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Abstract. The identification and development of novel thera-
peutic strategies for acute lung injury is urgently required. It 
has been previously demonstrated that microRNA (miR)‑16 
suppresses the level of transforming growth factor (TGF)‑β 
in acute lung injury (ALI). Therefore, the present study inves-
tigated the role of miR‑16 in the phenotype, cell proliferation 
and apoptosis, and the involvement of TGF‑β/Smad family 
member 2 (Smad2) and JAK/signal transducer and activator of 
transcription (STAT)3 signaling, of primary human alveolar 
type II epithelial cells (AECII). Following transfection with 
miR‑16 mimics, AECII cells were exposed to hyperoxia for 
24 h. Subsequently, immunofluorescence staining of surfac-
tant protein‑A (SP‑A) was performed, and cell proliferation 
and apoptosis were investigated by Cell Counting Kit‑8 assays 
and annexin V‑fluorescein isothiocyanate/propidium iodide 
staining, respectively. Furthermore, the expression levels of 
miR‑16, TGF‑β, Smad2, phosphorylated‑Smad2, JAK and 
STAT3 were detected by western blotting and/or reverse 
transcription‑quantitative polymerase chain reaction. The 
results demonstrated that miR‑16 levels and SP‑A fluorescence 
were markedly inhibited by hyperoxia. Furthermore, trans-
fection of AECII cells with miR‑16 mimics increased SP‑A 
fluorescence in hyperoxia‑treated AECII cells, significantly 
reversed hyperoxia‑induced reductions in cell proliferation 
and inhibited hyperoxia‑induced apoptosis. Finally, miR‑16 
mimics modulated the mRNA and protein expression of 
components of the TGF‑β/Smad2 and JAK/STAT3 pathways 
in AECII cells following hyperoxia. In conclusion, the results 
of the present study indicate that overexpression of miR‑16 
may exert a protective effect in AECII cells against cell apop-
tosis and ALI, which may be associated with TGF‑β/Smad2 

and JAK/STAT3 signaling pathways. This may also represent 
a promising target for novel therapeutic strategies for acute 
lung injury.

Introduction

Acute lung injury (ALI) is a disease that is characterized by 
severe alveolar damage, such as alveolar spaces containing a 
protein‑rich fluid and an acute inflammatory response, which 
lead to impaired pulmonary gas exchange, arterial hypoxemia, 
edema, and neutrophil and macrophage infiltration, and poten-
tially respiratory failure (1,2). The incidence of ALI is 10.4% 
and it is a common reason for the admission of patients to 
intensive care units worldwide (3,4). At present, the identifica-
tion and development of novel therapeutic strategies for ALI 
is urgently required. Although hyperoxia may be used to treat 
patients with acute and chronic cardiovascular and pulmonary 
diseases, a prolonged exposure to hyperoxia leads to severe 
ALI and impaired respiratory function (5,6). In patients with 
hyperoxia, dysfunction of alveolar epithelial cells, including 
inhibited cell proliferation and enhanced cell apoptosis and 
necrosis (7,8), has been reported. It has been hypothesized 
that hyperoxia‑induced ALI may be associated with reactive 
oxygen species (ROS)‑induced accumulation of inflammatory 
factors, such as transforming growth factor (TGF)‑β, and 
direct insult (9).

microRNAs (miRNA/miRs) have emerged as an impor-
tant class of gene expression regulators, some of which have 
been implicated in the dysregulation of key genes involved 
in ALI. It was previously demonstrated that miRNAs exert 
important functions in ALI (10) and may be novel biomarkers 
for predicting the mortality and treatment outcome of severe 
sepsis and sepsis‑induced ALI (11). miR‑181a significantly 
reduces lipopolysaccharide (LPS)‑induced ALI in mice and 
A549 cells by targeting Bcl‑2 (10). Furthermore, LPS‑induced 
cell apoptosis and ALI in pulmonary microvascular endo-
thelial cells is mediated by miR‑1246 and its target gene, 
angiotensin‑converting enzyme 2 (12). It was also demon-
strated that miR‑34a inhibits the excessive autophagic activity 
in alveolar type II epithelial cells (AECII) through targeting 
forkhead box O3, which subsequently reduces LPS‑induced 
ALI  (13). In addition, in A549 cells, it was reported that 
miR‑16 modulates the expression of epithelial sodium channel 
protein and serotonin transporter in alveolar epithelial cells, 
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and that the downregulation of TGF‑β by miR‑16 in A549 cells 
has an important role in ALI (14,15). However, the regulatory 
effect of miR‑16 in cell apoptosis and ALI, and its underlying 
molecular mechanisms, remain unclear.

