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Abstract. Inflammation and oxidative stress have indispens‑
able roles in the development of acute lung injury (ALI). 
MicroRNA (miRNA/miR)‑351‑5p was initially identified 
as a myogenesis‑associated miRNA; however, its role in 
lipopolysaccharide (LPS)‑induced ALI remains unclear. 
The aim of the present study was to investigate the role and 
potential mechanisms of miR‑351‑5p in ALI. ALI was induced 
through a single intratracheal injection of LPS for 12 h, and 
miR‑351‑5p agomir, antagomir or their corresponding negative 
controls were injected into the tail vein before LPS stimula‑
tion. Compound C, 2',5'‑dideoxyadenosine and H89 were used 
to inhibit AMP‑activated protein kinase (AMPK), adenylate 
cyclase and protein kinase A (PKA), respectively. miR‑351‑5p 
levels in the lungs were significantly increased in response 
to LPS injection. miR‑351‑5p antagomir alleviated, while 
miR‑351‑5p agomir aggravated LPS‑induced oxidative stress 
and inflammation in the lungs. The present results also demon‑
strated that miR‑351‑5p antagomir attenuated LPS‑induced 
ALI via activating AMPK, and that the cAMP/PKA axis 
was required for the activation of AMPK by the miR‑351‑5p 

antagomir. In conclusion, the present study indicated that 
miR‑351‑5p aggravated LPS‑induced ALI via inhibiting 
AMPK, suggesting that targeting miR‑351‑5p may help to 
develop efficient therapeutic approaches for treating ALI.

Introduction

Acute lung injury (ALI) is a life‑threatening lung disease 
that can lead to refractory hypoxemia and respiratory 
failure. Previous studies demonstrated that the age‑adjusted 
incidence of ALI was 86.2 per 100,000  person‑years and 
that the in‑hospital mortality rate was 38.5% (1). Sepsis is 
a life‑threatening disease and may cause systemic inflam‑
matory response syndrome and multiple organ dysfunction, 
leading to high mortality among patients in the intensive care 
unit (2,3). The lung is one of the most vulnerable target organs 
during sepsis, and septic patients often have ALI, which in 
turn facilitates the development of sepsis and multiple organ 
failure via causing gas exchange impairment and intractable 
hypoxemia (4‑6). The pathogenesis of ALI involves the death 
of the pulmonary endothelium and epithelium, autophagic 
disorder and damage to the alveolar‑capillary barrier. Thus, 
inflammation and oxidative stress have indispensable roles in 
the development of ALI (7‑9). During ALI, leukocytes (e.g., 
macrophages and neutrophils) penetrate the lung interstitium 
and release substantial proinflammatory cytokines to amplify 
the inflammatory response. These leukocytes also increase 
the production of reactive oxygen species (ROS) and induce 
oxidative damage to lung cells. Additionally, excessive ROS 
levels activate NACHT, LRR and PYD domain‑containing 
protein 3 (NLRP3) inflammasome, thereby accelerating the 
maturation and release of proinflammatory cytokines (10‑13). 
Hence, it is reasonable to target inflammation and oxidative 
stress to develop therapeutic strategies against ALI.

AMP‑activated protein kinase (AMPK) has been identified 
as an energy sensor in eukaryotic cells and has multiple biolog‑
ical functions, including anti‑inflammatory and antioxidant 
capacities (14‑17). Zhao et al (18) previously found that AMPK 
activation attenuated nuclear factor‑κB (NF‑κB) transcription 
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activity via increasing TANK‑binding kinase 1 phosphoryla‑
tion, thereby preventing adipose tissue inflammation. AMPK 
also suppressed NLRP3 inflammasome activation and allevi‑
ated lipopolysaccharide (LPS)‑induced ALI in mice (7,19). 
Nuclear factor erythroid‑2 related factor 2 (NRF2) functions 
as a redox‑sensitive transcription factor and is required for 
the synthesis of various antioxidant enzymes, including 
superoxide dismutase (SOD), catalase (CAT) and glutathione 
peroxidase (GPx) (20‑22). AMPK works upstream of NRF2, 
and AMPK‑mediated NRF2 activation protects against the 
development of LPS‑induced ALI (7,23,24). These findings 
distinctly define AMPK as a strategic cellular target for the 
treatment of ALI.

MicroRNAs (miRNA/miR) are a group of endogenous 
short noncoding RNAs that act as negative gene regulators via 
directly binding to the 3'‑untranslated regions (UTRs) of down‑
stream messenger RNAs (25‑27). Numerous miRNAs have 
been proven to be essential for the pathogenesis of ALI (28). 
miR‑351‑5p was initially identified as a myogenesis‑associated 
miRNA and is responsible for skeletal muscle development by 
targeting the phosphorylation kinase signaling cascade (29). 
Previous results demonstrated that an miR‑351‑5p agomir 
increased inflammation, oxidative stress and apoptosis, 
thereby aggravating intestinal ischemia/reperfusion injury, 
whereas inhibiting miR‑351‑5p, either by antagomir or dioscin, 
markedly ameliorated intestinal ischemia/reperfusion injury 
in mice (30‑32). In addition, da Silva et al (33) determined that 
miR‑351‑5p repressed PTEN expression and was essential for 
establishing a proinflammatory environment in the H9c2 cell 
line. The aim of the present study was to investigate the role 
and potential mechanisms of miR‑351‑5p in ALI.

