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Activation of AMPK inhibits TGF-
β1-induced airway smooth muscle 
cells proliferation and its potential 
mechanisms
Yilin Pan  1, Lu Liu1, Shaojun Li1, Ke Wang2, Rui Ke1, Wenhua Shi1, Jian Wang1, Xin Yan1, 
Qianqian Zhang1, Qingting Wang1, Limin Chai1, Xinming Xie1 & Manxiang Li1

The aims of the present study were to examine signaling mechanisms underlying transforming growth 
factor β1 (TGF-β1)-induced airway smooth muscle cells (ASMCs) proliferation and to determine the 
effect of adenosine monophosphate-activated protein kinase (AMPK) activation on TGF-β1-induced 
ASMCs proliferation and its potential mechanisms. TGF-β1 reduced microRNA-206 (miR-206) level by 
activating Smad2/3, and this in turn up-regulated histone deacetylase 4 (HDAC4) and consequently 
increased cyclin D1 protein leading to ASMCs proliferation. Prior incubation of ASMCs with metformin 
induced AMPK activation and blocked TGF-β1-induced cell proliferation. Activation of AMPK slightly 
attenuated TGF-β1-induced miR-206 suppression, but dramatically suppressed TGF-β1-caused HDAC4 
up-expression and significantly increased HDAC4 phosphorylation finally leading to reduction of up-
regulated cyclin D1 protein expression. Our study suggests that activation of AMPK modulates miR-206/
HDAC4/cyclin D1 signaling pathway, particularly targeting on HDAC4, to suppress ASMCs proliferation 
and therefore has a potential value in the prevention and treatment of asthma by alleviating airway 
remodeling.

Asthma is a chronic inflammatory airway disease characterized by airway hyperresponsiveness and airway 
remodeling1. Progressive airway remodeling finally leads to irreversible airflow obstruction which is a significant 
feature of severe asthma2. Pathologic changes of airway remodeling include airway smooth muscle cells (ASMCs) 
hypertrophy/proliferation/migration, subepithelial fibrosis and epithelial alterations3. Among these, ASMCs pro-
liferation is believed to play a critical role in the development of airway remodeling. Thus, exploring the mecha-
nisms underlying ASMCs proliferation and investigating appropriate targets are meaningful for the prevention 
and treatment of airway remodeling and management of asthma.

Transforming growth factor β1 (TGF-β1) has been shown to be elevated in airway, peripheral blood and 
bronchoalveolar lavage fluid (BALF) in asthmatic patients4–6, which stimulates ASMCs proliferation7. However, 
the mechanisms underlying TGF-β1-induced ASMCs proliferation are still largely unclear. MicroRNAs (miR-
NAs) are single-stranded 21-22-nucleotide noncoding RNAs which are able to regulate gene expression at a 
post-transcriptional level by blocking the translation or promoting the degradation of target gene mRNAs8. It 
has been reported that miRNAs play important roles in various physiological and pathological processes, includ-
ing cell metabolism, differentiation, apoptosis and proliferation9. MiR-206 has been shown to be related to cell 
proliferation, which is down-regulated in various types of cancer cells. Overexpression of miR-206 inhibits pro-
liferation of cancer cells and pulmonary artery smooth muscle cells10–12, and reduction of miR-206 has been 
further indicated in the lung and blood of patients with asthma13. In addition, TGF-β1 has been shown to inhibit 
myogenic differentiation through down-regulation of miR-206 in myoblasts14. Therefore, it is interesting to know 
whether miR-206 mediates TGF-β1-induced ASMCs proliferation.

Adenosine monophosphate-activated protein kinase (AMPK) is a metabolic sensor, which is activated by 
the increase of AMP/ATP ratio caused by hypoxia, ischemia and heat shock, or other stimuli independent of 
energy crisis such as chemical compounds15,16. Activation of AMPK also regulates various cellular processes 
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including cell proliferation, apoptosis and migration17. Recent studies have shown that activation of AMPK 
reduces TGF-β1-induced cell proliferation, differentiation, migration and epithelial-to-mesenchymal tran-
sition in different types of cells, such as myofibroblasts, mesothelial cells and cancer cells18–20. However, it is 
still unknown whether activation of AMPK suppresses TGF-β1-induced ASMCs proliferation and its poten-
tial mechanisms. To address these issues, miR-206 expression and its upstream regulator and downstream tar-
gets were examined in primary cultured ASMCs stimulated with TGF-β1. The effect of AMPK activation on 
TGF-β1-induced ASMCs proliferation and its mechanisms were also explored.

Results
TGF-β1 stimulates ASMCs proliferation via activation of Smad2/3. To examine the effect of TGF-
β1 on ASMCs proliferation, cells were treated with different concentrations of TGF-β1 (0, 1, 3, 10, 30, 100 ng/ml) 
for different times (0, 12, 24, 48, 72 h), and cell proliferation was determined using BrdU incorporation assay. 
Figure 1a shows that TGF-β1 dose-dependently stimulated ASMCs proliferation, and 10 ng/ml TGF-β1 triggered 
a 1.40-fold increase in BrdU incorporation in 24 h compared with control (P < 0.01). Figure 1b demonstrates that 
TGF-β1 stimulated ASMCs proliferation in a time-dependently manner, and 10 ng/ml TGF-β1 caused a 1.50-fold 
increase in BrdU incorporation over control at the time of 72 h (P < 0.01). These results indicate that TGF-β1 
effectively stimulates ASMCs proliferation.

To explore the signaling mechanisms underlying TGF-β1-induced ASMCs proliferation, the phosphorylation 
of Smad2/3 was determined using immunoblotting. Figure 1c shows that treatment of cells with TGF-β1(10 ng/
ml) for 1 h increased Smad2/3 phosphorylation to 2.46-fold compared to control (P < 0.01), while prior treatment 

Figure 1. TGF-β1 stimulates ASMCs proliferation via activation of Smad2/3. (a) ASMCs were stimulated with 
different concentrations of TGF-β1 ranging from 0 to 100 ng/ml for 24 h, the rate of BrdU incorporation in 
cells was determined by BrdU ELISA assay Kit (n = 4 per group). (b) Cells were exposed to 10 ng/ml TGF-β1 
for the indicated times, BrdU incorporation in cells was measured (n = 4 per group). (c) ASMCs were treated 
with SB431542 (10 μM) for 1 h before stimulation with TGF-β1 (10 ng/ml) for 1 h, the phosphorylation of 
Smad2/3 was determined by immunoblotting (n = 4 per group). The full-length blots of Fig. 1c are presented in 
Supplementary Fig. S1. (d) ASMCs were treated with SB431542 (10 μM) for 1 h and then stimulated with TGF-
β1 (10 ng/ml) for 24 h, BrdU incorporation in cells was measured (n = 4 per group). *P < 0.05 versus control. 
#P < 0.01 versus control. &P < 0.01 versus TGF-β1-treated cells.
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of cells with SB431542 (10 μM), an ALK5/Smad2/3 inhibitor, for 1 h suppressed TGF-β1-stimulated Smad2/3 
phosphorylation, which declined to 1.23-fold over control (P < 0.01 versus TGF-β1-treated cells). Figure 1d indi-
cates that the presence of SB431542 dramatically suppressed TGF-β1 (10 ng/ml, 24 h)-induced ASMCs prolifer-
ation, the rate of BrdU incorporation declined from 1.41-fold over control to 1.02-fold over control (P < 0.01). 
These results suggest that activation of Smad2/3 specifically medicates TGF-β1-induced ASMCs proliferation.