The present study aimed to investigate the regulatory role 
of miR‑16 in phenotype, cell proliferation and apoptosis, and 
the potential involvement of TGF‑β/Smad family member 
2 (Smad2) and JAK/signal transducer and activator of tran-
scription (STAT)3 signaling, in primary human AECII cells. 
TGF‑β/Smad2 and JAK/STAT3 signaling pathways were 
investigated in the present study as they have been previously 
reported to exhibit important roles in AECII cells  (16,17). 
The results of the current study indicated that miR‑16 may 
have an important role in the modulation of cell phenotype, 
proliferation and apoptosis in primary human AECII cells. In 
addition, miR‑16 inhibited the TGF‑β/Smad2 and JAK/STAT3 
signaling pathways. Therefore, TGF‑β/Smad2 and JAK/STAT3 
signaling pathways may be implicated in hyperoxia‑induced 
ALI and may be potential therapeutic targets.

Materials and methods

Cell culture. The human lung tissues (non‑cancerous tissues) 
used for primary human AECII isolation were collected during 
resection of lung carcinoma, as previously described (18,19). 
Written informed consent was obtained from all patients. 
The present study was approved by the Ethical Committee 
of the Hospital of the University of Electronic Science and 
Technology of China and Sichuan Provincial People's Hospital 
(Chengdu, China). Lung tissue sections were perfused with 
0.15 M sterile sodium chloride saline solution. The sections 
were then digested by trypsin (0.25%) at 37˚C for 45 min. 
Then, the sections were incubated with 10% newborn calf 
serum (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), shaken for 5 min with DNase (250 µg/ml) at 25˚C. 
Tissue debris was removed by 400 µm and 40 µm filters. Cells 
were then incubated at 37˚C with 5% CO2 for 2 h to remove 
the mononuclear cells and non‑adherent ATII cells. Finally, 
AECII cells were maintained in DCCM‑1 culture medium 
(Invitrogen; Thermo Fisher Scientific, Inc.) containing 10% 
newborn calf serum (Invitrogen; Thermo Fisher Scientific, 
Inc.) and 1% penicillin‑streptomycin‑glutamine (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2. As previ-
ously described, AECII cells positively expressed surfactant 
protein (SP)‑A and C, and maintained their phenotype for up 
to 6 days (20). In the present study, the expression of SP‑A was 
detected by immunofluorescence.

Cell transfection. miR‑16 mimics and negative control (NC) 
miRNA were purchased from Shanghai GenePharma Co., 
Ltd. (Shanghai, China). Cells (2x105 cells/well) were seeded in 
6‑well plates. The sequences of miR‑16 mimics/NC miRNA 
were as follows: miR‑16 mimics, 5'‑UAG​CAG​CAC​GUA​AAU​
AUU​GGC​G‑3'; and NC miRNA, 5'‑UUC​UCC​GAA​CGU​GUC​
ACG​UTT‑3'. miR‑16 mimics and NC miRNA (50 nM) were 
transfected into cells using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) at 70% confluency. After 4 h of 
transfection, the culture medium was replaced with DCCM‑1 
culture medium (Invitrogen; Thermo Fisher Scientific, Inc.) 
containing 10% newborn calf serum (Invitrogen; Thermo 

Fisher Scientific, Inc.) and 1% penicillin‑streptomycin‑gluta-
mine (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 
5% CO2. After 24 h, cells were treated with hyperoxia and 
the miR‑16 mimic‑induced overexpression of miR‑16 was 
confirmed by reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR). Cells were subsequently collected 
for further experiments.

Exposure to air or hyperoxia. AECII cells were seeded on 
coverslips and placed in a 6‑well plate until 70‑80% confluence 
at 37˚C with 5% CO2. For hyperoxia, cells were moved into a 
modular chamber that was filled with a gas mixture of 60% 
oxygen and 5% CO2 at 37˚C. The control cells were placed in 
the chamber filled with air containing 5% CO2 at 37˚C. The 
incubation time was 24 h. A Pigeon I oxygen measuring meter 
(Guangdong Pigeon Medical Apparatus Co., Ltd., Guangdong, 
China) was used to monitor the oxygen fraction continuously.

