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1. Introduction
Acute respiratory distress syndrome (ARDS) is one 

of the intractable clinical diseases in the Department of 
Critical Care Medicine [1,2]. Acute lung injuries asso-
ciated with ARDS are stimulated by multiple pathogenic 
cytokines that lead to a large number of inflammation and 
necrosis of alveoli, which can engender hypoxemia, res-
piratory failure, and even death [3]. Many etiologies are 
inducing ALI, such as pneumonia, aspiration, pulmonary 
contusion, and multiple trauma [4,5]. Exploring effective 
lung protection therapy in the early stage has always been 
the goal of current research. Lung injury involves many 
pathological progressions, including immune response, 
inflammatory response, oxidative stress, necrosis and 
apoptosis [6-8]. When ALI occurs, the intrinsic immune 
system, such as macrophages, NK cells, and neutrophils 
can be first activated by the breakdown products of da-
maged lung cells and exogenous antigens. Then, adaptive 
immune response activation including effector T cells and 
B cells exerts corresponding effects. 

Increasing studies [9-11] have reported that the ex-

pression of various genes plays a critical role after ALI. 
MicroRNA (miRNA) has been proven to be an important 
post-transcriptional regulatory target owing to its inhibi-
tion of mRNA translation [12]. MiRNA, discovered in 
Caenorhabditis elegans, is endogenous and short non-co-
ding RNA [13]. In humans and other animals, miRNAs 
mainly get through binding with the 3’ untranslated region 
(3’ UTR) of target mRNAs to modulate the expression 
of target mRNAs or inhibit their translation procedure, 
which interferes with post-transcriptional gene expression 
and regulate the function in cells [14]. It is a universal 
gene regulation mode in cell bioactivity. Moreover, many 
miRNAs jointly regulate the same gene [15], hence, it is 
feasible that miRNAs have a coefficient effect on the post-
transcriptional regulation of multifarious gene expression. 
Feng et al. [16] demonstrated that Ly6G+ neutrophil-de-
rived miR-223 inhibits the NLRP3 inflammasome in mito-
chondrial DAMP-induced ALI, and Ying et al. [17] repor-
ted NLRP3 inflammasome activation by miR-495 in the 
progression of acute lung injury. However, the miR-146a 
effect on ALI is still elusive. In the study, we sought the 
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role of miR-146a in ALI, and by LPS-induced inflamma-
tion macrophage model and murine ALI model, we probed 
whether miR-146a overexpression administration affected 
macrophage phenotype and ALI improvement. Based on 
these obtained outcomes, miR-146a overexpression treat-
ment exerts the anti-inflammation in macrophages and the 
potential therapy for ALI.

2. Materials and methods

2.1. Cells culture and treatment
RAW 267.4 macrophage line was purchased from 

American Type Culture Collection (ATCC) (Manassas, 
VA, USA) and cultured in Dulbecco’s Modified Eagle’s 
Medium medium (DMEM, KeyGEN, Nanjing, China) 
supplemented 10% fetal bovine serum (FBS; Gibco, Rock-
ville, MD, USA) and 1% penicillin/streptomycin. RAW 
267.4 was seeded in 5×5 cm2 flask, and induced type M1 
differentiation or type M2 differentiation using LPS (100 
ng/mL, Sigma, St. Louis, MO, USA) or IL-4 (20 ng/mL, 
Sigma, St. Louis, MO, USA) for 24 h. 

2.2. Transfection and luciferase assay
After the cell confluence to 80%-90%, we transfected 

miR-146a mimics (Sangon Biotech, Shanghai, China) 
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) following manufacturer’s instruction. RAW 267.4 
transfected with Luciferase-labeled miR-640 mimics (15 
ng) via adeno-associated virus (AAV) were isolated after 
undergoing 72 h transfection. Luciferase activity was de-
tected using Luciferase assay system (Promega, Madison, 
WI, USA) directed by manufacturer’s protocol.

2.3. Mice
C57/B6J male mice (six to eight-week-old, 20 g - 22 

g) purchased. Mice were provided with available food 
and water and housed in cages with suitable temperature 
(22°C-24°C), humidity (55%-60%), and 12 h/12 h light/
dark cycle. 

