2 mg/kg, Ribobio,
Guangzhou, China) 24 h prior to 2 mg/kg LPS.
Another 16 mice treated with saline were used as
controls. Mice were humanely killed at 24 h by an
overdose of anesthesia after LPS treatment except for
survival experiment. Lung tissue samples, spleno-
cytes and the bronchoalveolar lavage fluid (BALF)
were collected for subsequent analysis. Whole blood
from mice was collected in Heparin containing
DNase/RNase-free tubes through the tail vein.

Microarray analysis

Total RNA was isolated from LPS-infected lung
tissues collected from the sacrificed mice using
the miRNeasy mini kit (QIAGEN). After passing
the RNA quantity measurement using the
NanoDrop 1000, the samples were labeled using
the miRCURY™ Hy3™/Hy5™ power labeling kit and
hybridized on the miRCURY™ LNA Array (v18.0).
The slides were scanned using the Axon GenePix
4000B microarray scanner. After grid alignment
and data extraction using GenePix Pro 6.0 soft-
ware (Axon), differentially expressed miRNAs
were then identified through Fold Change filtering
(Fold Change >2.0). Finally, hierarchical clustering
was performed to show distinguishable miRNA
expression profiling among samples.

Quantitative real-time PCR analysis

Total RNA was isolated from tissues or cells using
the miRNeasy mini kit (QIAGEN) following the
manufacturer’s protocol. For microRNA analysis,
cDNA conversion was carried using miRNA specific
stem-loop primers (Applied Biosystems, Foster City,
CA, USA). For mRNA, 1.0 μg total RNA was reverse
transcribed into cDNA using a PrimeScript RT
Reagent Kit (Takara Bio, China) according to the
manufacturer’s protocol. qPCRwas performed using
a standard protocol from the SYBR Green PCR kit
(Toyobo, Osaka, Japan) on an ABI PRISM 7500
Real-time PCR system (Life Technologies, USA).
U6 and GAPDH were used as references for
miRNAs and mRNAs, respectively. The primer
sequences were as follows: miR-211, forward 5ʹ-
GTTCGTGGGAGCTACATTGTCTGC-3ʹ and re-
verse 5ʹ-GTGCAGGGTCCGAGGT-3ʹ; U6 forward:
5ʹ-GCTTCGGCAGCACATATACTAAAAT-3ʹ, re-
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verse: 5ʹCGCTTCACGAATTTGCGTGTCAT-3ʹ;
SOCS1 forward: 5ʹ-CTGGGATGCCGTGTTATTT
-3ʹ, reverse: 5ʹ-TAGGAGGTGCGAGTTCAGGT-3ʹ
GAPDH forward: 5ʹ-AGGTCGGTGTGAACGGA
TTTG-3ʹ, reverse: 5ʹ-TGTAGACCATGTAGTTG
AGGTCA-3ʹ. Data were calculated using the
2−ΔΔCT method [22].

Evaluation of lung permeability

Lung permeability was assessed using the Evans blue
dye extravasation method, as described in a previous
study [23]. In brief, using the tail vein, 4 mL/kg of 2%
Evans blue (Sigma-Aldrich, St. Louis, MO, USA) in
normal saline was injected 10 h before the animals
were euthanized. After adequate perfusion with nor-
mal saline, Evans blue dye was extracted from the
lung using formamide for 18 h at 60°C andmeasured
as the absorbance of the supernatant at 620 nm on
a microplate reader (BioTek, Winooski, Vermont,
United States) and was reported as the amount of
EB per wet tissue weight (μg/g).

Lung wet/dry (W/D) ratio

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

Histopathologic evaluation of lung tissues

Upper and lower lobe lung samples were excised
24 h after LPS challenge, fixed with 10% formalin
and microsectioned at 5 μm. Then, the tissues
embedded in paraffin and stained with hematox-
ylin and eosin. Finally, lung injury score was
assessed in a blinded fashion using a semi-
quantitative light microscopy evaluation as pre-
viously described [24]. The images were captured
by Nikon E100 microscope at ×400 magnification.

Terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nickend labeling (TUNEL)
assay

For TUNEL staining, fluorescence staining was per-
formed using a commercially available in situ

Cell Death Detection Kit (Roche Diagnostics,
Indianapolis, IN) according to the manufacturer’s
instructions. Results are expressed as the average
number of TUNEL-positive staining cells per 400 ×
magnification field. Fluorescence images were
obtained on a Nikon E100 microscope.
Quantification of TUNEL-positive cells was done by
determining the percentage of TUNEL-positive
(green) cells in multiple high-power fields (n = 3
sections per mouse strain and treatment group).
Each sample was measured in triplicate.

Bronchoalveolar lavage fluid (BALF) collection
and analysis

BALF was collected 24 h after LPS treatment from all
groups as described in a previous study [25]. The
BALF was centrifuged 1500 rpm for 10 min at 4°C,
and the supernatant aliquots were separated and
preserved at −80°C for further cytokine quantifica-
tion. The sedimented cells were re-suspended in PBS
for analyzing the number of cells and neutrophils
with the help of a light microscope, using Wright–
Giemsa method employing hemocytometer.

Measurement of pro-inflammatory cytokines and
chemokines

The levels of TNF-α, IL-6, and IL-1β in BALF
were measured using sandwich ELISA kits
according to the manufacturer’s instructions
protocol (BioLegend, CA, USA). Chemokine
levels including KC (the murine homolog of
human IL-8) in BALF were measured using
cytokine-specific bead kits (R&D Systems).

Cell culture and treatment

The RAW 264.7 macrophages are widely used in
a model of LPS-induced ALI, and macrophages
play an essential role in the regulation of inflam-
mation responses [26,27]. RAW 264.7 cells were
purchased from the American Type Culture
Collection (Manassas, VA, USA) and cultured in
DMEM/F12 (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% FBS (Invitrogen,
Carlsbad, CA, USA) at 37℃ in a humidified atmo-
sphere with 5% CO2. For LPS treatments, cells
were plated in 12-well plates (1 × 106 cells/well)
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and were cultured at 37°C for 24 h. Then, cells
were exposed to 0, 0.1, 1, 2 and 10 μg/ml LPS for
5 h.

Cell transfection

miR-221 mimics (5ʹ-
AGCUACAUUGUCUGCUGGGUUUC-3ʹ), miR-
221 inhibitor (5ʹ-GAAACCCAGCAGACAAGU
AGCU-3ʹ), and the respective negative controls
(NCs) i.e. mimics NC and inhibitors NC, si-
SOCS1, were chemically synthesized from
GenePharma Co., Ltd. (Shanghai, China). RAW
264.7 cells in logarithmic phase were transfected
with miRNAs, si-SOCS1 and their controls using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruc-
tions. Post-transfection, the cells were stimulated
with LPS (1 μg/mL) for 24 h and then utilized in
subsequent experiments.

Cell viability assay

RAW 264.7 cells were seeded in 96-well plate (5000
cells/well) and treated with LPS for 5 h. Then, viabi-
lity was assessed by Cell Counting Kit-8 assay (CCK-
8, Dojindo Molecular Technologies, Gaithersburg,
MD, USA). Briefly, after treatment, CCK-8 solution
(10 μl) was added into the culture medium followed
by incubation at 37°C in humidified 5% CO2 for 1
h. After that, the optical density of each sample at
450 nm was measured using a Microplate Reader
(Bio-Rad, Hercules, CA, USA).

Cell apoptosis assay

After 48 h transfection in RAW 264.7 cells, apop-
tosis assay was performed with Annexin V-FITC
Apoptosis Detection Kit (Abcam, Cambridge,
UK) according to the manufacturer’s instruc-
tions. The cells were harvested and washed twice
with PBS, then stained with Annexin V and PI.
After incubation for 15 min at room temperature
in the dark, cell apoptosis was analyzed on
a FACScan flow cytometer (FCM; Bechman
Coulter, CA) and then analyzed by FlowJo 8.7.1
software (Ashland, OR).