RT‑qPCR. Total RNA was isolated by TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) (21) and reverse 
transcribed into cDNA using the iScript cDNA Synthesis kit 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA) at 16˚C for 
30 min, 42˚C for 30 min and 85˚C for 5 min. Subsequently, 
qPCR was performed on a Bio‑Rad CFX96 Real‑Time PCR 
Detection System (Bio‑Rad Laboratories, Inc.) using SYBR® 

Green Real‑Time PCR Master Mixes (Thermo Fisher Scientific, 
Inc.) (22) according to the following thermocycling conditions: 
95˚C for 10 min followed by 40 cycles at 95˚C for 15 sec and 
60˚C for 60 sec, and a final extension at 65˚C for 3 min. The 
2‑∆∆Cq method was used to quantify the relative expression (23). 
All primers were purchased from Clontech Laboratories, Inc. 
(Mountainview, CA, USA). The following primers were used: 
hsa‑miR‑16‑5p 5'‑ACA​CTC​CAG​CTG​GGT​AGC​AGC​ACG​
TAA​ATA​TT‑3' (forward) and 5'‑CTC​AAC​TGG​TGT​CGT​
GGA​GTC​GGC​AAT​TCA​GTT​GAG​CGC​CAA‑3' (reve rse); 
U6 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3' (forward) and 5'‑AAC​
GCT​TCA​CGA​ATT​TGC​GT‑3' (reverse); STAT3, 5'‑ATC​
ACG​CCT​TCT​ACA​GAC​TGC‑3' (forward) and 5'‑CAT​CCT​
GGA​GAT​TCT​CTA​CCA​CT‑3' (reverse); JAK, 5'‑ATC​CAC​
CCA​ACC​ATG​TCT​TCC‑3' (forward) and 5'‑ATT​CCA​TGC​
CGA​TAG​GCT​CTG‑3' (reverse); aquaporin 5, 5'‑GCT​CAC​
TGG​GTT​TTC​TGG​GTA‑3' (forward) and 5'‑TCCA​TGG​TCT​
TCT​TCC​GCT​C‑3' (reverse); SP‑A, 5'‑ACA​GCC​ACC​ATT​
TGG​AAG​AAC‑3' (forward) and 5'‑CTG​GGT​CAT​GAG​AGT​
GTG​GTC‑3' (reverse); Smad2, 5'‑CCA​TCT​CCT​ACT​ACG​
AGC​TGA​A‑3' (forward) and 5'‑CAC​TGC​TGC​ATT​CCT​
GTT​GAC‑3' (reverse); TGF‑β 5'‑TGG​AAA​CCC​ACA​ACG​
AAA​TC‑3' (forward) and 5'‑AAG​GCG​AAA​GCC​CTC​AAT‑3' 
(reverse); GAPDH, 5'‑TGT​TCG​TCA​TGG​GTG​TGA​AC‑3' 
(forward) and 5'‑ATG​GCA​TGG​ACT​GTG​GTC​AT‑3' (reverse). 
Experiments were performed in triplicate.

Immunofluorescence staining. After transfection of AECII 
cells with miR‑16 mimics, cells were incubated for 15‑18 h 
and were exposed to air or 60% oxygen for 24 h. Subsequently, 
the cells were rinsed with ice‑cold PBS and fixed with 1% 
methanol for 15 min at 25˚C. Cells were blocked with 1% 
bovine serum albumin (Invitrogen; Thermo Fisher Scientific, 
Inc.) for 10 min at room temperature, incubated with anti‑SP‑A 
(cat. no.  sc‑80621; 1:200; Santa Cruz Biotechnology, Inc., 
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Dallas, TX, USA) at 4˚C overnight and then incubated with a 
fluorescein isothiocyanate (FITC)‑conjugated secondary anti-
body (cat. no. sc‑2364; 1:500; Santa Cruz Biotechnology, Inc.) 
for 1 h at room temperature. Nuclei were stained with DAPI 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 25˚C for 5 min. 
Finally, the fluorescence was visualized using an Olympus 
IX70 fluorescence microscope (magnification, x40; Olympus 
Corporation, Tokyo, Japan).