Smad2/3 mediates TGF-β1-induced miR-206 down-regulation, HDAC4 and cyclin D1 
up-regulation in ASMCs. To investigate whether TGF-β1 down-regulates miR-206 expression and its 
mechanisms in ASMCs, cells were stimulated with 10 ng/ml TGF-β1 for 24 h with or without prior treatment 
with SB431542 (10 μM) for 1 h, the level of miR-206 was determined using qRT-PCR. As shown in Fig. 2a, 
TGF-β1 reduced mature miR-206 level to 0.13-fold over control (P < 0.01 versus control), while the presence 
of SB431542 dramatically blocked TGF-β1-induced miR-206 reduction, which raised to 0.92-fold over control 
(P < 0.01 versus TGF-β1 treated cells). These results suggest that activation of Smad2/3 particularly mediates 
TGF-β1 down-regulation of miR-206 in ASMCs.

We next examined whether TGF-β1 signaling regulates protein expression of HDAC4 and cyclin D1 contrib-
uting to ASMCs proliferation. Cells were treated with 10 μM SB431542 for 1 h and then stimulated with TGF-β1 
(10 ng/ml) for 24 h. Figure 2b indicates that treatment of ASMCs with TGF-β1 increased HDAC4 protein level to 

Figure 2. Smad2/3 mediates TGF-β1-induced alterations of miR-206, HDAC4 and cyclin D1. ASMCs were 
treated with SB431542 (10 μM) for 1 h before stimulation with TGF-β1 (10 ng/ml) for 24 h. (a) The level of  
miR-206 was measured using qRT-PCR. U6 small nuclear RNA served as a loading control (n = 4 per group). 
(b) HDAC4 protein level was analyzed using immunoblotting (n = 4 per group). (c) Cyclin D1 protein level was 
determined using immunoblotting (n = 4 per group). The full-length blots of Fig. 2b and 2c are presented in 
Supplementary Fig. S1. *P < 0.01 versus control. #P < 0.01 versus TGF-β1-treated cells.
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2.01-fold over control (P < 0.01), while pretreatment of cells with SB431542 blocked TGF-β1-induced HDAC4 
protein expression, which declined to 1.16-fold over control (P < 0.01 versus TGF-β1-treated cells). Figure 2c 
shows that TGF-β1 stimulation resulted in a 2.06-fold increase in cyclin D1 protein level compared to control 
(P < 0.01), while the presence of SB431542 reduced TGF-β1-induced cyclin D1 protein level to 1.12-fold over 
control (P < 0.01 versus TGF-β1-treated cells). These results suggest that TGF-β1 up-regulates HDAC4 and cyclin 
D1 protein expression in ASMCs by activating Smad2/3 cascade.

miR-206 regulates HDAC4/cyclin D1 expression in ASMCs. To investigate whether miR-206 specif-
ically regulates HDAC4 and cyclin D1 expression in ASMCs, transfection of miRNA negative control (miRNA 
NC), miR-206 mimics, or miR-206 inhibitor were applied in the study. Figure 3a shows that transfection 
of ASMCs with miR-206 mimics for 48 h resulted in a 36-fold increase in miR-206 level compared to control 
(P < 0.01), and transfection of cells with miR-206 inhibitor reduced the miR-206 level to 28% of control (Fig. 3b, 
P < 0.01), whereas miRNA NC transfection did not change miR-206 level. As shown in Fig. 3c, transfection of 
ASMCs with miR-206 mimics for 48 h reduced HDAC4 protein level to 0.67-fold over control (P < 0.01), while 
transfection of ASMCs with miR-206 inhibitors caused a 1.64-fold increase in HDAC4 protein level compared to 
control (P < 0.01). Figure 3d shows that transfection of cells with miR-206 mimics reduced cyclin D1 protein level 
to 0.71-fold over control (P < 0.05), while transfection of ASMCs with miR-206 inhibitors induced a 1.45-fold 
increase in cyclin D1 protein level compared to control (P < 0.05). These results indicate that miR-206 regulates 
HDAC4 and cyclin D1 protein expression in ASMCs.

To further explore whether loss of HDAC4 specifically mediates cyclin D1 reduction, HDAC4 was first 
silenced with sequence specific siRNA and then cyclin D1 protein level was measured. As shown in Fig. 3e, trans-
fection of ASMCs with sequence specific siRNA-HDAC4 for 48 h significantly reduced HDAC4 protein level 
to 38% of control (P < 0.01), whereas non-targeting siRNA did not change the HDAC4 protein level. Loss of 
HDAC4 by siRNA silencing reduced cyclin D1 protein level to 0.68-fold over control (Fig. 4f; P < 0.01). These 
results suggest that HDAC4 positively regulates cyclin D1 protein level in ASMCs.

Up-regulation of HDAC4 and cyclin D1 by miR-206 reduction mediates TGF-β1-induced 
ASMCs proliferation. To determine whether reduction of miR-206 specifically mediates TGF-β1-induced 
up-regulation of HDAC4 and cyclin D1 and therefore ASMCs proliferation, cells were treated with 10 ng/ml 
TGF-β1 for 24 h with or without prior overexpression of miR-206 for 24 h. Figure 4a indicates that prior over-
expression of miR-206 reversed TGF-β1-induced HDAC4 protein elevation, which decreased from 1.85-fold 
over control to 0.57-fold over control (P < 0.01). Figure 4b shows that TGF-β1 stimulation caused a 1.73-fold 
increase in cyclin D1 protein level compared to control (P < 0.05), while overexpression of miR-206 reduced 
TGF-β1-induced cyclin D1 protein level to 0.68-fold over control (P < 0.05 versus TGF-β1-stimulated cells). As 
shown in Fig. 4c, overexpression of miR-206 significantly reversed TGF-β1-triggered ASMCs proliferation, the 
BrdU incorporation rate reduced from 1.48-fold over control to 0.84-fold over control (P < 0.01). These results 
suggest that loss of miR-206 mediated TGF-β1-induced HDAC4 and cyclin D1 up-regulation and ASMCs 
proliferation.