Luciferase assay

The 3´-UTR of SOCS1, with wild-type or mutant
(Mut) binding sites for miR-221, was amplified
and cloned into the pGL3 vector (Promega,
Madison, WI, USA) to generate the plasmid pGL3-
WT-SOCS1-3´-UTR or pGL3-Mut-SOCS1-3´-
UTR, respectively. For the luciferase reporter
assay, RAW 264.7 cells were co-transfected with
the luciferase reporter vectors and miR-221
mimics, miR-221 inhibitor or corresponding nega-
tive control (100 nM, Genecopoeia, Guangzhou)
using Lipofectamine 2000 reagent. The pRL-TK
plasmid (5 ng, Promega, Madison, USA) was
used as a normalizing control. After 24 h of incu-
bation, luciferase activity was analyzed using the
Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s protocol.

Western blot

Lung tissue samples or cells were lysed in a RIPA
buffer (Cell Signaling Technology TDanvers, MA,
USA) with protease and phosphatase inhibitors
(Roche, Indianapolis, IN, USA) for 30 min.
Nuclear protein from cells was extracted using
Cytoplasmic and Nuclear Protein Extraction Kit
(cat no. 78,833, ThermoFisher Scientific, USA).
The protein concentrations were measured using
a BCA protein assay kit (Beyotime, China), and 40
μg of proteins was electrophoretically transferred
onto a PVDF membrane, followed by blocking
with 5% non-fat milk for 1 h. Membranes were
incubated with primary antibodies against SOCS1
(cat no.ab9870, 1:2000), nuclear-p65 (cat no.
ab86299, 1:2000), p-IκBα (cat no.ab133462,
1:5000), IκBα (cat no.ab32518, 1:5000) and β-actin
(cat no.ab8226, 1:2000) (all from Abcam,
Cambridge) at 4°C overnight. After washing, the
membrane was incubated with appropriate horse-
radish peroxidase (HRP)-conjugated secondary
antibodies including goat anti-rabbit IgG (cat no.
ab6721, 1:5000) and goat anti-mouse IgG (cat no.
ab6789, 1:5000) for 1 h at room temperature.
A chemiluminescence detection system (Millipore,
Billerica, MA, USA) was used for visualization of
the results and quantification of the bands was
performed using Quantity One software (Bio-Rad,
Hercules, CA, USA).
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Statistical analysis

Statistical analysis was performed using GraphPad
Prism 5.0 (GraphPad Software, Inc., San Diego, CA,
USA). Data are presented as the means ± standard
deviation (SD). Statistical differences were analyzed
using the Student’s t-test or one-way analysis of
variance (ANOVA) with the Tukey’s test. P values
< 0.05 were considered significant.

Results

The expression of pulmonary miRNA in ALI mice

In order to identify miRNAs associated with ALI, we
conducted amiRNAexpressionmicroarray to identify
the types of miRNA in a mice model of ALI induced
by LPS. The miRNA expression microarray revealed
that the number of miRNAs with over a twofold
change in expression levels was 57, including 35 upre-
gulated and 22 downregulated miRNAs (Figure 1(a)).
Among these aberrant miRNAs, miR-221 (miR-221-
3p) was selected for further investigation as its expres-
sion level was identified as the highest in the ALI
group. Previous studies have reported that miR-221

protects macrophages against the inflammatory
response, and are critically involved in the develop-
ment of inflammatory disorders, including those
affecting the lungs [28,29]. However, whether miR-
221 has a protective effect on inflammatory response
in ALI remains unknown.

To further validate the results of the microarray
study, we determined the expression level of miR-
221 in lung tissues of LPS-induced ALI mice at 24
h after LPS challenge. We found that the expression
level of miR-221 in lung tissues was significantly
increased compared with the control group
(Figure 1(b)). Similarly, the expression of miR-221
was also significantly upregulated in peripheral
blood and splenocytes in the ALI group, compared
with that in control group (Figure 1(c,d)). These
results indicated that miR-221 might be involved in
the development of ALI.