Cell Counting Kit (CCK)‑8 assay. Cell viability was measured 
quantitatively using a CCK‑8 assay (Beyotime Institute of 
Biotechnology, Haimen, China), according to the manufac-
turer's protocol. Briefly, cell viability was detected in 96‑well 
plates (2x103 cells per well), and absorbance was assessed using 
a microplate reader (Molecular Devices, LLC, Sunnyvale, CA, 
USA) at 450 nm following incubation with CCK‑8 solution for 
30 min.

Cell apoptosis assay. Cell apoptosis was performed using an 
FITC Apoptosis Detection Kit II (BD Biosciences, Franklin 
Lakes, NJ, USA), according to the manufacturer's protocol. 
Cells were harvested following treatment. After suspension in 
100 µl annexin binding buffer, cells (1x105) were incubated 
with 10 µl annexin V‑FITC (20 µg/ml) for 15 min on ice in 
the dark. Subsequently, 400 µl PBS and 5 µl PI (50 µg/ml) 
were added, and cell apoptosis was immediately detected by 
flow cytometry using the BD FACSCanto™ II system (BD 
Biosciences).

Western blotting. Proteins were extracted from AECII cells 
using radioimmunoprecipitation assay buffer (Beyotime 
Institute of Biotechnology) and the protein concentration was 
measured by a Bicinchoninic Acid assay kit (Pierce; Thermo 
Fisher Scientific, Inc.). Equal amounts of protein lysates (40 µg) 
were separated by 15% SDS‑PAGE and transferred to polyvi-
nylidene difluoride membranes (EMD Millipore, Billerica, MA, 
USA). Membranes were blocked with 5% non‑fat milk at 25˚C 
for 30 min, and then incubated with primary antibodies against 
TGF‑β (1:500; cat. no.  ab92486; Abcam, Cambridge, MA, 

USA), Smad2 (1:500; cat. no. ab40855; Abcam), phosphorylated 
(p)‑Smad2 (1:500; cat. no. ab53100; Abcam), JAK (1:500; cat. 
no. ab39636; Abcam), STAT3 (1:200; cat. no. ab68153; Abcam) 
or GAPDH (1:1,000; cat. no. ab8245; Abcam) overnight at 4˚C, 
and subsequently incubated with the following secondary anti-
bodies: Anti‑Rabbit IgG VHH single domain antibody (1:1,000; 
cat. no. ab191866; Abcam) or donkey anti‑Rabbit IgG H&L 
(DyLight® 488) antibody (1:100; cat. no. ab98488; Abcam) for 
1 h at room temperature. Both secondary antibodies were conju-
gated with horseradish peroxidase. The blots were detected 
using Enhanced Chemiluminescence Plus reagent Pierce™ 
ECL Western Blotting Substrate (Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. Protein expres-
sion was quantified via densitometric analysis using Gel‑pro 
analyzer 4.0 (Media Cybernetics, Inc., Rockville, MD, USA).

Statistical analysis. Data were analyzed using SPSS v17.0 
(SPSS, Inc., Chicago, IL, USA) with paired t‑tests (for two 
groups) or one‑way analysis of variance followed by Tukey's 
post‑hoc test (for three or more groups). All experiments 
were repeated at least three times and data are presented as 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Hyperoxia suppresses the expression of miR‑16. Following 
hyperoxia exposure in mice, it was previously demonstrated that 
the lung expression of miR‑16 was significantly reduced (15). 
To investigate the function of miR‑16 in hyperoxia‑induced 
ALI, the current study analyzed the expression of miR‑16 in 
primary human AECII cells. The results demonstrated that 
miR‑16 levels were significantly decreased in AECII cells 
following hyperoxia exposure (Fig. 1A), compared with control 
cells, indicating that the downregulation of miR‑16 may be 
associated with hyperoxia‑induced ALI. Following transfec-
tion of AECII cells with miR‑16 mimics, the expression of 
miR‑16 was significantly increased in hyperoxia‑exposed 
AECII cells (Fig. 1B). Subsequently, further experiments were 

Figure 1. Expression levels of miR‑16 in AECII cells following hyperoxia exposure. (A) Levels of miR‑16 in AECII following hyperoxia exposure, as deter-
mined by RT‑qPCR. (B) Levels of miR‑16 in hyperoxia‑exposed AECII cells following transfection with miR‑16 mimics. *P<0.05 vs. control group; #P<0.05 vs. 
hyperoxia group and hyperoxia + NC groups. miR, microRNA; AECII, primary human alveolar type II epithelial cells; RT‑qPCR, reverse transcription‑quan-
titative polymerase chain reaction; NC, negative control.
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performed to determine the effect of miR‑16 on phenotype, 
ALI, proliferation and cell apoptosis.