Materials and methods

Reagents and antibodies. LPS (from Escherichia coli O111:B4; 
cat.  no.  L2360), H89 [a specific protein kinase A (PKA 
inhibitor); cat. no. B1427] and the selective adenylate cyclase 
(AC) inhibitor 2',5'‑dideoxyadenosine (DDA; cat. no. D7408) 
were purchased from Sigma‑Aldrich (Merck KGaA). A lactate 
dehydrogenase (LDH) assay kit (cat. no. ab102526), myeloper‑
oxidase (MPO) ELISA kit (cat. no. ab155458), malondialdehyde 
(MDA) assay kit (cat. no. ab118970), protein carbonyl content 
assay kit (cat. no. ab126287), total antioxidant capacity (TAOC) 
assay kit (cat.  no.  ab65329), total SOD activity assay kit 
(cat. no. ab65354), CAT activity assay kit (cat. no. ab83464), 
GPx assay kit (cat. no. ab102530), reduced glutathione (GSH) 
assay kit (cat. no. ab235670), tumor necrosis factor‑ α (TNF‑α) 
ELISA kit (cat. no. ab208348), interleukin (IL‑) 1β ELISA 
kit (cat. no. ab197742), IL‑18 ELISA kit (cat. no. ab216165), 
cAMP assay kit (cat. no. ab65355) and protein kinase A (PKA) 
activity assay kit (cat.  no.  ab139435) were obtained from 
Abcam. Compound C (CC; cat. no. S7840), a selective AMPK 
inhibitor, was purchased from Selleck Chemicals. The Pierce 
BCA protein assay kit (cat. no. 23227) and 2',7'‑dichlorofluo‑
rescin diacetate (DCFH‑DA; cat. no. C2938) were purchased 
from Thermo Fisher Scientific, Inc. The TransAM® NRF2 
kit (cat.  no.  50296) was obtained from Active Motif, Inc. 
miR‑351‑5p agomir (cat. no. miR40000609‑4‑5), antagomir 
(cat. no. miR30000609‑4‑5) and their negative controls (NC) 
were synthesized by Guangzhou RiboBio Co., Ltd. For western 

blotting, the following primary antibodies were used at a dilution 
of 1:1,000: anti‑NRF2 (cat. no. ab137550; Abcam), anti‑GAPDH 
(cat.  no.  ab8245; Abcam), anti‑NLRP3 (cat.  no.  ab214185; 
Abcam), anti‑caspase‑1 p10 (cat.  no.  sc‑56036; Santa Cruz 
Biotechnology, Inc.), anti‑phosphorylated (p‑) AMPK 
(cat. no. 2535; Cell Signaling Technology, Inc.) and anti‑total (t‑) 
AMPK (cat. no. 2603P; Cell Signaling Technology, Inc.).

Mice and treatments. A total of 180 male C57BL/6 mice 
(8‑10 weeks old and 23‑28 g weight) were purchased from 
Huafukang Bioscience Co., Ltd., and bred in a specific 
pathogen‑free environment (25±2˚C, 50±5% humidity, 12‑h 
light/dark cycle) with free access to food and water. LPS is 
the major constituent of the outer membrane of gram‑negative 
bacteria and has emerged as a clinically relevant model for ALI. 
In the present study, LPS was used to establish a septic ALI 
model as previously described (7). ALI was induced through 
a single intratracheal injection of LPS (5 mg/kg) dissolved 
in 50 µl sterile saline for 12 h, while the control mice were 
treated with 50 µl sterile saline intratracheally (7). Arterial 
blood gas analysis, bronchoalveolar lavage fluid (BALF) 
analysis, pulmonary edema, respiratory function measure‑
ment and tissue injury biomarkers were detected to confirm 
the successful ALI model establishment. miR‑351‑5p agomir 
(20 nmol), antagomir (50 nmol) and their corresponding NCs 
were injected into the tail vein before LPS stimulation, as 
previously described (30). To inhibit AMPK, the mice were 
intraperitoneally injected with CC (20 mg/kg) every other day 
for a total of three treatments prior to miR‑351‑5p antagomir 
administration (34). The mice also received a single intraperi‑
toneal injection of DDA (0.1 mg/kg) or H89 (2 mg/kg) at 6 h 
prior to miR‑351‑5p antagomir administration. For survival 
analysis, a lethal dose of LPS (25 mg/kg) was used as previ‑
ously described (7). The mice were euthanized by a single 
intraperitoneal injection of sodium pentobarbital (200 mg/kg), 
and the lung, liver and brain were collected for further anal‑
yses. All experimental procedures strictly complied with 
the Animal Research: Reporting of in  vivo Experiments 
(ARRIVE) guidelines and were approved by the Animal 
Ethics Committee of Renmin Hospital of Wuhan University.

BALF collection and analysis. BALFs were collected through 
3‑round intratracheal injections with 1 ml pre‑cooled sterile 
saline and then centrifuged at 4˚C for 10 min at 200 x g. The 
cell‑free supernatants were used to measure total protein 
concentrations using the Pierce BCA protein assay kit, and 
TNF‑α levels in BALFs were determined by ELISA kits. 
To determine leukocyte extravasation, the pelleted cells in 
BALFs were resuspended in sterile saline and counted with a 
hemocytometer and Wright‑Giemsa staining.