The effects of miR-221 on LPS-induced injury
in vivo

To further investigate the role of miR-221 in ALI,
agomir-221 and antagomir-221 were injected into

Figure 1. miR-221 was upregulated in LPS-induced ALI in mice. Mice (n = 3 each) were treated with a single dose of LPS (2 mg/kg)
or normal saline, and total RNAs were isolated from their lungs at 24 h after the treatment. (a) Heat map of miRNA profiles
represented the significantly regulated miRNAs (n = 3/group). (b-d) miR-221 expression was validated by qRT-PCR in lung tissues,
peripheral blood and splenocytes of mice challenged with LPS (n = 6/group). Data represent the mean ± SD of three independent
experiments. **p < 0.01 vs. control group.
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ALI mice. The qRT-PCR analysis showed that the
expression of miR-221 in lung tissues markedly
increased or decreased by the agomir-221 and
antagomir-221, compared with that in the LPS
group (Figure 2(a)). Then, the survival rates of
mice in different groups were calculated. As
shown in Figure 2(b), the survival rate in antago-
mir-221 group was significantly high, compared
with that in LPS group, while the survival rate in
the agomir-221 group was even lower than LPS
group. The capillary permeability was evaluated by
Evans Blue assay and the results showed that the
increased capillary permeability induced by LPS
was dramatically reduced by antagomir-221, but it
was enhanced by agomir-221 (Figure 2(c)). Figure 2
(d) shows that LPS treatment led to a significant
increase in lung wet to dry (W/D) weight ratio,
compared to control mice and this promoting effect
by LPS was attenuated by antagomir-221, but was
enhanced by agomir-221. Moreover, histopatholo-
gical results in LPS-induced ALI mice showed
excessive cellular infiltration in the alveolar and
interstitial spaces of the tissue. However, antago-
mir-221 injection significantly reduced this LPS-
driven cellular infiltration into the lungs, closely

resembling lungs from control mice, but agomir-
221 aggravated LPS-induced cellular infiltration
into the lung (Figure 2(e)). Further, the severity of
lung injury was also scored using a semi-
quantitative histopathology score system, and we
found that antagomir-221 could significantly reduce
the lung injury score of LPS-induced ALI mice,
whereas agomir-221 could enhance the lung injury
score. Overall, these results demonstrated that miR-
221 inhibition exerted a protective effect against
LPS-induced injuries in mice.

The effects of miR-221 on apoptosis in
LPS-induced ALI mice

Apoptosis is also one of the critical pathologies
that contribute to ALI [30]. To determine the
effect of miR-221 on apoptosis in LPS-induced
ALI mice, we quantified the number of apopto-
tic events in the lungs of ALI mice using
TUNEL assay. As shown in Figure 3(a), B,
LPS treatment showed a significant increase in
the number of TUNEL-positive cells. However,
antagomir-221 injection resulted in a significant

Figure 2. The effects of abnormally expressed miR-221 on LPS-induced injury. Mice were injected intravenously (tail vein) with
agomir-221, antagomir-221, control antagomir or control agomir (2 mg/kg) 24 h prior to 2 mg/kg LPS treatment. The mice were
sacrificed after LPS administration for 24 h and then lung tissues were collected for analysis. (a) The efficiency of agomir-221 or
antagomiR-221 was determined by qRT-PCR. (b) The Kaplan–Meier method was used to compare the survival rates among different
groups (n = 10/group). (c) Lung permeability was assessed using the Evans blue dye extravasation method (n = 6/group). (d) The
pulmonary edema was evaluated by the lung wet/dry weight ratio (n = 6/group). (e) The degree of injury of lung samples was
assessed with H&E staining at ×400 magnification (n = 6/group). *p < 0.05, **p < 0.01 vs. control group. ##p < 0.01 vs. LPS alone
group.
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reduction in the number of TUNEL-positive
cells, compared to the LPS group, while ago-
mir-221 dramatically enhanced the number of

TUNEL-positive cells induced by LPS. These
data indicate that inhibition of miR-221 sup-
pressed the apoptosis in LPS-induced ALI mice.

Figure 3. The effects of altered miR-221 expression on apoptosis in LPS-induced ALI mice. Mice were injected intravenously (tail
vein) with agomir-221, antagomir-221, control antagomir or control agomir (2 mg/kg) at 24 h prior to 2 mg/kg LPS treatment. The
mice were sacrificed after LPS administration for 24 h and then lung tissues were collected for analysis. (a) Apoptotic cells in the
tissues were observed using TUNEL assay at ×400 magnification (n = 6/group). (b) The quantity of TUNEL-positive cells was elevated
in ALI mice (n = 6/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.