To determine whether elevation of HDAC4 caused by miR-206 down-regulation mediates TGF-β1 induced 
cyclin D1 expression and ASMCs proliferation, cells were treated with 10 ng/ml TGF-β1 for 24 h with or with-
out prior silencing of HDAC4 for 24 h and then cyclin D1 protein level and cell proliferation were measured. 
Transfection efficiency of siRNA-HDAC4 was shown in Fig. 3e. As shown in Fig. 4d, knock down of HDAC4 
reversed TGF-β1-induced cyclin D1 induction, which decreased from 1.89-fold over control to 1.36-fold over 
control (P < 0.05). Figure 4e shows that loss of HDAC4 suppressed TGF-β1-stimulated ASMCs proliferation, the 
BrdU incorporation rate reduced from 1.52-fold over control to 1.19-fold over control (P < 0.01). Non-targeting 
siRNA did not affect cyclin D1 protein level and cell proliferation. These results suggest that miR-206/HDAC4/
cyclin D1 pathway specifically mediates TGF-β1 stimulation of ASMC proliferation.

Activation of AMPK by metformin inhibits TGF-β1-stimulated ASMCs proliferation. To exam-
ine the effect of activation of AMPK on TGF-β1 induced ASMCs proliferation, metformin was used to activate 
AMPK. Figure 5a shows that metformin (10 mM, 6 h) increased the phosphorylation of AMPK α to 2.14-fold 
compared with control cells (P < 0.01). Pretreatment of cells with metformin (10 mM) for 6 h suppressed TGF-β1 
(10 ng/ml, 24 h)-induced ASMCs proliferation, BrdU incorporation rate dropped from a 1.43-fold increase over 
control to a 1.08-fold increase over control (Fig. 5b, P < 0.01).

To verify AMPK activation mediates metformin inhibition of TGF-β1 induced ASMCs proliferation, AMPK 
α2 was silenced in the study. Figure 5c indicates that knockdown of AMPK α2 reduced metformin (10 mM, 
6 h)-induced AMPK α phosphorylation in the presence of TGF-β1, which declined from a 2.21-fold increase over 
control to a 0.52-fold increase over control (P < 0.01). Similarly, metformin-induced AMPK activity was also 
decreased from a 2.33-fold increase over control in metformin and TGF-β1 co-treated cells to a 0.63-fold increase 
over control in cells lacking AMPK α2 in the presence of metformin and TGF-β1 (Fig. 5d, P < 0.01). Figure 5e 
shows that loss of AMPK abolished metformin on TGF-β1-stimulated cell proliferation, BrdU incorporation rate 
was raised from 1.11-fold over control in metformin and TGF-β1-treated cells to 1.52-fold over control in cells 
lacking AMPK α2 in the presence of metformin and TGF-β1 (P < 0.01). These results suggest that the activation 
of AMPK mediates metformin inhibition of TGF-β1-induced ASMCs proliferation.

Molecular mechanisms underlying AMPK inhibition of TGF-β1 induced ASMCs proliferation.  
To determine the major target of AMPK regulation of TGF-β1-induced ASMCs proliferation, we first examined 
whether AMPK affects the phosphorylation of Smad2/3. Figure 6a demonstrates that pretreatment of cells with 
metformin did not affect TGF-β1-induced the phosphorylation of Smad2/3, suggesting that AMPK did not target 
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Figure 3. miR-206 regulates HDAC4/cyclin D1 expression in ASMCs. (a) ASMCs were transfected with miR-
206 mimics or miR-NC for 48 h, the expression of miR-206 was examined by qRT-PCR. U6 small nuclear RNA 
served as a loading control (n = 4 per group). (b) ASMCs were transfected with miR-206 inhibitors or miR-NC 
for 48 h, the level of miR-206 was examined by qRT-PCR. U6 small nuclear RNA served as a loading control 
(n = 4 per group). ASMCs were transfected with miR-206 mimics, miR-206 inhibitors or miR-NC for 48 h. 
(c) HDAC4 protein level were analyzed using immunoblotting (n = 4 per group). (d) Cyclin D1 protein level 
was determined using immunoblotting (n = 4 per group). (e) ASMCs were transfected with sequence-specific 
HDAC4 siRNA or non-targeting siRNA for 48 h, HDAC4 protein level was examined using immunoblotting 
(n = 4 per group). (f) ASMCs were transfected with sequence-specific HDAC4 siRNA or non-targeting siRNA 
for 48 h, cyclin D1 protein level was determined by immunoblotting (n = 4 per group). The full-length blots of 
Fig. 3c–f are presented in Supplementary Fig. S2. *P < 0.05 versus control. **P < 0.01 versus control.
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Figure 4. Up-regulation of HDAC4 and cyclin D1 by miR-206 reduction mediates TGF-β1-induced ASMCs 
proliferation. ASMCs were transfected with miR-206 mimics or miR-NC for 24 h and then stimulated with 
10 ng/ml TGF-β1 for 24 h. (a) HDAC4 protein level was analyzed using immunoblotting (n = 4 per group).  
(b) Cyclin D1 protein level was determined by immunoblotting (n = 4 per group). (c) BrdU incorporation 
rate was measured (n = 4 per group). ASMCs were transfected with sequence-specific HDAC4 siRNA or non-
targeting siRNA for 24 h and then stimulated with 10 ng/ml TGF-β1 for 24 h. (d) Cyclin D1 protein level was 
determined by immunoblotting (n = 4 per group). The full-length blots of Fig. 4a, 4b and 4d are presented in 
Supplementary Fig. S3. (e) BrdU incorporation rate was measured (n = 4 per group). *P < 0.05 versus control. 
**P < 0.01 versus control. #P < 0.05 versus TGF-β1-treated cells. &P < 0.01 versus TGF-β1-treated cells.
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Figure 5. Activation of AMPK by metformin inhibits TGF-β1-induced ASMCs proliferation. (a) ASMCs were 
treated with metformin (10 mM) for 6 hours, the phosphorylation of AMPK was measured by immunoblotting 
(n = 4 per group). (b) ASMCs were treated with metformin (10 mM) for 6 h before stimulation with TGF-β1 
(10 ng/ml) for 24 h, BrdU incorporation was measured (n = 4 per group). ASMCs were transfected with AMPK α2-
specific or non-targeting siRNA for 48 h, and then treated with metformin (10 mM) for 6 h before stimulation with 
TGF-β1 (10 ng/ml) for 1 h. (c) Phosphorylation of AMPK α was determined by immunoblotting (n = 4 per group). 
The full-length blots of Fig. 5a and 5c are presented in Supplementary Fig. S4. (d) AMPK activity was assessed 
using AMPK activity kit (n = 4 per group). (e) ASMCs were transfected with AMPK α2-specific or non-targeting 
siRNA for 24 h, and then treated with metformin (10 mM) for 6 h before stimulation with TGF-β1 (10 ng/ml) for 
24 h. The rate of BrdU incorporation was detected (n = 4 per group). *P < 0.01 versus control. #P < 0.01 versus 
TGF-β1-treated cells. &P < 0.01 versus metformin and TGF-β1-stimulated cells.
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Figure 6. The mechanisms underlying activation of AMPK inhibition of TGF-β1-induced ASMCs 
proliferation. (a) ASMCs were transfected with AMPK α2-specific or non-targeting siRNA for 48 h, and 
then treated with metformin (10 mM) for 6 h before stimulation with TGF-β1 (10 ng/ml) for 1 h. The 
phosphorylation of Smad2/3 was determined by immunoblotting (n = 4 per group). ASMCs were transfected 
with AMPK α2-specific or non-targeting siRNA for 24 h, and then treated with metformin (10 mM) for 6 h 
before stimulation with TGF-β1 (10 ng/ml) for 24 h. (b) The expression of miR-206 was examined by qRT-PCR 
(n = 4 per group). (c) The expression and phosphorylation of HDAC4 were analyzed using immunoblotting 
(n = 4 per group). (d) Cyclin D1 protein level was determined using immunoblotting (n = 4 per group). 
The full-length blots of Fig. 6a, 6c and 6d are presented in Supplementary Fig. S4. *P < 0.05 versus control. 
**P < 0.01 versus control. #P < 0.01 versus TGF-β1-treated cells. &P < 0.01 versus metformin and TGF-β1-
stimulated cells.
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on Smad2/3. Next, we investigated whether AMPK works through miR-206. As shown in Fig. 6b, prior treat-
ment of cells with metformin (10 mM) slightly increased TGF-β1-induced (10 ng/ml) miR-206 reduction, which 
raised from 0.14-fold over control to 0.31-fold over control (P < 0.01), while loss of AMPK α2 abolished the 
effect of metformin on miR-206, which declined to 0.13-fold over control again (P < 0.01 versus metformin and 
TGF-β1-treated cells), suggesting that miR-206 might not be the major target of AMPK.