miR‑16 rescues SP‑A expression in hyperoxia‑exposed AECII 
cells. SP‑A is a biomarker of AECII cells as it is only secreted 
by AECII cells (24). The SP‑A expression in AECII cells was 
detected using immunofluorescence (Fig. 2A). The results 
demonstrated that the expression of SP‑A in the cytoplasm was 
markedly reduced by hyperoxia, compared with the control 
cells. However, transfection of AECII cells with miR‑16 
mimics rescued the SP‑A fluorescence in hyperoxia‑treated 
cells (Fig. 2A). Consistently, the expression of SP‑A mRNA 
was significantly inhibited by hyperoxia, compared with 
control cells, and miR‑16 mimics enhanced the SP‑A mRNA 
expression in hyperoxia‑exposed AECII cells (Fig. 2B).

Furthermore, the mRNA expression of aquaporin 5 was 
determined by RT‑qPCR. The expression of aquaporin 5 was 
upregulated by hyperoxia, compared with control cells, and 
this effect was suppressed by miR‑16 mimic transfection in 
hyperoxia‑exposed AECII cells (Fig. 2C). This indicates that 
transdifferentiation disorder from AECII to alveolar type I 
epithelial cells was induced by hyperoxia, and this effect was 
inhibited by miR‑16. Therefore, miR‑16 may have a protective 
effect in AECII cells against hyperoxia‑induced ALI.

miR‑16 reverses the hyperoxia‑induced suppression of cell 
proliferation and induction of cell apoptosis. It has been 

previously reported that hyperoxia induced AECII apop-
tosis (25). In order to investigate the effect of hyperoxia on 
AECII cells, cell proliferation was detected by a CCK‑8 assay 
and apoptosis was determined by flow cytometry (Fig. 3). The 
cell proliferation was suppressed by hyperoxia at 48, 72 and 
96 h, compared with the control group (Fig. 3A). The role of 
miR‑16 in cell proliferation in hyperoxia was also investigated 
by overexpressing miR‑16 in AECII cells; the results demon-
strated that the cell proliferation was significantly increased by 
transfection with miR‑16 mimics in hyperoxia‑exposed AECII 
cells, compared with the hyperoxia + NC group and hyperoxia 
+ NC groups. In addition, the percentage of apoptotic cells was 
increased following hyperoxia exposure, compared with the 
control group (Fig. 3B). The effect of miR‑16 on cell apoptosis 
was also investigated using miR‑16 mimics, which indicated 
that cell apoptosis was significantly inhibited by the miR‑16 
mimics in hyperoxia, compared with the NC group and 
hyperoxia + NC groups. These results indicate that hyperoxia 
triggered apoptosis and suppressed cell proliferation in AECII 
cells, which was reversed by transfection with miR‑16 mimics.

miR‑16 alters TGF‑β/Smad2 and JAK/STAT3 pathways 
in AECII cells in vitro. By using A549 cells, it was previ-
ously reported that miR‑16 modulates the expression of 
epithelial sodium channel protein and serotonin transporter 
in alveolar epithelial cells, and that miR‑16 downregulated 
TGF‑β in A549 cells has a critical role in ALI  (15). The 

Figure 2. Levels of SP‑A and aquaporin 5 in AECII cells following hyperoxia. Cells were transfected with or without miR‑16 mimics and subsequently 
treated with hyperoxia for 24 h. (A) Immunofluorescence of SP‑A in AECII cells treated with hyperoxia (magnification, x40). Blue staining indicates DAPI 
staining of nuclei and red staining indicates SP‑A immunostaining. The mRNA expression of (B) SP‑A and (C) aquaporin 5 was determined by reverse 
transcription‑quantitative polymerase chain reaction. *P<0.05 vs. control group; #P<0.05 vs. hyperoxia group and hyperoxia + NC groups. SP‑A, surfactant 
protein‑A; AECII, primary human alveolar type II epithelial cells; miR, microRNA; NC, negative control.
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present study therefore investigated TGF‑β/Smad2 and 
JAK/STAT3 pathways in AECII cells. To determine the role 
of miR‑16 in modulating the TGF‑β/Smad2 and JAK/STAT3 
pathways, the mRNA and/or protein expression of TGF‑β, 
Smad2, p‑Smad2, JAK and STAT3 was detected in miR‑16 
mimic‑transfected AECII cells following hyperoxia (Fig. 4). 
The results demonstrated that hyperoxia significantly induced 
the mRNA expression of TGF‑β (Fig. 4A), Smad2 (Fig. 4B), 
JAK (Fig. 4C) and STAT3 (Fig. 4D). However, transfection of 
miR‑16 mimics significantly inhibited the hyperoxia‑induced 
mRNA expression of TGF‑β (Fig. 4A), Smad2 (Fig. 4B), JAK 
(Fig. 4C) and STAT3 (Fig. 4D). 