Figure 4. The effects of altered miR-221 expression on pulmonary inflammation in LPS-induced ALI mice. Mice were injected
intravenously (tail vein) with agomir-221, antagomir-221, control antagomir or control agomir (2 mg/kg) at 24 h prior to 2 mg/kg
LPS treatment. The mice were sacrificed after LPS administration for 24 h and then BALF were collected for analysis. (a, b) The total
counts of cells and neutrophils from the BALF were counted using a hemocytometer (n = 6/group). (C-F) IL-1β, TNF-α, IL-6 and
chemokines levels in BALF were measured using commercial ELISA kits (n = 6/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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The effects of miR-221 on pulmonary
inflammation in LPS-induced ALI mice

Next, we further investigated the effects of miR-
221 on the pulmonary inflammation in LPS-
induced ALI mice. First, the total cell and neutro-
phil counts in BALF were detected. As shown in
Figure 4(a), B, LPS treatment resulted in an eleva-
tion of the total cell and neutrophil numbers.
However, antagomir-221 injection significantly
reduced the total cell counts and neutrophils com-
pared to the LPS group, while agomir-221 drama-
tically enhanced the total cell and neutrophil
counts (Figure 4(a,b)). In order to further confirm
that miR-221 could attenuate LPS-caused lung
injury via inflammation improvement, pro-
inflammatory cytokines (IL-1β, TNF-α and IL-6)
and chemokines (KC) levels in BALF were mea-
sured using ELISA. As expected, LPS-induced
increase in protein levels of IL-1β, TNF-α, IL-6
and KC was obviously attenuated by antagomir-
221, while the ability of LPS to increase these
inflammatory mediator expressions was dramati-
cally enhanced by agomir-221 (Figure 4(c–f)). The
data above indicated that inhibition of miR-221
may attenuate the lung injury induced by LPS
through suppression of pulmonary inflammation.

SOCS1 was a direct target of miR-221

In search of potential target genes for miR-221, the
webservers Targetscan, miRanda and PicTar were
used, and found that suppressor of cytokine signal-
ing-1 (SOCS1) was a target of miR-221, with the
target site located in the 3´-UTR (Figure 5(a)). It
has previously been reported that SOCS1 is
a negative feedback inhibitor of cytokine signaling
and plays an important role in the amelioration of
inflammation response [31–33]. As SOCS1 has been
proven to be the target of miR-221 [34,35], we
sought to determine whether miR-221 regulates the
inflammatory response through targeting SOCS1 in
ALI. To confirm that SOCS1 was negatively regu-
lated by miR-221, the levels of SOCS1 mRNA and
protein expression were analyzed in RAW 264.7 cells
by qRT-PCR andWestern Blot analysis. It was found
that SOCS1 levels were significantly downregulated
after miR-221 mimics transfection, while upregu-
lated after transfection with miR-221 inhibitor

(Figure 5(b,c)). To further validate that miR-221
directly binds to SOCS1, a luciferase reporter assay
was performed. We observed that overexpression of
miR-221 decreased relative luciferase activity of
RAW 264.7 cells in the presence of the wild-type 3´-
UTR, whereas knockdown of miR-221 increased the
relative luciferase activity (Figure 5(d)). Similarly, we
observed that the luciferase activity did not change
significantly when the targeted sequence of SOCS1
was mutated in the miR-221-binding site. In addi-
tion, we also measured the protein expression of
SOCS1 in lung tissues from ALI mice injected with
agomir-221 or antagomir-221. The results of
Western Blot showed that LPS treatment signifi-
cantly decreased the expression of SOCS1 compared
to control group. However, antagomir-221 reversed
the inhibitory effect of LPS on the expression of
SOCS1, whereas agomir-221 resulted in a more pro-
nounced reduction in the expression of SOCS1
(Figure 5(e)). These results above show that miR-
221/SOCS1 may play an important role in the inhi-
bition of inflammation in ALI.