We further examined whether AMPK functions via HDAC4. Due to the previous findings that phosphoryl-
ation of HDAC4 leads to HDAC4 inactivation21–23, we determined HDAC4 expression and phosphorylation in 
the present study. Figure 6c shows that activation of AMPK by metformin inhibited TGF-β1-induced HDAC4 
protein expression, which declined from a 2.25-fold increase over control to a 1.54-fold increase over control 
(P < 0.01). Activation of AMPK by metformin also increased the phosphorylation of HDAC4, which raised from 
a 1.12-fold increase over control in cells treated with TGF-β1 for 24 h to a 2.27-fold increase over control in cells 
pre-treated with metformin for 6 h and then stimulated with TGF-β1 for 24 h (P < 0.01). Deletion of AMPK α2 
reversed the inhibitory effect of metformin on HDAC4 protein expression, which increased to 2.26-fold over 
control again (P < 0.01 versus metformin and TGF-β1-treated cells), and blocked metformin-induced HDAC4 
phosphorylation, which declined to 0.88-fold over control (P < 0.01 versus metformin and TGF-β1-treated cells). 
These results suggest that activation of AMPK might simultaneously regulate HDAC4 expression and phospho-
rylation to inhibit ASMCs proliferation. Accompanied with the changes of HDAC4 expression and phosphoryl-
ation by metformin, TGF-β1-induced cyclin D1 protein up-expression was also blocked by metformin, which 
declined from 2.08-fold over control to 1.27-fold over control (P < 0.01), whereas deletion of AMPK α2 reversed 
the inhibitory effect of metformin on cyclin D1 protein level, which increased to 2.23-fold again compared with 
control (P < 0.01 versus metformin and TGF-β1-treated cells). These results suggest that activation of AMPK by 
metformin inhibits TGF-β1-induced ASMCs proliferation by suppressing miR-206/HDAC4/cyclin D1 pathway, 
especially targeting on HDAC4.

Discussion
In the present study, we have shown that TGF-β1 stimulates ASMCs proliferation by Smad2/3 mediated 
down-regulation of miR-206, which further results in HDAC4 induction and consequent up-regulation of cyclin 
D1. The activation of AMPK by metformin inhibits TGF-β1-induced ASMCs proliferation, which is coupled to 
AMPK inhibition of miR-206/HDAC4/cyclin D1 pathway, particularly HDAC4 phosphorylation and expression. 
These findings provide important insights into TGF-β1 stimulation of ASMCs proliferation and highlight a novel 
mechanism whereby activation of AMPK may prevent/treat asthma by inhibiting airway remodeling.

TGF-β1 is a member of TGF-β superfamily and exerts its function by modulating a complicated intracellular net-
work and autocrine signaling loops24,25. In the context of asthma, TGF-β1 is found to be elevated in airway, periph-
eral blood and bronchoalveolar lavage fluid (BALF) in asthmatic patients4–6 and contributes to airway remodeling by 
stimulating ASMCs proliferation26. With rapidly growing interest in the biological effect of miRNAs, we examined 
the cross-talk mechanisms between TGF-β1 and miRNA networks. MiR-206 is an important miRNA in regulation 
of myogenic differentiation27 and is also reported to play a great role in cancer cell migration and proliferation by 
targeting multiple genes10,28. The level of miR-206 is decreased in several types of cancer cell and highly proliferative 
cells12,29,30. Recently, miR-206 has been found to be down-regulated in the lung and blood of asthmatic patients and 
considered as a predictive biomarker for allergic and asthmatic status13. In addition, a study by Winbanks et al. has 
shown that miR-206 is decreased in primary muscle cells which display increased proliferation with treatment of 
TGF-β114. Our study demonstrated that TGF-β1 inhibited miR-206 expression and then stimulated ASMCs prolif-
eration by activation of Smad2/3. Overexpression of miR-206 suppressed TGF-β1-induced ASMCs proliferation, 
suggesting that reduction of miR-206 mediates TGF-β1 stimulation of ASMCs proliferation.