Consistent with these results, increased protein levels of 
TGF‑β, Smad2, p‑Smad2, JAK and STAT3 were observed in 
AECII cells following hyperoxia (Fig. 4E). However, there 
was a significant reduction in the protein expression of TGF‑β, 
Smad2, p‑Smad2, JAK and STAT3 in miR‑16 mimic‑trans-
fected AECII cells following hyperoxia, compared with the 
NC group. Therefore, miR‑16 is associated with reduced 
expression of TGF‑β, Smad2, p‑Smad2, JAK and STAT3, 
indicating that miR‑16 may regulate hyperoxia‑induced ALI 
through TGF‑β/Smad2 and JAK/STAT3 signaling pathways.

Discussion

The results of the present study demonstrated that miR‑16 was 
downregulated in primary human AECII cells in ALI, which 
was associated with the TGF‑β/Smad2 and JAK/STAT3 
pathways. 

In A549 human non‑small cell lung carcinoma cells, 
overexpression of miR‑16 by miR‑16 mimics significantly 
suppressed cell proliferation and significantly promoted 
cell apoptosis (26). Furthermore, overexpression of miR‑16 
significantly increased the levels of p27, Bcl‑2‑associated X, 
procaspase 3 and cleaved caspase 3, and decreased the levels 
of Bcl‑2 (26). In the current study, the results demonstrated 
that miR‑16 was downregulated following hyperoxia expo-
sure, which indicated that downregulation of miR‑16 may be 
associated with hyperoxia‑induced ALI. The cell proliferation 
was suppressed by hyperoxia; however, cell proliferation was 
increased in the miR‑16 mimic transfection group compared 
with the NC group following hyperoxia. In addition, the 
percentage of apoptotic cells was significantly increased 
following hyperoxia exposure, compared with the control 
group, and the cell apoptosis was reduced in the miR‑16 mimic 

Figure 3. Effects of miR‑16 mimics on hyperoxia‑induced inhibition of cell proliferation and promotion of cell apoptosis in AECII cells. Following transfection 
with miR‑16 mimics or NC, cells were exposed to hyperoxia for 24 h. (A) Cell proliferation was determined by a CCK‑8 assay. *P<0.05 vs. hyperoxia group 
and hyperoxia + NC groups. (B) Apoptosis was determined by annexin V‑FITC/PI staining using flow cytometry. LR and UR quadrants were considered to 
indicate apoptotic cells. *P<0.05 vs. control group; #P<0.05 vs. hyperoxia group and hyperoxia + NC groups. miR, microRNA; AECII, primary human alveolar 
type II epithelial cells; NC, negative control; CCK‑8, Cell Counting Kit‑8; FITC, fluorescein isothiocyanate; PI, propidium iodide; OD, optical density. 
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transfection group compared with the NC group following 
hyperoxia. Therefore, hyperoxia triggered apoptosis and 
suppressed cell proliferation, which was reversed by transfec-
tion with miR‑16 mimics in AECII cells.