MiR-221 regulates the inflammatory response in
LPS-treated RAW 264.7 cells through targeting
SOCS1

As mentioned above, SOCS1 was a direct target
of miR-221 in RAW 264.7 cells; therefore, the
present study further investigated whether miR-
221 protected RAW 264.7 cells from LPS-
induced inflammatory response by regulating
SOCS1. RAW 264.7 cells were treated with dif-
ferent concentrations of LPS (0.1, 1, 2 or 10 μg/
ml) for 6 h. The results showed that the viabi-
lity of RAW 264.7 cells was obviously decreased
in a high dose of LPS (2 μg/ml and 10 μg/ml).
However, no remarkable change in cell viability
was observed when cells received LPS at the
doses of 0.1 and 1.0 μg/ml (Figure 6(a)).
Therefore, LPS in a dose of 1 μg/ml was used
for subsequent experiments, which is consistent
with a previous study [36]. To confirm the role
of SOCS1 in the observed protective effects of
miR-221 inhibition on LPS-induced inflamma-
tory response, RAW 264.7 cells were co-
transfected with miR-221 inhibitor and si-
SOCS1 plasmids, and then treated with LPS
for 6 h, followed by the assessment of cell
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apoptosis and pro-inflammatory cytokines (IL-
1β, TNF-α and IL-6). First, we measured the
expression of miR-221 in LPS-treated RAW
264.7 cells after miR-221 inhibitor transfection
by qRT-PCR. The results showed that miR-221
inhibitor transfection markedly reduced the
expression of miR-221 compared to the LPS
group (Figure 6(b)). In order to verify the effect
of miR-221 on the apoptosis in LPS-stimulated
cell model, flow cytometer was performed. As
shown in Figure 6(c), LPS-induced cell apopto-
sis was reduced by miR-221 inhibitor, while the
inhibitory effect was attenuated when SOCS1
was knocked down. Moreover, we found that
the expression of IL-1β, TNF-α and IL-6 was
remarkably decreased in LPS-induced

RAW264.7 cells after the treatment with miR-
221 inhibitor. However, these inhibitory effects
of miR-221 knockdown were reversed by si-
SOCS1.
(Figure 6(d–f)). Above all, these results revealed
that miR-221 inhibition attenuated LPS-induced
cell apoptosis and inflammation through upre-
gulating SOCS1 expression.

MiR-221 inhibition suppressed NF-κB pathway
through upregulation of SOCS1

It has previously been reported that NF-κB signal-
ing pathway plays important roles in mediating
inflammatory response [37]. As NF-κB acts as
a downstream pathway of SOCS1, we sought to

Figure 5. SOCS1 was a direct target of miR-221. (a) The putative binding site of miR-221 and SOCS1 is shown. (b, c) The expressions
of SOCS1 mRNA and protein after transfection with miR-221 mimics or miR-221 inhibitor were measured by qRT-PCR and Western
Blot. Data represent the mean ± SD of three independent experiments. **p < 0.01 vs. Blank group. (d) Luciferase assay of RAW264.7
cells co-transfected with firefly luciferase constructs containing the SCOS1 wild-type or mutated 3´-UTRs and miR-221 mimics,
mimics NC, miR-221 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. (e) Expression of SOCS1 in lung tissues was measured using Western Blot in ALI
mice (n = 6/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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determine whether inhibition of miR-221 exerts its
anti-inflammatory role through SOCS1-mediated
inhibition of the NF-κB signaling pathway. Thus,
we investigated the effect of miR-221 on the

expressions of the key proteins of the NF-κB sig-
naling pathway, including p-p65, IκBα and p-IκBα.
It was observed that the expression levels of p-p65
and p-IκBα were both enhanced by LPS exposure

Figure 6. miR-221 regulates the inflammatory response in LPS-treated RAW 264.7 cells through targeting SOCS1. (a) LPS with
different doses (0.1, 1, 2 or 10 μg/ml) was used to treat RAW 264.7 cells for 6 h, then cell viability was measured by CCK-8 assay. Data
represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 vs. non-treated group. (b) The expression of miR-
221 was detected by qRT-PCR. Then, RAW 264.7 cells were co-transfected with miR-221 inhibitor (20 nM) and si-SOCS1, and then
treated with LPS (1 μg/ml) for 6 h, followed by the assessment of cell apoptosis and pro-inflammatory cytokines. (c) The apoptosis
was determined by flow cytometer. (d-f) IL-1β, TNF-α and IL-6 levels in BALF were measured using commercial ELISA kits. 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. && p < 0.01 vs. LPS + miR-221 inhibitor group.