HDAC4 belongs to class II histone deacetylase family which regulates the balance of histone acetylation with 
histone acetyl-transferase (HAT)31. HDAC4 has been reported to play great roles in different biological processes 
involving cell differentiation, proliferation and migration32. Studies have demonstrated that up-expression of 
HDAC4 is closely associated with cell hyperplasia33–36. HDAC4 has been shown to promote cell proliferation by 
up-regulating cyclin D1 protein level33,37–39. Cyclin D1 is a member of cyclin protein family and is involved in 
regulating cell cycle progression. High expression of cyclin D1 drives the transition of cells from G1 to S phase, 
and promotes cells proliferation40. Accumulated studies have demonstrated that miR-206 suppresses HDAC4 
expression by binding to HDAC4 3′-untranslated region14,41,42. Dai et al. have reported that inhibition of miR-
206 increases HDAC4 protein level and promotes proliferation of satellite cells43. The present study indicated 
that TGF-β1 induced HDAC4 expression, which in turn increased cyclin D1 protein level and consequently 
stimulated ASMCs proliferation. Our results further exhibited that down-regulation of miR-206 mediated 
TGF-β1-induced elevation of HDAC4 in ASMCs.

Several studies have shown that activation of AMPK suppresses proliferation of a wide variety of cell types44–46. 
The present study indicated that miR-206/HDAC4/cyclin D1 signaling pathway contributed to TGF-β1-induced 
ASMCs proliferation, and activation of AMPK inhibited ASMCs proliferation by targeting on this pathway. 
Our results showed that activation of AMPK slightly increased miR-206 reduction but dramatically suppressed 
HDAC4 protein expression induced by TGF-β1. At the same time, we found that activation of AMPK also 
increased the phosphorylation of HDAC4. Previous studies have shown that activation of AMPK leads to HDAC4 
inactivation by increasing HDAC4 phosphorylation in hepatocytes and myoblasts21,47. All these results suggest 
that activation of AMPK might largely target on HDAC4 by affecting its expression and phosphorylation to sup-
press TGF-β1-stimulated ASMCs proliferation. However, it has been shown that mTOR is involved in TGF-β1 
induced proliferation in several types of cells, such as fibroblasts and cancer cells48,49, and activation of AMPK also 
inhibits these cells proliferation by suppressing mTOR activity50,51. Therefore, apart from miR-206/HDAC4/cyclin 
D1 signaling pathway, targeting on mTOR might also be involved in the inhibitory effect of AMPK on TGF-β1 
induced ASMCs proliferation. Nevertheless, this speculation needs further verification.
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Airway remodeling is closely associated with the morbidities of severe asthma2. The present study demon-
strates that miR-206/HDAC4/cyclin D1 signaling pathway is involved in TGF-β1-induced ASMCs proliferation, 
suggesting that strategy targeting on this pathway might be a novel approach in the prevention and treatment of 
airway remodeling. Metformin, as one of representative member of biguanides and AMPK agonists, has been 
commonly used to treat type II diabetes with wide clinical experience and safety record52. Park et al. have found 
that activation of AMPK ameliorates airway remodeling in a murine model of chronic asthma53; together with 
our current findings, all these results suggest that activation of AMPK could be a novel strategy for the clinical 
treatment of airway remodeling. Yet, this remains to be verified by clinical trials.

Materials and Methods
Cell preparation and culture. Primary cultures of ASMCs from trachea and main bronchi of Sprague-
Dawley rats (70–80 g) were isolated as previously described54. All animal procedures were performed in accord-
ance with the Guide for the Care and Use of Laboratory Animals of Xi’an Jiaotong University Animal Experiment 
Center. All protocols used in this study were approved by the Laboratory Animal Care Committee of Xi’an 
Jiaotong University. Briefly, the trachea and main bronchi were rapidly removed from euthanized rats by CO2 
overdose, washed in phosphate-buffered saline (PBS; 4 °C) and then dipped into Dulbecco’s Modified Eagle 
Medium (DMEM; Gibco) with 10% fetal bovine serum (FBS, Sijiqing, Hangzhou, China), 100 U/ml penicillin, 
and 100 μg/ml streptomycin. The epithelium and serosa were carefully stripped off using fine forceps and a sur-
gical blade. Then the remaining tissue was cut into 0.5 mm pieces and placed into a culture flask and incubated 
at 37 °C in an atmosphere of 95% air and 5% CO2 till cells reaching 80% confluence. And cells were fed every 
2–3 days and passaged by trypsinization using 0.25% trypsin (Invitrogen, Carlsbad, CA, USA). All experiments 
were performed using cells between passages 4 and 8. The purity and identity of ASMCs was determined by 
immunostaining with α-smooth muscle actin (α-SMA; Boster, Wuhan, China). Fluorescence microscope images 
indicated that cells contained more than 90% of ASMCs (data not shown here). Before each experiment, cells 
were incubated in 1% FBS-DMEM overnight to minimize serum-induced effects on cells. TGF-β1 (PeproTech, 
Rocky Hill, NJ, USA, distillated water as vehicle) was used to stimulate cell proliferation. SB431542 (Cell Signaling 
Technology, Beverly, MA, USA, DMSO as vehicle), a specific inhibitor of the TGF-β type 1 receptors ALK5, 
was used to block Smad2/3. Metformin was purchase from Bristol-Myers Squibb biopharmaceutical company 
(DMEM as vehicle).

Cell proliferation assay. To examine ASMCs proliferation, the rate of BrdU incorporation was determined 
using BrdU ELISA Kit (Maibio, Shanghai, China) according to the manufacturer’s instructions. Briefly, cells were 
seeded into 96-well plate at 5 × 103 cells per well, allowing to adhere for at least 24 h, and serum starved overnight 
(1% FBS in DMEM) before the start of experiments. After different treatments, BrdU labeling reagent was added 
to the wells and incubated for 2 h at 37 °C. Then, cells were denatured with FixDenat solution for 30 min at room 
temperature, and followed by incubating with anti-BrdU mAbs conjugated to peroxidase for 90 min at room tem-
perature. After removing antibody conjugate, substrate solution was added for reaction of 10 min. The absorbance 
at 370 nm was determined with a microplate reader (Bio-Rad, Richmond, CA, USA). The blank corresponded to 
100 μl of culture medium with or without BrdU.

Oligonucleotide synthesis and transfection. The miRNA-206 mimic, miRNA-206 inhibitor, 
siRNA-HDAC4 (siHDAC4), siRNA-AMPK α2 (siAMPK α2) and negative control oligonucleotides were syn-
thesized by GenePharma (Shanghai, China). ASMCs were seeded in 6-well plates at a density of 2 × 105 cells/well 
and cultured till reaching 30–50% confluence. Then cells were transfected with siRNA or miRNA (100 nM) using 
LipofectamineTM 2000 (Invitrogen) according to the manufacturer’s instructions. After transfection, cells were 
maintained for 24 h in DMEM containing 10% FBS, 100 IU/ml penicillin, and 100 μg/ml streptomycin. Effects of 
siRNA and miRNA transfection were determined using western blotting and qRT-PCR respectively.