In A549 cells, it was reported that miR‑16 modulated the 
expression of epithelial sodium channel protein and sero-
tonin transporter in alveolar epithelial cells, and that miR‑16 
downregulated TGF‑β in those cells (14). It was also reported 
that Smad2 knockout mice exhibited embryonic lethality, 
which indicated that TGF‑β‑mediated Smad2 signaling may 
contribute to the development process (22,24). Furthermore, 
in Smad3 knockout mice, weakened alveoli and emphysema 
were observed later in life (22,24). Exogenous and endogenous 
TGF‑β may exhibit similar or different roles in diseases (27). 
In homeostasis of AECII cells in  vitro, the addition of 
exogenous TGF‑β in culture medium protected AECII cells 
that were isolated from hyperoxic animals by suppressing 

hyperoxia‑induced damage of DNA and repairing DNA, 
enhancing the secretion of fibronectin and vascular endothe-
lial growth factor, and accelerating cell migration and would 
healing via Smad signaling (28), which indicates an important 
role for TGF‑β in hyperoxic animals. The present study there-
fore investigated the TGF‑β/Smad2 pathway in AECII cells. 
The results demonstrated that hyperoxia significantly induced 
the expression of TGF‑β, Smad2 and p‑Smad2, compared with 
the control group. In addition, transfection of AECII cells with 
miR‑16 mimics markedly inhibited the hyperoxia‑induced 
levels of TGF‑β, Smad2 and p‑Smad2. It was previously 
reported that hyperoxia induced increases in the levels of active 
Smad2 and TGF‑β (28). This is consistent with the results of 
the current study, which indicated that hyperoxia induced 
active Smad2 and TGF‑β levels in AECII. The results also 
demonstrated that miR‑16 mimic transfection downregulated 
the levels of TGF‑β and active Smad2, therefore protecting 

Figure 4. Transfection with miR‑16 mimics modulates TGF‑β/Smad2 and JAK/STAT3 pathways in AECII cells. Following transfection with miR‑16 mimics 
or NC, cells were exposed to hyperoxia for 24 h. Subsequently, the mRNA expression of (A) TGF‑β, (B) Smad2, (C) JAK and (D) STAT3 was determined by 
reverse transcription‑quantitative polymerase chain reaction. (E) Protein expression of TGF‑β, Smad2, p‑Smad2, JAK and STAT3 was also detected in AECII 
cells by western blot analysis. Representative western blot bands are presented. *P<0.05 vs. control group; #P<0.05 vs. hyperoxia group and hyperoxia + NC 
groups. miR, microRNA; TGFβ, transforming growth factor‑β; Smad2, Smad family member 2; STAT3, signal transducer and activator of transcription 3; 
AECII, primary human alveolar type II epithelial cells; NC, negative control; p‑, phosphorylated‑. 
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AECII cells. However, Buckley et al (28) demonstrated that 
exogenous TGF‑β protected the AECII cells via activation of 
Smad2. We hypothesize that these conflicting observations, 
whether the activation or inhibition of Smad2 leads to protec-
tive effects against hyperoxia, may be due to the source of 
cells. For example, Buckley et al (28) isolated the adult AECII 
cells from lavaged lungs, while the present study isolated adult 
AECII cells from human lung tissues (non‑cancerous tissues) 
that were collected during resection of lung carcinoma. The 
results of the current study demonstrate an association between 
miR‑16 expression and reduced expression of TGF‑β, Smad2 
and p‑Smad2, indicating that the TGF‑β/Smad2 pathway may 
be regulated by miR‑16 and be involved in hyperoxia‑induced 
ALI. The present study focused on the role of miR‑16, and the 
effect of TGF‑β expression should be investigated in future 
studies to determine whether underexpression or overexpres-
sion of TGF‑β protects AECII cells.

It was previously demonstrated that the JAK/STAT 
signaling pathway alters cell function via ROS, which has an 
important role in ALI (29,30). Suppression of LPS‑induced 
STAT3 activation was reported to protect cells against 
LPS‑induced ALI (29). The present study also investigated the 
JAK/STAT3 pathway in AECII cells. The results demonstrated 
that hyperoxia significantly induced the expression of JAK and 
STAT3, while transfection of miR‑16 significantly inhibited 
the hyperoxia‑induced mRNA expression of JAK and STAT3 
in AECII cells, indicating that miR‑16 may protect against 
hyperoxia‑induced ALI through JAK/STAT3 pathways. 
However, the target gene by which miR‑16 directly controls 
the TGF‑β/Smad2 and JAK/STAT3 pathways remains unclear.

In conclusion, the results of the current study demonstrated 
that overexpression of miR‑16 exerted a protective effect in 
AECII cells against cell apoptosis and ALI, which may be 
associated with TGF‑β/Smad2 and JAK/STAT3 pathways. 
Therefore, TGF‑β/Smad2 and JAK/STAT3 pathways may be 
important novel therapeutic targets for hyperoxia‑induced 
ALI.
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