Lung wet/dry (W/D) ratio. The fresh lungs were dissected and 
weighed immediately to obtain the lung wet weight after the 
blood was removed. Next, the lungs were placed in an oven 
at 80˚C for 96 h to obtain the constant lung dry weight (7). The 
lung W/D ratio was calculated as a measure of the degree of 
pulmonary edema.

Respiratory function measurement. A Buxco Resistance and 
Compliance system (Buxco Electronics, Inc.) was used to 
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monitor the respiratory data as previously described (4). The 
analysis focused on the tidal volume, dynamic lung compliance 
and respiratory rate.

Arterial blood gas analysis. To further determine respiratory 
function, arterial blood gas analysis was performed to evaluate 
pulmonary gas exchange as previously described (35). Briefly, 
100 µl arterial blood samples were collected from the right 
common carotid artery of mice prior to euthanasia with a 
heparinized PE10 polyethylene catheter and then analyzed 
with an automatic blood gas analyzer.

Hematoxylin and eosin (H&E) staining. H&E staining was 
performed using the standard protocols. Briefly, the lungs 
were excised and fixed in 4% formaldehyde solution for 48 h, 
which were then embedded in paraffin and sectioned at 5 µm. 
The sections were dewaxed, hydrated and then incubated 
with hematoxylin for 10 min and eosin for 1 min at room 
temperature. The images were captured by light microscopy 
and appraised in a blinded manner.

Detection of oxidative stress. ROS levels in the lungs were 
detected by the DCFH‑DA method (36,37). In brief, the lung 
homogenates were incubated with DCFH‑DA (20 µmol/l) 
at  37˚C for 1  h in the dark and then analyzed using a 
microplate reader at excitation/emission wavelengths of 
485/535 nm (7,38,39). The levels of MDA, protein carbonyls 
and GSH, and the activities of TAOC, SOD, GPx and CAT 
were assessed by the respective kits, following the manufac‑
turers' instructions.

Measurements of the activities of LDH, NRF2, MPO and 
PKA and the levels of cAMP in the lungs. Lung homogenates 
were prepared in the assay buffer by a high‑speed homog‑
enizer (Wuhan Servicebio Technology Co., Ltd.) according 
to the respective manufacturer's instructions to determine the 
activities of LDH, MPO and PKA and the levels of cAMP 
using commercial kits. NRF2 transcription activity was 
detected using the TransAM® NRF2 kit, according to the 
manufacturer's instructions. Briefly, nuclear extracts were 
prepared from fresh lung tissues and incubated in plates 
coated with oligonucleotides containing an antioxidant 
responsive element. Subsequently, a primary antibody against 
NRF2 and a horseradish peroxidase (HRP)‑conjugated 
secondary antibody were added. Then, the absorbance was 
read at  450 nm on a spectrophotometer with a reference 
wavelength of 655 nm.

Western blot analysis. Frozen lung tissues were homogenized 
by a high‑speed homogenizer (Wuhan Servicebio Technology 
Co., Ltd.) and lysed in RIPA lysis buffer (cat. no. G2002; 
Wuhan Servicebio Technology Co., Ltd.), and total protein 
concentrations were measured using a Pierce BCA protein 
assay kit (40‑42). Next, 20 µg total proteins were separated on a 
10% SDS‑PAGE gel according to standard protocols and elec‑
trotransferred to PVDF membranes. To block the non‑specific 
binding of the primary antibodies, 5% BSA was used for 1 h at 
room temperature. Then, the membranes were incubated with 
the indicated primary antibodies at 4˚C overnight, followed 
by HRP‑conjugated secondary antibodies at 1:5,000 dilution 

(cat. no. sc‑2004 and sc‑2005; Santa Cruz Biotechnology, Inc.) 
at room temperature for an additional 1 h. The protein bands 
were scanned with an electrochemiluminescence reagent and 
the relative band intensity was quantified using Image Lab 
Analyzer software (version 6.0; Bio‑Rad Laboratories, Inc.).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from the lungs using 
TRIzol™ reagent (Thermo Fisher Scientific, Inc.) and used for 
reverse transcription and cDNA synthesis (36,43‑46). Next, 
qPCR was performed using the SYBR Premix Ex Taq kit 
(Takara Biotechnology Co., Ltd.) on a CFX96 real‑time PCR 
detection system (Bio‑Rad Laboratories, Inc.). The thermocy‑
cling conditions were as follows: 95˚C for 10 min, 40 cycles 
of 95˚C for 15 sec, 60˚C for 30 sec and 70˚C for 30 sec. Gene 
expression was measured by the 2‑ΔΔCq method and normalized 
to GAPDH (47). The primer sequences were: IL‑1β, forward, 
5'‑CCG​TGG​ACC​TTC​CAG​GAT​GA‑3' and reverse, 5'‑GGG​
AAC​GTC​ACA​CAC​CAG​CA‑3'; IL‑6, forward, 5'‑AGT​TGC​
CTT​CTT​GGG​ACT​GA‑3' and reverse, 5'‑TCC​ACG​ATT​TCC​
CAG​AGA​AC‑3'; TNF‑α, forward, 5'‑AGC​CCC​CAG​TCT​
GTA​TCC​TT‑3' and reverse, 5'‑CTC​CCT​TTG​CAG​AAC​TCA​
GG‑3'; NLRP3, forward, 5'‑TAC​GGC​CGT​CTA​CGT​CTT​
CT‑3' and reverse, 5'‑CGC​AGA​TCA​CAC​TCC​TCA​AA‑3'; 
ASC, forward, 5'‑GAC​AGT​ACC​AGG​CAG​TTC​GT‑3' and 
reverse, 5'‑AGT​CCT​TGC​AGG​TCA​GGT​TC‑3'; Pro‑caspase‑1, 
forward, 5'‑CAC​AGC​TCT​GGA​GAT​GGT​GA‑3' and reverse, 
5'‑CTT​TCA​AGC​TTG​GGC​ACT​TC‑3'; GAPDH, forward, 
5'‑ACT​CCA​CTC​ACG​GCA​AAT​TC‑3' and reverse, 5'‑TCT​
CCA​TGG​TGG​TGA​AGA​CA‑3'.