Figure 7. The effects of abnormally expressed miR-221 on SOCS1/NF-κB pathway in LPS-induced ALI mice. Mice were injected
intravenously (tail vein) with agomir-221, antagomir-221, control antagomir or control agomir (2 mg/kg) 24 h prior to 2 mg/kg LPS.
The mice were sacrificed at 24 h after LPS administration and then lung tissues were collected for analysis. (a) The levels of SOCS1,
IκB-α, p-IκB-α and nuclear p-p65 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 alone group.
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in ALI mice, whereas the expression of SOCS1 and
IκBα was significantly reduced, which suggest that
LPS promoted the activation of SOCS1/NF-κB
pathway. However, the activation of SOCS1/NF-
κB signaling pathway induced by LPS was substan-
tially suppressed by antagomir-221, as a result of
the reduction of p-p65 and p-IκBα and promotion
of SOCS1 and IκBα (Figure7(a,b)). In contrast, the
activation of NF-κB signaling pathway induced by
LPS was enhanced by agomir-221. These results
indicated that miR-221 inhibition inactivated NF-
κB pathway via upregulating SOCS1.

Discussion

In the present study, we found that miR-221 was
significantly upregulated in lung tissues of ALI
mice. miR-221 inhibition could attenuate LPS-
induced lung injury through its anti-
inflammatory activity in mice. Moreover, it was
demonstrated that miR-221 suppressed LPS-
induced inflammatory response through SOCS1/
NF-κB pathway. These results suggest that inhibi-
tion of miR-221 may be a potential therapeutic
target for the treatment of ALI.

Recently, miRNAs have been reported to be
involved in the inflammatory response in many
injury models [38,39]. For example, Ying et al.
found that miR-127 modulated macrophage polar-
ization and promoted lung inflammation and
injury by activating the JNK pathway [21]. Liu
et al. demonstrated that miR-147 attenuated the
inflammatory response of macrophages through
decreasing LPS-induced TNF-α and IL-6 produc-
tion [39]. In ALI, Yang et al. showed that miR-16
protected against ALI in mice via attenuating
inflammatory response through regulating the
TLR4/NF-κB pathway [40]. Huang et al. found
that downregulated miR-27b attenuated LPS-
induced ALI via activation of NF-E2-related factor
2 (Nrf2) and inhibition of the NF-κB signaling
pathway. Fu et al. reported that miR-92a antagon-
ism attenuated LPS-induced pulmonary inflamma-
tion and injury in mice through suppressing the
PTEN/AKT/NF-κB signaling pathway [41,42]. In
this study, using microarray, we found that miR-
221 was significantly upregulated in ALI mice and
its high expression was also observed in peripheral
blood and splenocytes from ALI mice. Previous

studies revealed that miR-221 was closely asso-
ciated with inflammatory disorders. For example,
Zhu et al. showed that overexpression of miR-221
attenuated angiotensin II-induced endothelial
inflammation in human umbilical vein endothelial
cells [43]. Similarly, miR-221 was reported to inhi-
bit nitric oxide (NO) production and activate NF-
κB signaling in human endothelial cells, thus lead-
ing to exaggerated inflammation [44]. Zhao et al.
reported that intratracheal instillation of miR-221
in ALI mice caused exaggerated lung injury and
inflammation, suggesting that inhibition of miR-
221 may improve lung injury induced by LPS [45].
In our study, we investigated the influence of miR-
221 on LPS-induced ALI. Results have demon-
strated that miR-221 inhibition could effectively
attenuate LPS-mediated lung injury and mortality
in mice, and overexpression of miR-221 had oppo-
site effects. We further showed that the protective
effect of miR-221 inhibition might be mediated
through its ability to inhibit LPS-induced inflam-
matory cytokines release (TNF-α, IL-1β and IL-6)
and to ameliorate of LPS-stimulated apoptosis. All
these data support that miR-221 inhibition can
improve LPS-induced ALI in mice.