2.4. Grouping and ALI Modeling
Mice were randomly divided into four groups: control 

group (CON, n=6); LPS modeling ALI group (LPS, n=6); 
miR-146a mimics control+LPS modeling ALI group 
(LPS+MMC CON, n=6); miR-146a mimics+ LPS mo-
deling ALI group (LPS+MMC, n=6). For modeling, tail 

intravenous injections of miR-146a mimics control and 
miR-146a mimics were administered at 72 h before ALI 
induction. Next, 25 μg LPS dissolved in 75 μL phosphate-
buffered saline (PBS) was treated in mice to establish the 
ALI model through transtracheal injection.

2.5. Quantitative Reverse Transcription-Polymerase 
Chain Reaction (qRT-PCR)

RNA was extracted from RAW 267.4 using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s protocols. Reverse transcription was 
conducted using PrimeScript™ RT Master Mix (Applied 
Biosystems, Foster City, CA, USA). Then, the procedure 
of qRT-PCR was conducted to quantify mRNA expression 
level using SYBR Green Master Mix (Applied Biosys-
tems, Foster City, CA, USA). Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) and U6 were used for normali-
zation. Primer sequences are listed in Table 1.

2.6. Western Blot (WB) analysis
RAW 267.4 cells were harvested and extracted to 

protein using lysis buffer in Total Protein Extraction Kit 
(Keygen, Nanjing, China) according to the manufacturer’s 
instructions. Proteins were measured with the Enhanced 
bicinchoninic acid (BCA) Protein Assay Kit (Beyotime, 
Shanghai, China) and balanced. After electrophoresis, 
transferring and blocking, proteins were incubated over-
night with anti-Notch 1 (Abcam, Cambridge, MA, USA, 
1:1000) and anti-GAPDH (Cell Signaling Technology, 
Danvers, MA, USA, 1:1000). Washing with Tris-Buffered 
Saline and Tween-20 (TBST), the membrane was incuba-
ted with secondary antibody (Proteintech, Wuhan, China, 
1:10000) for 1 h at room temperature. Proteins were visua-
lized and detected using an enhanced chemiluminescence 
(ECL) system. 

2.7. Histologic staining
Lung tissues were fixated with 4% paraformaldehyde 

and conducted dehydration using different gradient alco-
hols. Then, samples were embedded into paraffin and cut 
into sections (5 μm). Hematoxylin-eosin staining was 
conducted using Hematoxylin and Eosin Staining Kit 
(Beyotime, Shanghai, China).

2.8. Immumohistochemical (IHC) staining
Hepatic tissue was obtained through fixation and dehy-

Oligo Name Sequence (5’ --------> 3’)

miR-146a 
Forward GAACTGAATTCCATGGGTTGTGT
Reverse GCCCACGATGACAGAGAGATCC

GAPDH
Forward GTCTTCACCACCATGGAG
Reverse CCAAAGTTGTCATGGATGACC

Arg1
Forward TCATGGAAGTGAACCCAACTCTTG
Reverse TCAGTCCCTGGCTTATGGTTACC

Notch1
Forward CCAGCATGGCCAGCTCTGG
Reverse CATCCAGATCTGTGGCCCTGTT

iNOS
Forward GTTCTCAGCCCAACAATACAAGA
Reverse GTGGACGGGTCGATGTCAC

U6 Forward GTAGATACTGCAGTACG
Reverse ATCGCATGACGTACCTGAGC

Table 1. Primer sequences of quantitative reverse transcription-polymerase chain reaction.
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was up-regulated after miR-146a increase (Figure 2A-2B), 
indicating increased miR-146a mediates the phenotype 
of macrophage to M2 polarization. Besides, ELISA on a 
variety of pro-inflammatory factors, tumor necrosis factor-
alpha (TNF-α) and interleukin 1 beta (IL-1β), and anti-in-
flammatory interleukin 10 (IL-10) in supernatant medium 
showed that the overexpression of miR-146a decreased the 
expression of TNF-α and IL-1β, while IL-10 level remar-
kably increased following miR-146a mimics employment 
(Figure 2C-2E). To understand the effect of miR-146a on 
the expression of Notch 1 in macrophage, we visualized 
the expression of Notch 1 by western blotting, and found 
that the expression of Notch 1 following mimics treatment 
was significantly reduced (Figure 2F). So, the results show 
that miR-146a increases mitigates inflammation and regu-

dration, then it was embedded into paraffin and cut into 
sections. Following deparaffinization and rehydration, tis-
sue section was conducted immunohistochemistry (IHC) 
with iNOS (Abcam, Cambridge, MA, USA, 1:100) and 
Arg1 (Abcam, Cambridge, MA, USA, 1:200). Then, 
images were visualized using a microscope.