Quantitative real-time polymerase chain reaction (qRT-PCR). Total RNA including miRNA fraction 
was collected from ASMCs using a TRIzol-based extraction protocol (Invitrogen). Isolated RNAs were polyadenylated 
using the Thermo Scientific RevertAid First Strand cDNA Synthesis Kit (Logan, UT, United States). cDNA synthe-
sized was used to perform quantitative PCR on an IQ™5 Multicolor Real-Time PCR Detection System (Bio-Rad) 
using the SYBR Green Real-time PCR Master (TaKaRa, Tokyo, Japan). Primers specific for miR-206 and U6 small 
nuclear RNA were purchased from Sangon Biotech (Shanghai, China), the following primer sets were used: rat 
miR-206, RT primer, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCACAC-3′,  
Forward, 5′-GCGGCGGTTCACAGTGGCTAAG-3′, Reverse, 5′-ATCCAGTGCAGGGTCCGAGG-3′; U6, RT  
primer, 5′-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATA-3′, Forward, 
5′-AGAGAAGATTAGCATGGCCCCTG -3′, Reverse, 5′-ATCCAGTGCAGGGTCCGAGG-3′. The fold increase 
relative to control samples was determined by 2−ΔΔCt method. The miRNA expression was normalized to U6 small 
nuclear RNA. Amplification was performed at 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 58 °C for 30 s and 
72 °C for 30 s.

Assessment of AMPK activity. AMPK activity was detected with an AMPK ELISA kit (MLBIO 
Biotechnology Co. Ltd, Shanghai, China). Briefly, ASMCs were seeded in 6-well plates at a density of 2 × 105 cells/
well and received different treatments. After treatment, cells were lysed and centrifuged. Then, the supernatant 
was collected and AMPK activity assay was analyzed according to manufacturer’s instructions. A standard curve 
was generated using the standards and their respective absorbance values at 450 nm. The AMPK activity of sam-
ples was calculated based on the absorbance values at 450 nm and the standard curve.
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Immunoblotting. Cells were lysed in RIPA Lysis Buffer (50 mM Tris PH 7.4, 150 mM NaCl, 1% NP40, 0.5% 
Sodium-deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, 1 mM NaF 
and proteinase inhibitors). Lysates were centrifuged at 13000 rpm for 10 min at 4 °C, and supernatant was collected 
as sample protein and protein concentration was determined with the BCA protein assay kit (Pierce, Rockford, 
IL, USA). Protein was separated on a SDS-PAGE gel and transferred to a Trans-Blot Nitrocellulose membrane 
(Bio-Rad). Polyclonal antibody against total-AMPK α (Cell Signaling Technology, Beverly, MA, USA, 1:1000 
dilution) and AMPK α2 (Proteintech Group, Chicago, IL, USA, 1:1000 dilution) and monoclonal antibodies 
against total-Smad2/3 (Abcam, Cambridge, MA, USA, 1:1000 dilution), β-actin (Santa Cruz Biotechnology, USA, 
1:500 dilution), phospho-Smad2/3, HDAC4, cyclin D1, phospho-AMPK α and phospho-HDAC4 (Cell Signaling 
Technology, 1:1000 dilution) were used following manufacturer’s protocols. Horseradish peroxidase-conjugated 
goat anti-rabbit or anti-mouse IgG was determined as the secondary antibody (Santa, 1:2000 dilution). 
Membranes were visualized on a ChemiDoc XRS system and analyzed using Quantity One software (Bio-Rad).

Statistical analysis. Data are presented as mean ± SD. Differences among groups were analyzed using 
one-way analysis of variance followed by Tukey post hoc test. P < 0.05 was considered statistically significant.

References
 1. Manuyakorn, W., Howarth, P. H. & Holgate, S. T. Airway remodelling in asthma and novel therapy. Asian Pacific journal of allergy 

and immunology 31, 3–10 (2013).
 2. Aysola, R. S. et al. Airway remodeling measured by multidetector CT is increased in severe asthma and correlates with pathology. 

Chest 134, 1183–1191, https://doi.org/10.1378/chest.07-2779 (2008).
 3. Shifren, A., Witt, C., Christie, C. & Castro, M. Mechanisms of remodeling in asthmatic airways. Journal of allergy 2012, 316049, 

https://doi.org/10.1155/2012/316049 (2012).
 4. Redington, A. E. et al. Transforming growth factor-beta 1 in asthma. Measurement in bronchoalveolar lavage fluid. Am J Respir Crit 

Care Med 156, 642–647, https://doi.org/10.1164/ajrccm.156.2.9605065 (1997).
 5. Chakir, J. et al. Airway remodeling-associated mediators in moderate to severe asthma: effect of steroids on TGF-beta, IL-11, IL-17, 

and type I and type III collagen expression. The Journal of allergy and clinical immunology 111, 1293–1298 (2003).
 6. Chu, H. W., Trudeau, J. B., Balzar, S. & Wenzel, S. E. Peripheral blood and airway tissue expression of transforming growth factor 

beta by neutrophils in asthmatic subjects and normal control subjects. The Journal of allergy and clinical immunology 106, 
1115–1123, https://doi.org/10.1067/mai.2000.110556 (2000).

 7. Chen, G. & Khalil, N. TGF-beta1 increases proliferation of airway smooth muscle cells by phosphorylation of map kinases. 
Respiratory research 7, 2, https://doi.org/10.1186/1465-9921-7-2 (2006).

 8. Valinezhad Orang, A., Safaralizadeh, R. & Kazemzadeh-Bavili, M. Mechanisms of miRNA-Mediated Gene Regulation from 
Common Downregulation to mRNA-Specific Upregulation. International journal of genomics 2014, 970607, https://doi.
org/10.1155/2014/970607 (2014).

 9. Sun, K. & Lai, E. C. Adult-specific functions of animal microRNAs. Nature reviews. Genetics 14, 535–548, https://doi.org/10.1038/
nrg3471 (2013).

 10. Zhang, L. et al. miR-206 inhibits gastric cancer proliferation in part by repressing cyclinD2. Cancer letters 332, 94–101, https://doi.
org/10.1016/j.canlet.2013.01.023 (2013).

 11. Jalali, S. et al. Mir-206 regulates pulmonary artery smooth muscle cell proliferation and differentiation. PloS one 7, e46808, https://
doi.org/10.1371/journal.pone.0046808 (2012).

 12. Kondo, N., Toyama, T., Sugiura, H., Fujii, Y. & Yamashita, H. miR-206 Expression is down-regulated in estrogen receptor alpha-
positive human breast cancer. Cancer research 68, 5004–5008, https://doi.org/10.1158/0008-5472.CAN-08-0180 (2008).