Dual‑luciferase reporter assay. The wild‑type (WT) or 
mutant (MUT) 3'‑UTR of adenylate cyclase type 6 (Adcy6) 
was cloned into the pGL3 luciferase reporter plasmid 
(Promega Corporation), which was then co‑transfected with 
miR‑351‑5p agomir or agomir NC into H&EK293T cells 
using Lipofectamine™ 3000 (Thermo Fisher Scientific, Inc.). 
H&EK293T cells were purchased from the American Type 
Culture Collection. After 48 h, the cells were lysed and subjected 
to a dual‑luciferase reporter assay using the Dual‑Luciferase 
Reporter Assay System (Promega Corporation) and the data 
were normalized to Renilla luciferase activity according to the 
manufacturer's instructions.

Statistical analysis. All data were expressed as the mean ± SD 
and statistical analysis was performed using SPSS  23.0 
(SPSS, Inc.). Comparisons between two groups were analyzed 
by two‑tailed unpaired Student's t‑test, and comparisons 
among multiple groups were analyzed by one‑way ANOVA 
followed by Tukey's post hoc test where appropriate. Survival 
analysis was performed by the Kaplan‑Meier method followed 
by a Mantel‑Cox log rank test. P<0.05 was considered to indi‑
cate a statistically significant difference.

Results

miR‑351‑5p antagomir alleviates LPS‑induced ALI. First, the 
expression levels of miR‑351‑5p were detected in the lungs of 
mice challenged with LPS for 0, 1, 2, 6 and 12 h. As presented 
in Fig. 1A, the miR‑351‑5p levels were significantly increased in 
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response to LPS injection. To determine the role of miR‑351‑5p 
upregulation in the process of ALI, mice were treated with 
miR‑351‑5p antagomir. Tail vein injection of miR‑351‑5p 
antagomir significantly reversed the LPS‑mediated upregula‑
tion of miR‑351‑5p in the mouse lungs (Fig. 1B). Consistent with 
previous reports, LPS challenge caused severe lung injury and 
pulmonary edema, as evidenced by H&E staining, the increased 
LDH activity, lung W/D ratio and total protein concentra‑
tions in BALFs, which were remarkably alleviated by the 
miR‑351‑5p antagomir (Fig. 1C‑F). In addition, the mice treated 
with the miR‑351‑5p antagomir had increased tidal volume, 
lung compliance and respiratory rate (Fig. 1G‑I). Consistently, 
the partial pressure of oxygen (PaO2) was restored, while the 
partial pressure of carbon dioxide (PaCO2) was decreased 
following miR‑351‑5p antagomir treatment (Fig. 1J and K). 
Notably, pretreatment with the miR‑351‑5p antagomir signifi‑
cantly improved the survival rate of LPS‑challenged mice 
(Fig. 1L). Collectively, these data indicated that the miR‑351‑5p 
antagomir alleviated LPS‑induced ALI.

miR‑351‑5p antagomir reduces LPS‑induced oxidative stress in 
the lungs. Oxidative stress is a key feature in LPS‑induced ALI 

and accelerates the progression of pulmonary injury and dysfunc‑
tion (4,7). As presented in Fig. 2A, LPS induced excessive ROS 
generation in the lungs, and this was suppressed by the miR‑351‑5p 
antagomir. Accordingly, the levels of MDA and protein carbonyls 
were also decreased in mice treated with the miR‑351‑5p 
antagomir (Fig.  2B). NRF2 functions as a redox‑sensitive 
transcription factor and is required for the synthesis of various 
antioxidant enzymes to scavenge excessive free radicals (20). As 
presented in Fig. 2C and D, NRF2 protein expression was inhib‑
ited in mice following LPS challenge but was preserved when 
these mice were co‑treated with miR‑351‑5p antagomir. In addi‑
tion, LPS‑mediated suppression of NRF2 transcription activity in 
LPS‑challenged lungs was reversed by the miR‑351‑5p antagomir 
(Fig. 2E). Consistently, endogenous antioxidant capacity in the 
lungs of mice treated with miR‑351‑5p antagomir was signifi‑
cantly increased, as evidenced by the preserved TAOC, total SOD 
activity, CAT activity, GPx activity and GSH levels (Fig. 2F‑J). 
These results suggested that the miR‑351‑5p antagomir reduced 
LPS‑induced oxidative stress in the lungs.