2.9. Enzyme Linked Immunosorbent Assay (ELISA)
Serum was taken from mice by ophthalmectomy. The 

medium and serum were centrifuged for 10 min and then 
the supernatant was collected, respectively. Standard pro-
duct was added to a 96-well plate with different concentra-
tions. Then, the ELISA was performed using ELISA Kits 
(Beyotime, Shanghai, China). The absorbance (OD value) 
of each sample was measured at 450 nm using a spectro-
photometer. 

2.10. Statistical analysis
Data were displayed as the means ± standard devia-

tions (SD). Comparison in two groups was analyzed using 
Student’s t-test and comparison in multiple groups was 
calculated using One-way analysis of variance (ANOVA) 
test followed by Post-Hoc Test (Least Significant Diffe-
rence). Data were assessed using GraphPad Prism 6.0 (La 
Jolla, CA, USA). Value P<0.05 was considered as statisti-
cal significance.

3. Results

3.1. The difference of miR-146a expression with Notch 
1 pathway change in vitro and vivo

First, we explored whether miR-146a expression alters 
in LPS or IL-4-induced RAW 267.4 cells. RNA was ex-
tracted to detect miR-146a levels in type M1 and M2 cell. 
The result showed that miR-146a expression decreased in 
LPS-induced M1 cells, however, the level of miR-146a 
exhibited a marked elevation in IL-4-induced M2 cell (Fi-
gure 1A-1B). Then, the RNA level of miR-146a was mea-
sured in ALI lung tissue at 24 hours post-injury, finding 
that miR-146a expression decreased at post-ALI (Figure 
1C). Notch 1 pathway has been demonstrated to play a 
critical role in macrophage polarization. Hence, to verify 
whether miR-146a targets Notch 1 pathway to influence 
the direction of cell polarization, we utilized miR-146a 
mimics and miR-146a mimics control in LPS-induced 
RAW 267.4 cell and detected transfection level and Notch 
1 pathway expression, suggesting that miR-146a mimics 
overexpressed miR-146a level and miR-146a mimics 
control did not affect miR-146a, Notch 1 pathway signi-
ficantly increased after LPS treatment but miR-146a in-
crease inhibited Notch 1 pathway expression (Figure 1D-
1E). Moreover, luciferase report exhibited that miR-640 
mimics down-regulated Notch 1 level in macrophage (Fi-
gure 1F). Therefore, the above results indicate that miR-
146a influences macrophage polarization targeting Notch 
1 pathway and may regulate ALI progression.

3.2. Overexpression of miR-146a inhibits inflammation 
by regulating cell polarization

Furtherly, we explored whether miR-146a overexpres-
sion affects macrophage inflammation levels with LPS 
administration. QRT-PCR displayed that the inducible 
nitric oxide synthase (iNOS) remarkably decreased fol-
lowing miR-146a mimics treatment, but arginase-1 (Arg1) 

Fig. 2. Overexpression of miR-146a inhibits inflammation by regula-
tion of cell polarization. (A-B) The representative RNA level of iNOS 
and Arg1 in CON, LPS, LPS+MMC CON and LPS+MMC group. (C-
E) Representative ELISA of TNF-α, IL-1β and IL-10 in CON, LPS, 
LPS+MMC CON and LPS+MMC group. (F) Representative Western 
blotting of Notch 1 in CON, LPS, LPS+MMC CON and LPS+MMC 
group. “*” means vs. CON group with statistical significance. “#” 
means vs. LPS+MMC CON group with statistical significance.