 13. Panganiban, R. P. et al. Circulating microRNAs as biomarkers in patients with allergic rhinitis and asthma. The Journal of allergy and 
clinical immunology 137, 1423–1432, https://doi.org/10.1016/j.jaci.2016.01.029 (2016).

 14. Winbanks, C. E. et al. TGF-beta regulates miR-206 and miR-29 to control myogenic differentiation through regulation of HDAC4. 
The Journal of biological chemistry 286, 13805–13814, https://doi.org/10.1074/jbc.M110.192625 (2011).

 15. Hardie, D. G., Ross, F. A. & Hawley, S. A. AMPK: a nutrient and energy sensor that maintains energy homeostasis. Nature reviews. 
Molecular cell biology 13, 251–262, https://doi.org/10.1038/nrm3311 (2012).

 16. Jiang, Y. et al. Metformin plays a dual role in MIN6 pancreatic beta cell function through AMPK-dependent autophagy. International 
journal of biological sciences 10, 268–277, https://doi.org/10.7150/ijbs.7929 (2014).

 17. Hardie, D. G. AMP-activated protein kinase: an energy sensor that regulates all aspects of cell function. Genes & development 25, 
1895–1908, https://doi.org/10.1101/gad.17420111 (2011).

 18. Mishra, R. et al. AMP-activated protein kinase inhibits transforming growth factor-beta-induced Smad3-dependent transcription 
and myofibroblast transdifferentiation. The Journal of biological chemistry 283, 10461–10469, https://doi.org/10.1074/jbc.
M800902200 (2008).

 19. Lin, H. et al. AMPK Inhibits the Stimulatory Effects of TGF-beta on Smad2/3 Activity, Cell Migration, and Epithelial-to-
Mesenchymal Transition. Molecular pharmacology 88, 1062–1071, https://doi.org/10.1124/mol.115.099549 (2015).

 20. Shin, H. S. et al. Metformin ameliorates the Phenotype Transition of Peritoneal Mesothelial Cells and Peritoneal Fibrosis via a 
modulation of OxidativeStress. Scientific reports 7, 5690, https://doi.org/10.1038/s41598-017-05836-6 (2017).

 21. Mihaylova, M. M. et al. Class IIa histone deacetylases are hormone-activated regulators of FOXO and mammalian glucose 
homeostasis. Cell 145, 607–621, https://doi.org/10.1016/j.cell.2011.03.043 (2011).

 22. Di Giorgio, E. & Brancolini, C. Regulation of class IIa HDAC activities: it is not only matter of subcellular localization. Epigenomics 
8, 251–269, https://doi.org/10.2217/epi.15.106 (2016).

 23. Salminen, A., Kauppinen, A. & Kaarniranta, K. AMPK/Snf1 signaling regulates histone acetylation: Impact on gene expression and 
epigenetic functions. Cellular signalling 28, 887–895, https://doi.org/10.1016/j.cellsig.2016.03.009 (2016).

 24. Yeganeh, B. et al. Novel non-canonical TGF-beta signaling networks: emerging roles in airway smooth muscle phenotype and 
function. Pulmonary pharmacology & therapeutics 26, 50–63, https://doi.org/10.1016/j.pupt.2012.07.006 (2013).

 25. Dekkers, B. G. et al. L-thyroxine promotes a proliferative airway smooth muscle phenotype in the presence of TGF-beta1. American 
journal of physiology. Lung cellular and molecular physiology 308, L301–306, https://doi.org/10.1152/ajplung.00071.2014 (2015).

 26. Halwani, R., Al-Muhsen, S., Al-Jahdali, H. & Hamid, Q. Role of transforming growth factor-beta in airway remodeling in asthma. 
Am J Respir Cell Mol Biol 44, 127–133, https://doi.org/10.1165/rcmb.2010-0027TR (2011).

 27. Taulli, R. et al. The muscle-specific microRNA miR-206 blocks human rhabdomyosarcoma growth in xenotransplanted mice by 
promoting myogenic differentiation. The Journal of clinical investigation 119, 2366–2378, https://doi.org/10.1172/JCI38075 (2009).

 28. Wang, J. et al. miR-206 inhibits cell migration through direct targeting of the actin-binding protein coronin 1C in triple-negative 
breast cancer. Molecular oncology 8, 1690–1702, https://doi.org/10.1016/j.molonc.2014.07.006 (2014).

 29. Sharan, A. et al. Down-regulation of miR-206 is associated with Hirschsprung disease and suppresses cell migration and 
proliferation in cell models. Scientific reports 5, 9302, https://doi.org/10.1038/srep09302 (2015).

http://dx.doi.org/10.1378/chest.07-2779
http://dx.doi.org/10.1155/2012/316049
http://dx.doi.org/10.1164/ajrccm.156.2.9605065
http://dx.doi.org/10.1067/mai.2000.110556
http://dx.doi.org/10.1186/1465-9921-7-2
http://dx.doi.org/10.1155/2014/970607
http://dx.doi.org/10.1155/2014/970607
http://dx.doi.org/10.1038/nrg3471
http://dx.doi.org/10.1038/nrg3471
http://dx.doi.org/10.1016/j.canlet.2013.01.023
http://dx.doi.org/10.1016/j.canlet.2013.01.023
http://dx.doi.org/10.1371/journal.pone.0046808
http://dx.doi.org/10.1371/journal.pone.0046808
http://dx.doi.org/10.1158/0008-5472.CAN-08-0180
http://dx.doi.org/10.1016/j.jaci.2016.01.029
http://dx.doi.org/10.1074/jbc.M110.192625
http://dx.doi.org/10.1038/nrm3311
http://dx.doi.org/10.7150/ijbs.7929
http://dx.doi.org/10.1101/gad.17420111
http://dx.doi.org/10.1074/jbc.M800902200
http://dx.doi.org/10.1074/jbc.M800902200
http://dx.doi.org/10.1124/mol.115.099549
http://dx.doi.org/10.1038/s41598-017-05836-6
http://dx.doi.org/10.1016/j.cell.2011.03.043
http://dx.doi.org/10.2217/epi.15.106
http://dx.doi.org/10.1016/j.cellsig.2016.03.009
http://dx.doi.org/10.1016/j.pupt.2012.07.006
http://dx.doi.org/10.1152/ajplung.00071.2014
http://dx.doi.org/10.1165/rcmb.2010-0027TR
http://dx.doi.org/10.1172/JCI38075
http://dx.doi.org/10.1016/j.molonc.2014.07.006
http://dx.doi.org/10.1038/srep09302


www.nature.com/scientificreports/

1 2Scientific RePoRTS |  (2018) 8:3624  | DOI:10.1038/s41598-018-21812-0

 30. Yue, J. et al. MicroRNA-206 is involved in hypoxia-induced pulmonary hypertension through targeting of the HIF-1alpha/Fhl-1 
pathway. Laboratory investigation; a journal of technical methods and pathology 93, 748–759, https://doi.org/10.1038/
labinvest.2013.63 (2013).