miR‑351‑5p antagomir inhibits LPS‑induced inflammation 
in the lungs. Next, the present study investigated the effect 

Figure 1. miR‑351‑5p antagomir alleviates LPS‑induced ALI. (A and B) Relative miR‑351‑5p levels in the lungs (n=6). (C) Lung histopathology determined 
by hematoxylin and eosin staining (n=6). (D) LDH activity in the lungs with or without miR‑351‑5p antagomir treatment upon LPS challenge (n=6). (E) Lung 
W/D ratio (n=8). (F) Total protein concentrations in bronchoalveolar lavage fluids (n=6). (G‑I) Quantification of respiratory functional parameters, including 
tidal volume, lung compliance and respiratory rate (n=6). (J and K) Quantification of PaO2 and PaCO2 during arterial blood gas analysis (n=6). (L) Survival 
analysis of mice with or without miR‑351‑5p antagomir treatment upon LPS challenge (n=20). All data are expressed as mean ± SD. *P<0.05 with comparisons 
shown by lines. miR, microRNA; LPS, lipopolysaccharide; ALI, acute lung injury; LDH, lactate dehydrogenase; W/D, wet/dry weight; PaO2, partial pressure 
of oxygen; PaCO2, partial pressure of carbon dioxide; NC, negative control. 
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of the miR‑351‑5p antagomir on LPS‑induced intrapulmo‑
nary inflammatory responses in mice. The data indicated 

that miR‑351‑5p antagomir treatment effectively inhibited 
the mRNA expression levels of IL‑1β, IL‑6 and TNF‑α in 

Figure 2. miR‑351‑5p antagomir reduces LPS‑induced oxidative stress in the lungs. (A) Relative ROS levels in the lungs with or without miR‑351‑5p antagomir 
treatment upon LPS challenge (n=6). (B) MDA levels and protein carbonyls in the lungs (n=6). (C) Representative blots and (D) quantification of NRF2 protein 
expression levels in the lungs determined by western blot analysis (n=6). (E) Quantification of NRF2 transcription activity in the lungs (n=6). (F‑J) Intracellular 
antioxidant capacity of the lungs determined by TAOC, total SOD activity, CAT activity, GPx activity and GSH content (n=6). All data are expressed as 
mean ± SD. *P<0.05 with comparisons shown by lines. miR, microRNA; LPS, lipopolysaccharide; ROS, reactive oxygen species; MDA, malondialdehyde; 
NRF2, nuclear factor erythroid‑2 related factor 2; TAOC, total antioxidant capacity; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione peroxidase; 
GSH, glutathione; NC, negative control. 
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the lungs (Fig. 3A). Accordingly, TNF‑α protein expression 
levels in the lungs and BALFs were both reduced by the 
miR‑351‑5p antagomir (Fig. 3B). The NLRP3 inflamma‑
some is a multiprotein complex responsible for the cleavage 
and activation of caspase‑1, which subsequently promotes 
the maturation and release of proinflammatory cytokines, 
such as IL‑1β and IL‑18 (7,48). As presented in Fig. 3C, the 
miR‑351‑5p antagomir significantly decreased the mRNA 
expression levels of NLRP3, apoptosis‑associated speck‑like 
protein containing a CARD (ASC) and pro‑caspase‑1 in 

LPS‑challenged lungs. The protein expression levels of 
NLRP3 and active caspase‑1 p10 were also suppressed by 
the miR‑351‑5p antagomir in response to LPS injection 
(Fig.  3D  and  E). In addition, the miR‑351‑5p antagomir 
significantly inhibited the LPS‑associated induction of 
caspase‑1 activity (Fig.  3F). Of note, the levels of the 
downstream IL‑1β and IL‑18 were both reduced in the 
lungs following miR‑351‑5p antagomir treatment (Fig. 3G). 
Furthermore, pretreatment with the miR‑351‑5p antagomir 
significantly reduced the number of total cells, macrophages 

Figure 3. miR‑351‑5p antagomir inhibits LPS‑induced inflammation and NLRP3 inflammasome in the lungs. (A) Relative mRNA expression levels of 
proinflammatory cytokines IL‑1β, IL‑6 and TNF‑α in the lungs (n=6). (B) TNF‑α levels in the lungs and BALFs measured by ELISA (n=6). (C) Relative mRNA 
expression levels of NLRP3, ASC and pro‑caspase‑1 in the lungs (n=6). (D) Representative blots and (E) quantification of NLRP3 and caspase‑1 p10 protein 
expression levels determined by western blot analysis (n=6). (F) Relative caspase‑1 activity (n=6). (G) IL‑1β and IL‑18 levels in the lungs measured by ELISA 
(n=6). (H) Total cells, macrophages and neutrophils in BLAFs were counted (n=6). (I) MPO activity in the lungs with or without miR‑351‑5p antagomir treat‑
ment upon LPS challenge (n=6). All data are expressed as mean ± SD. *P<0.05 with comparisons shown by lines. miR, microRNA; LPS, lipopolysaccharide; 
NLRP3, NACHT, LRR and PYD domain‑containing protein 3; BALF, bronchoalveolar lavage fluid; ASC, apoptosis‑associated speck‑like protein containing 
a CARD; MPO, myeloperoxidase; NC, negative control. 
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and neutrophils in BALFs and MPO activity in the lungs of 
ALI mice (Fig. 3H and I). Taken together, the present results 
demonstrated that the miR‑351‑5p antagomir inhibited 
LPS‑induced inflammation in the lungs.