Fig. 1. The difference of miR-146a expression with Notch 1 pathway 
change in vitro and in vivo. (A) Representative miR-146a level in 
RAW 267.4 cell at 24 h post-LPS stimuli. (B) Representative miR-
146a level in RAW 267.4 cells at 24 h post IL-4 stimuli. (C) Represen-
tative miR-146a level in mice lung tissue at 24 h post ALI. “*” means 
vs. CON group with statistical significance. (D) Representative miR-
146a level in RAW 267.4 cell with MMC CON and MMC treatment at 
24 h post-LPS stimuli. (E) Representative Notch 1 RNA level in RAW 
267.4 cell with MMC CON and MMC treatment at 24 h post-LPS 
stimuli. “*” means vs. MMC CON group with statistical significance. 
(F) Representative luciferase activity of Notch 1 MT-3’UTR and WT-
3’UTR. “*” means vs. MT-3’UTR group with statistical significance.
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lates cell phenotype by down-regulating Notch 1 pathway.

3.3. MiR-146a increase alleviates LPS-induced inflam-
mation in ALI mice

We evaluated the therapeutic effect of miR-146a ove-
rexpression on ALI in mice and achieved excessive miR-
146a expression through transfection with miR-146a mi-
mics. ELISA in BALF showed that the protein level of 
TNF-α and IL-1β decreased following miR-146a mimics 
transfection, while the protein level of IL-10 increased si-
gnificantly after overexpression of miR-146a (Figure 3A-
3C). Immunohistochemistry showed that iNOS positive 
region in tissue reduced significantly after miR-146a ove-
rexpression administration, but the expression of Arg1 in 
tissue increased significantly with miR-146a mimics (Fi-
gure 3D). Therefore, the above results suggest that miR-
146a increase decreased inflammation levels in ALI mice.

3.4. Increased miR-146a protects capillary barrier and 
pulmonary histology in ALI

We examined the treatment of miR-146a overexpres-
sion on capillary barrier and hepatic histology and function 
following ALI. Evans blue assay displayed a severely dyed 
tissue after LPS utilization, while miR-146a alleviated 
transudatory dye in lung tissue in ALI mice (Figure 4A). 
Besides, we weighed the wet/dry weight of lung tissue, 
it was found that miR-146a treatment markedly reduced 
the ratio of wet/dry weight in ALI mice lung (Figure 4B), 
indicating increased miR-146a potentially improved the 
alveolar-capillary barrier during the inflammation stage. 
From a histological aspect, HE staining showed LPS-in-
duced excessive macrophages and neutrophils accumula-
ting in interstitial and alveolar spaces as well as thickened 
alveolar walls associated with hemorrhage, however, miR-
146a treatment alleviated these pathological phenomena in 
lung tissue (Figure 4C). Therefore, miR-146a overexpres-
sion ameliorates lung histology in ALI.

4. Discussion
ALI is a process of inflammatory development, which 

can produce many cytokines. However, numerous miR-
NAs play a causal regulatory role in inflammatory pro-
gress [18,19]. A previous study has suggested that miR-

146a served as an inflammation-associated microRNA in 
human temporal lobe epilepsy [20] and Feng et al. [21] 
reported that miR-146a mediates inflammatory changes in 
the heart in diabetes. Consistently, we here demonstrated 
that miR-146a, as an inflammatory resister, was inhibited 
in the LPS induced vitro type M1 macrophage and vivo 
ALI model. However, we witnessed miR-146a increase 
in type M2 macrophage. A study reported by Song et al. 
[22] consistently showed enhanced therapeutic efficacy 
of exosomal miR-146a in sepsis. Hence, we hypothesized 
that overexpression of miR-146a in ALI through regula-
ting macrophage polarization may play a protective role in 
improving damage effects during inflammation. Guan et 
al. [23] proved that increased miR-146a attenuated aging- 
and trauma-induced osteoarthritis via inhibiting Notch 1 
and pro-inflammatory cytokines-mediated catabolism. 
Moreover, evidence showed the regulation of macrophage 
polarization via miR-146a/ Notch 1 [24]. Therefore, we 
measured the correlation between miR-146a and Notch 1 
pathway level in RAW 267.4 cell line via LPS stimula-
tion. Consistent with the earlier researches, we found that 
increased expression of miR-146a significantly inhibited 
Notch 1 level in RAW 267.4 cells. To further verify the 
miR-146a/ Notch 1 axis, we overexpressed miR-146a in 
ALI mice and found that miR-146a consistently decreased 
Notch 1 expression in vivo. Besides, the inflammatory 
cytokines in macrophage and BALF by LPS induction 
exhibited a distinct decrease after miR-146a overexpres-
sion. Oppositely, the classical anti-inflammatory cytokine 
IL-10 prominently increased in both of vitro macrophage 
and vivo ALI model with increased miR-146a. Multiple 
studies [25,26] suggest that iNOS displays as a biomarker 
in type M1 macrophages and Arg1 as a type M2 marker. 
In the present study, we evaluated the level of macrophage 
polarization via examining iNOS and Arg1 expression in 
vitro and in vivo. We proved lower RNA expression of 
iNOS and higher RNA expression of Arg1 in macrophages 
after miR-146a mimics treatment. In ALI mice, miR-146a 
increase likewise attenuated iNOS positive region but ele-
vated Arg1 positive region in lung tissue, further indica-
ting that overexpression of miR-146a modulated macro-
phage differentiation via suppression of Notch 1 pathway. 
It has been certified that a band of pathological cascades 
associated with inflammation, such as oxidative stress and 