As we know, miRNAs usually exert their func-
tions by regulating the expression of target genes.
The target genes of miR-221 have been widely inves-
tigated, such as Axis inhibition protein 2 (AXIN2)
and RECK [46,47]. Thus, we further explored the
possible target genes of miR-221 in LPS-treated
RAW 264.7 cells. Through bioinformatic analysis
and dual-luciferase reporter assays, we identified
SOCS1, an important regulator in the regulation of
inflammation [48], as a target of miR-221. Studies
have reported that SOCS1 plays an important role in
various lung inflammatory diseases including ALI.
For example, Galam et al. showed that overexpres-
sion of SOCS-1 protected against ALI by inhibiting
apoptosis signal-regulating kinase 1 (ASK1) and sup-
pressing IL-1β levels [49]. Kolliputi N et al. revealed
that IL-6 cytoprotection against hyperoxic acute lung
injury (HALI) is associated with enhanced SOCS-1
expression [50]. Rao et al. found that miR-155 pro-
moted SEB-mediated inflammation and lung injury
through SOCS1 suppression [51]. Recently, Xia et al.
demonstrated that inhibition of miR-221 alleviated
neuropathic pain and neuroinflammation through
increasing SOCS1 [52]. Combined with the above
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observations, we hypothesized that miR-221 inhibi-
tion protected against LPS-mediated inflammation
through the modulation of SOCS1. As expected, our
results showed that SOCS1 knockdown reversed the
inhibitory effects of miR-221 inhibition on LPS-
induced inflammation and apoptosis in RAW 264.7
cells. Therefore, it will be intriguing to examine
whether and how SOCS1 signaling affects the pro-
tection of miR-221 inhibition against LPS-induced
ALI.

Activation of the NF-κB signaling pathway has
been implicated in various inflammatory dis-
eases, which can induce a large number of
inflammatory cytokine expressions [53]. In ALI
mice model, inhibition of the NF-κB signaling
pathway had the ability to protect against LPS-
induced ALI [54–56]. Previous studies have
reported that miRNAs are important in the reg-
ulation of inflammatory response through acti-
vating the NF-κB signaling pathway. For
example, Yan et al. found that miR-223 attenu-
ated LPS-induced inflammation in an acute lung
injury model via the NF-κB signaling pathway
[57]. Suo et al. showed that miRNA-1246 sup-
presses acute lung injury-induced inflammation
and apoptosis via the NF-κB pathway [58].
Notably, miR-221 stimulated IL-4 secretion in
mast cells through NF-κB pathway in a murine
asthma model [59]. In order to determine the
protective mechanism of miR-221, the effects of
aberrantly expressed miR-221 on key kinases in
the NF-κB pathway were examined in the present
study. The data showed that the NF-κB pathway
was activated in LPS-induced ALI mice, and the
inhibition of miR-221 suppressed the activity of
this signaling pathway, suggesting that the pro-
tective effect of miR-221 on LPS-induced ALI
may mediate by the NF-κB pathway.

However, ALI is a much complex pathological
condition, in which the apoptosis also serves an
important role, in addition to the inflammatory
response [60,61]. Interestingly, there are still 361
other genes which could also be the potential
target genes of miR-221, including some apoptosis
facilitator such as programmed cell death 10
(PDCD10); DNA-damage-inducible transcript 4
(DDIT4); BCL2 binding component 3 (BBC3);
BCL2-like 11 IGSF1 (BCL2L11) and so on.
Additionally, many key factors of cell apoptosis

have proved to be the targets of miR-221-3p in
other studies, such as BCL2-like 11 (BCL2L11)
[62], DNA-damage-inducible transcript 4
(DDIT4) [63] and BCL2 binding component 3
(BBC3) [64]. In the future, we would also explore
the roles/functions between miR-221-3p and
apoptosis-related targets during ALI. For more
details, please refer to http://www.targetscan.org/
cgi-bin/targetscan/vert_72/targetscan.cgi?species=
Mouse&mir_sc=miR-221-3p/222-3p.

In summary, our findings revealed that miR-221
inhibition may exert lung protection in LPS-
induced acute lung injury both in vitro and
in vivo via anti-inflammatory by targeting
SOCS1/NF-κB signaling pathway. These results
suggest that miR-221 inhibition might hold pro-
mise as a potential therapeutic target for the treat-
ment of ALI.
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