miR‑351‑5p agomir aggravates LPS‑induced ALI. The present 
study also used a miR‑351‑5p agomir to clarify whether 
overexpression of miR‑351‑5p in the lungs could aggravate 
LPS‑induced ALI (Fig. 4A). As expected, lung injury and 
pulmonary edema in mice with LPS challenge were more 
severe in the presence of miR‑351‑5p agomir, as evidenced by 
H&E staining, the increased LDH activity, lung W/D ratio and 
total protein concentrations in BALFs (Fig. 4B‑E). In addition, 
miR‑351‑5p agomir treatment further reduced tidal volume, 
lung compliance and respiratory rate in LPS‑challenged 
mice (Fig.  4F‑H). Accordingly, LPS‑associated impair‑
ment of blood gas exchange was further aggravated by the 
miR‑351‑5p agomir, as evidenced by the decreased PaO2 

and increased PaCO2 (Fig.  4I). Furthermore, the survival 
time of miR‑351‑5p agomir‑treated mice upon LPS chal‑
lenge was no more than 24 h (data not shown). Overall, these 
results revealed that miR‑351‑5p overexpression aggravated 
LPS‑induced ALI.

miR‑351‑5p agomir exacerbates LPS‑induced oxidative 
stress and inflammation in the lungs. Next, several important 
biomarkers related to oxidative stress and inflammation were 
investigated, in order to further explore the role of miR‑351‑5p 
agomir in mice. Consistent with the ALI phenotype, the 
miR‑351‑5p agomir remarkably promoted ROS generation 
in LPS‑challenged lungs, and the production of MDA and 
protein carbonyls was also increased  (Fig.  5A  and  B). In 
addition, pretreatment with the miR‑351‑5p agomir signifi‑
cantly elevated TNF‑α levels in the lungs and BALFs, and 
MPO activity in lung tissues (Fig. 5C and D). Furthermore, the 
numbers of total cells, macrophages and neutrophils in BALFs 

Figure 4. miR‑351‑5p agomir aggravates LPS‑induced ALI. (A) Relative miR‑351‑5p expression levels in the lungs (n=6). (B) Lung histopathology determined 
by hematoxylin and eosin staining (n=6). (C) LDH activity in the lungs with or without miR‑351‑5p agomir treatment upon LPS challenge (n=6). (D) Lung 
W/D ratio (n=8). (E) Total prtein concentrations in bronchoalveolar lavage fluids (n=6). (F‑H) Respiratory functional parameters, including tidal volume, lung 
compliance and respiratory rate (n=6). (I) Quantification of PaO2 and PaCO2 during arterial blood gas analysis (n=6). All data are expressed as mean ± SD. 
*P<0.05 with comparisons shown by lines. miR, microRNA; LPS, lipopolysaccharide; ALI, acute lung injury; LDH, lactate dehydrogenase; W/D, wet/dry 
weight; PaO2, partial pressure of oxygen; PaCO2, partial pressure of carbon dioxide; NC, negative control. 
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from LPS‑challenged mice were significantly increased by the 
miR‑351‑5p agomir (Fig. 5E). Thus, the present data demon‑
strated that the miR‑351‑5p agomir exacerbated LPS‑induced 
oxidative stress and inflammation in the lungs.

To further confirm the therapeutic potential of miR‑315‑5p 
in mice, its effect on LPS‑induced inflammation and oxidative 
stress in livers and brains was also evaluated. As shown in 
Fig.  S1A, miR‑315‑5p antagomir‑treated mice had lower 
intracellular ROS levels in the livers, accompanied by reduced 
lipid and protein peroxidation. In addition, the miR‑315‑5p 
antagomir decreased the hepatic TNF‑α levels and MPO 
activity upon LPS stimulation (Fig. S1B and C). By contrast, 
the miR‑315‑5p agomir further aggravated LPS‑induced 

oxidative stress and inflammation in the livers (Fig. S1D‑F). 
Consistent with the findings in the lungs and livers, it was 
observed that the miR‑315‑5p antagomir decreased, while the 
miR‑315‑5p agomir further increased cerebral oxidative stress 
and inflammation upon LPS injection in mice (Fig. S2). These 
data further validate the therapeutic value of miR‑315‑5p 
against LPS‑induced ALI.

miR‑351‑5p antagomir attenuates LPS‑induced ALI via 
activating AMPK. The potential role of AMPK in the protec‑
tive effects of the miR‑351‑5p antagomir was evaluated next. 
As presented in Fig. 6A and B, the miR‑351‑5p antagomir 
restored, while the miR‑351‑5p agomir further reduced AMPK 