Fig. 3. MiR-146a increase alleviates LPS-induced inflammation in 
ALI mice. (A-C) Representative ELISA of TNF-α, IL-1β and IL-10 
in BALF in CON, LPS, LPS+MMC CON and LPS+MMC group. 
“*” means vs. CON group with statistical significance. “#” means vs. 
LPS+MMC CON group with statistical significance. (D) Represen-
tative IHC of iNOS and Arg1 in CON, LPS, LPS+MMC CON and 
LPS+MMC group (magnification: 100×).

Fig. 4. Increased miR-146a protects capillary barrier and pulmonary 
histology in ALI. (A) Representative Evans blue lung tissue in CON, 
LPS, LPS+MMC CON and LPS+MMC group. (B) Representative 
ratio of lung wet/dry weight in CON, LPS, LPS+MMC CON and 
LPS+MMC group. “*” means vs. CON group with statistical signi-
ficance. “#” means vs. LPS+MMC CON group with statistical signi-
ficance. (C) Representative HE staining of lung tissue in CON, LPS, 
LPS+MMC CON and LPS+MMC group (magnification: 100×).
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apoptosis, destroy the integrity of alveoli capillary barrier 
and pulmonary tissue. We herein witnessed that LPS-in-
duced ALI severely damages alveolar-capillary barrier 
and contributed to extensive Evans blue dye in lung tis-
sue. However, the Evans blue lung tissues using mimics 
administration remarkably decreased. Hence, the degree 
of edema reflected on wet/dry weight of lung tissue was 
mitigated, illustrating that increased miR-146a treatment 
might improve alveoli capillary barrier owing to the alle-
viated inflammation and potential repair capacity of type 
M2 cells. The HE staining from histology showed fewer 
infiltrative macrophages and neutrophil and ameliorative 
alveolar walls in lung tissue with miR-146a mimics ad-
ministration. The result further indicated that miR-146a 
overexpression corrected inflammation and edema in ALI 
mice. Evidences exhibit that overexpression of miR-146a 
inhibits the apoptosis in rat hippocampal neurons [27] and 
in primary human retinal microvascular endothelial cells 
[28]. However, few studies suggested miR-146a induced 
apoptosis in neuroblastoma cells and inhibited prolifera-
tion [29] and induced apoptosis in osteoblast [30-33]. Fur-
ther studies are needed to illuminate miR-146a regulated 
mechanism to apoptosis in ALI. Gathering the results, we 
verify that miR-146a increase leads to type M2 macro-
phage polarization, mitigates inflammation and attenuates 
leukocyte infiltration, tissue edema, and destruction of the 
alveolar-capillary barrier during ALI. Therefore, miR-
146a is a promising therapeutic target that alleviates ALI 
and complements the previously reported studies concer-
ning miRNAs and ALI. Whereas, further investigation 
concerning other pathophysiological regulation and pul-
monary diseases needs to be a critical part of miR-146a 
treatment.

5. Conclusions
These results indicate that miR-146a induces an-in-

flammatory differentiation of macrophage via restraining 
Notch 1 signaling pathway. Hence, increasing miR-146a 
ameliorates ALI by preventing macrophage-induced 
inflammation. MiR-146a overexpression may become a 
novel therapy aspect for ALI in the future.
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