Figure 5. miR‑351‑5p agomir exacerbates LPS‑induced oxidative stress and inflammation in the lungs. (A) Relative ROS levels in the lungs with or without 
miR‑351‑5p agomir treatment upon LPS challenge (n=6). (B) MDA level and protein carbonyls in the lungs (n=6). (C) TNF‑α levels in the lungs and BALFs 
(n=6). (D) MPO activity in the lungs with or without miR‑351‑5p agomir treatment upon LPS challenge (n=6). (E) Total cells, macrophages and neutrophils 
in BALFs were counted (n=6). All data are expressed as mean ± SD. *P<0.05 with comparisons shown by lines. miR, microRNA; LPS, lipopolysaccharide; 
ROS, reactive oxygen species; MDA, malondialdehyde; BALF, bronchoalveolar lavage fluid; MPO, myeloperoxidase; NC, negative control. 
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phosphorylation in LPS‑treated lungs. To inhibit AMPK, the 
specific inhibitor CC was used as previously described (34). 
CC treatment completely abrogated the inhibitory effects of the 
miR‑351‑5p antagomir on oxidative stress and inflammation, 
as evidenced by the increased ROS, MDA, protein carbonyls, 
TNF‑α levels and MPO activity in the lungs and BALFs 
(Fig. 6C‑F). Accordingly, the reductions of the lung LDH activity 
and W/D ratio in miR‑351‑5p antagomir‑treated mice upon LPS 
challenge were blocked by CC (Fig. 6G and H). Of note, the 
miR‑351‑5p antagomir significantly restored tidal volume and 
PaO2 in LPS‑treated mice, but not in those pretreated with CC 
(Fig. 6I‑J). Collectively, it can be deduced that the miR‑351‑5p 
antagomir attenuated LPS‑induced ALI via activating AMPK.

miR‑351‑5p antagomir activates AMPK via the cAMP/PKA 
axis. Finally, the present study investigated the potential 
molecular basis by which the miR‑351‑5p antagomir may 
activate AMPK. Using the TargetScan database, it was found 
that miR‑351‑5p might directly bind to the 3'‑UTR of three 
isoforms of AC (AC1, AC5 and AC6), which catalyze the 
conversion of ATP to cAMP, and induce a rapid elevation of 
the levels of intracellular cAMP and the activities of PKA, the 
upstream activator of the AMPK pathway (Fig. 7A) (49). To 

validate the putative interaction between miR‑351‑5p and AC, 
a dual‑luciferase reporter assay was performed. AC6 (encoded 
by the Adcy6 gene) functions as an important AC in the devel‑
opment of multiple lung disease; therefore, the WT and MUT 
3'‑UTR of Adcy6 were cloned to perform dual‑luciferase 
reporter assays (50,51). As shown in Fig. 7B, the miR‑315‑5p 
agomir significantly inhibited luciferase activity in cells 
transfected with the WT 3'‑UTR of Adcy6 but failed to inhibit 
luciferase activity in cells transfected with the MUT 3'‑UTR. 
As expected, it was found that the miR‑351‑5p antagomir 
increased, while the miR‑351‑5p agomir decreased cAMP 
levels and PKA activities in LPS‑treated lungs (Fig. 7C and D). 
Accordingly, AMPK activation by the miR‑351‑5p antagomir 
was blocked after the inhibition of AC by DDA or the inhibi‑
tion of PKA by H89 (Fig. 7E). The miR‑351‑5p antagomir also 
lost its inhibitory effects on LPS‑induced pulmonary oxida‑
tive damage and inflammation in the presence of DDA or 
H89 treatment (Fig. 7F‑H). In addition, the reductions of lung 
LDH activity and W/D ratio in miR‑351‑5p antagomir‑treated 
mice upon LPS challenge were blocked by DDA or H89 
(Fig. 7I and J). Accordingly, DDA or H89 also blocked the 
restoration of tidal volume and PaO2 by the miR‑351‑5p 
antagomir in LPS‑treated mice (Fig. 7K and L). Taken together, 

Figure 6. miR‑351‑5p antagomir attenuates LPS‑induced ALI via activating AMPK. (A and B) Representative blots and quantification of t‑AMPK and p‑AMPK 
protein expression levels (n=6). (C) Relative ROS levels in miR‑351‑5p antagomir‑treated lungs with or without CC administration upon LPS challenge (n=6). 
(D) MDA level and protein carbonyls in the lungs (n=6). (E) TNF‑α levels in the lungs and BALFs measured by ELISA (n=6). (F) MPO activity in miR‑351‑5p 
antagomir‑treated lungs with or without CC administration upon LPS challenge (n=6). (G) LDH activity in the lungs (n=6). (H) Lung W/D ratio (n=8). (I) Tidal 
volume in miR‑351‑5p antagomir‑treated mice with or without CC administration upon LPS challenge (n=6). (J) Quantification of PaO2 during arterial blood 
gas analysis (n=6). All data are expressed as mean ± SD. *P<0.05 with comparisons shown by lines. miR, microRNA; LPS, lipopolysaccharide; ALI, acute lung 
injury; AMPK, AMP‑activated protein kinase; t‑, total; p‑, phosphorylated; ROS, reactive oxygen species; CC, compound C; MDA, malondialdehyde; BALF, 
bronchoalveolar lavage fluid; MPO, myeloperoxidase; LDH, lactate dehydrogenase; W/D, wet/dry weight; PaO2, partial pressure of oxygen; NC, negative control. 
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it can be concluded that the miR‑351‑5p antagomir activated 
AMPK via the cAMP/PKA axis.

Discussion

In the present study, LPS challenge was found to upregulate 
miR‑351‑5p expression in the lungs, which then directly targeted 
AC to decrease the intracellular cAMP levels and PKA activities, 
ultimately resulting in AMPK suppression and ALI progression. 
By contrast, miR‑351‑5p antagomir treatment restored AMPK 
phosphorylation, and significantly reduced oxidative stress and 
inflammation in LPS‑treated mice. Overall, the present study for 
the first time demonstrated the involvement of miR‑351‑5p in the 

development of ALI and identified it as a promising therapeutic 
candidate to treat ALI.

Oxidative stress is a major pathogenic factor during ALI and 
directly induces oxidative damage to proteins, lipids and nucleic 
acids, which ultimately causes cellular dysfunction and even cell 
death (4,7). NRF2 functions as a signaling hub in the regulation of 
redox homeostasis and is essential for the transcription of multiple 
antioxidant enzymes (20). Upon LPS stimulation, the NRF2 
protein levels are reduced, and the expression of downstream 
antioxidant enzymes is suppressed, resulting in a deficiency in 
scavenging excessive free radicals. Consistently, the present study 
found that the intracellular antioxidant capacity was inhibited 
in the lungs of mice injected with LPS, but partially preserved 

Figure 7. miR‑351‑5p antagomir activates AMPK via the cAMP/PKA axis. (A) Putative miR‑351‑5p seed binding sites on the 3'‑UTRs of the target genes. (B) Relative 
luciferase activity in miR‑351‑5p antagomir‑treated cells following transfection with a WT or MUT Adcy6 3'‑UTR reporter (n=6). (C and D) Relative cAMP levels 
and PKA activities in LPS‑challenged lungs with miR‑351‑5p antagomir or agomir treatment (n=6). (E) Western blot analysis of t‑AMPK and p‑AMPK protein 
expression levels (n=6). (F) Relative ROS levels in miR‑351‑5p antagomir‑treated lungs with DDA or H89 administration upon LPS challenge (n=6). (G) TNF‑α 
levels in the lungs and BALFs measured by ELISA (n=6). (H) MPO activity in miR‑351‑5p antagomir‑treated lungs with DDA or H89 administration upon LPS chal‑
lenge (n=6). (I) LDH activity in the lungs (n=6). (J) Lung W/D ratio (n=8). (K) Tidal volume in miR‑351‑5p antagomir‑treated mice with DDA or H89 administration 
upon LPS challenge (n=6). (L) Quantification of PaO2 during arterial blood gas analysis (n=6). All data are expressed as mean ± SD. *P<0.05 with comparisons 
shown by lines. miR, microRNA; AMPK, AMP‑activated protein kinase; PKA, protein kinase A; UTR, untranslated region; WT, wild‑type; MUT, mutant; LPS, 
lipopolysaccharide; t‑, total; p‑, phosphorylated; ROS, reactive oxygen species; DDA, 2',5'‑dideoxyadenosine; BALF, bronchoalveolar lavage fluid; MPO, myeloper‑
oxidase; LDH, lactate dehydrogenase; W/D, wet/dry weight; PaO2, partial pressure of oxygen; NC, negative control; NS, not significant.
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in those pretreated with the miR‑351‑5p antagomir. Extensive 
inflammation also contributes to the initiation and progression 
of LPS‑induced ALI. LPS is an exogenous ligand of Toll‑like 
receptors and can promote NF‑κB nuclear translocation to induce 
the transcription of various proinflammatory cytokines (35,52). In 
addition, LPS‑associated ROS generation increases the binding 
of thioredoxin‑interacting protein to NLRP3, which subsequently 
activates the NLRP3 inflammasome to accelerate the maturation 
and release of proinflammatory cytokines (7). The present findings 
demonstrated that the miR‑351‑5p antagomir decreased, while the 
miR‑351‑5p agomir increased NLRP3 inflammasome activation. 
Based on these data, it can be speculated that miR‑351‑5p may 
serve as a therapeutic target to treat ALI. However, the exact cell 
populations mediating the effects of miR‑351‑5p/AMPK during 
LPS‑induced ALI remain unclear and need further investigation.

AMPK is a multifunctional kinase with anti‑inflammatory 
and antioxidant capacities that has already been identified as a 
strategic cellular target to treat ALI (7,17,19). AC works down‑
stream of G protein‑coupled receptors and is essential for the 
rapid induction of intracellular cAMP synthesis, which ultimately 
causes PKA activation (53). PKA then phosphorylates and acti‑
vates AMPK (54). miRNAs are a group of intracellular genetic 
regulators that also participate in regulating ALI progression. The 
present study found that miR‑351‑5p directly targeted AC and 
functioned as an endogenous inhibitor of the AMPK pathway. 
miR‑351‑5p antagomir treatment significantly restored intracel‑
lular cAMP levels and PKA activities, and subsequently activated 
AMPK to inhibit LPS‑induced oxidative stress, inflammation and 
pulmonary dysfunction in ALI mice.

Taken together, the present results demonstrated that 
miR‑351‑5p aggravated LPS‑induced ALI via inhibiting AMPK 
and that targeting miR‑351‑5p may facilitate the development of 
efficient therapeutic approaches for treating ALI.
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