 31. McKinsey, T. A., Zhang, C. L. & Olson, E. N. Control of muscle development by dueling HATs and HDACs. Current opinion in 
genetics & development 11, 497–504 (2001).

 32. Wang, Z., Qin, G. & Zhao, T. C. HDAC4: mechanism of regulation and biological functions. Epigenomics 6, 139–150, https://doi.
org/10.2217/epi.13.73 (2014).

 33. Usui, T., Morita, T., Okada, M. & Yamawaki, H. Histone deacetylase 4 controls neointimal hyperplasia via stimulating proliferation and 
migration of vascular smooth muscle cells. Hypertension 63, 397–403, https://doi.org/10.1161/HYPERTENSIONAHA.113.01843 (2014).

 34. Liu, Y. et al. Up-regulation of HDAC4 is associated with Schwann cell proliferation after sciatic nerve crush. Neurochemical research 
39, 2105–2117, https://doi.org/10.1007/s11064-014-1401-4 (2014).

 35. Kang, Z. H. et al. Histone deacetylase HDAC4 promotes gastric cancer SGC-7901 cells progression via p21 repression. PloS one 9, 
e98894, https://doi.org/10.1371/journal.pone.0098894 (2014).

 36. Wilson, A. J. et al. HDAC4 promotes growth of colon cancer cells via repression of p21. Molecular biology of the cell 19, 4062–4075, 
https://doi.org/10.1091/mbc.E08-02-0139 (2008).

 37. Jin, J. S., Tsao, T. Y., Sun, P. C., Yu, C. P. & Tzao, C. SAHA inhibits the growth of colon tumors by decreasing histone deacetylase and the 
expression of cyclin D1 and survivin. Pathology oncology research: POR 18, 713–720, https://doi.org/10.1007/s12253-012-9499-7 (2012).

 38. Vallo, S. et al. The prostate cancer blocking potential of the histone deacetylase inhibitor LBH589 is not enhanced by the multi receptor 
tyrosine kinase inhibitor TKI258. Investigational new drugs 31, 265–272, https://doi.org/10.1007/s10637-012-9851-5 (2013).

 39. Huang, Y. H. et al. The effects of a novel aliphatic-chain hydroxamate derivative WMJ-S-001 in HCT116 colorectal cancer cell death. 
Scientific reports 5, 15900, https://doi.org/10.1038/srep15900 (2015).

 40. Coqueret, O. Linking cyclins to transcriptional control. Gene 299, 35–55 (2002).
 41. Bruneteau, G. et al. Muscle histone deacetylase 4 upregulation in amyotrophic lateral sclerosis: potential role in reinnervation ability 

and disease progression. Brain: a journal of neurology 136, 2359–2368, https://doi.org/10.1093/brain/awt164 (2013).
 42. Williams, A. H. et al. MicroRNA-206 delays ALS progression and promotes regeneration of neuromuscular synapses in mice. Science 

326, 1549–1554, https://doi.org/10.1126/science.1181046 (2009).
 43. Dai, Y. et al. The role of microRNA-1 and microRNA-206 in the proliferation and differentiation of bovine skeletal muscle satellite 

cells. In vitro cellular & developmental biology. Animal 52, 27–34, https://doi.org/10.1007/s11626-015-9953-4 (2016).
 44. Chen, M. B. et al. Activation of AMP-activated protein kinase (AMPK) mediates plumbagin-induced apoptosis and growth inhibition 

in cultured human colon cancer cells. Cellular signalling 25, 1993–2002, https://doi.org/10.1016/j.cellsig.2013.05.026 (2013).
 45. Cantrell, L. A. et al. Metformin is a potent inhibitor of endometrial cancer cell proliferation–implications for a novel treatment 

strategy. Gynecologic oncology 116, 92–98, https://doi.org/10.1016/j.ygyno.2009.09.024 (2010).
 46. Song, Y. et al. Activation of AMPK inhibits PDGF-induced pulmonary arterial smooth muscle cells proliferation and its potential 

mechanisms. Pharmacological research 107, 117–124, https://doi.org/10.1016/j.phrs.2016.03.010 (2016).
 47. Niu, Y. et al. Exercise-induced GLUT4 transcription via inactivation of HDAC4/5 in mouse skeletal muscle in an AMPKalpha2-

dependent manner. Biochimica et biophysica acta 1863, 2372–2381, https://doi.org/10.1016/j.bbadis.2017.07.001 (2017).
 48. Jeon, M. J. et al. Alpha lipoic acid inhibits proliferation and epithelial mesenchymal transition of thyroid cancer cells. Molecular and 

cellular endocrinology 419, 113–123, https://doi.org/10.1016/j.mce.2015.10.005 (2016).
 49. Rahimi, R. A. et al. Distinct roles for mammalian target of rapamycin complexes in the fibroblast response to transforming growth 

factor-beta. Cancer research 69, 84–93, https://doi.org/10.1158/0008-5472.CAN-08-2146 (2009).
 50. Green, A. S. et al. The LKB1/AMPK signaling pathway has tumor suppressor activity in acute myeloid leukemia through the 

repression of mTOR-dependent oncogenic mRNA translation. Blood 116, 4262–4273, https://doi.org/10.1182/
blood-2010-02-269837 (2010).

 51. Ai, F. et al. Berberine regulates proliferation, collagen synthesis and cytokine secretion of cardiac fibroblasts via AMPK-mTOR-
p70S6K signaling pathway. International journal of clinical and experimental pathology 8, 12509–12516 (2015).

 52. Pernicova, I. & Korbonits, M. Metformin–mode of action and clinical implications for diabetes and cancer. Nature reviews. 
Endocrinology 10, 143–156, https://doi.org/10.1038/nrendo.2013.256 (2014).

 53. Park, C. S. et al. Metformin reduces airway inflammation and remodeling via activation of AMP-activated protein kinase. 
Biochemical pharmacology 84, 1660–1670, https://doi.org/10.1016/j.bcp.2012.09.025 (2012).

 54. Liu, L. et al. Activation of AMPK alpha2 inhibits airway smooth muscle cells proliferation. European journal of pharmacology 791, 
235–243, https://doi.org/10.1016/j.ejphar.2016.09.003 (2016).

Acknowledgements
This study was supported by the National Natural Science Foundation of China (No. 81170051 and No. 
81330002).

Author Contributions
Y.P. and M.L. designed the study. Y.P., L.L., S.L., R.K., K.W., W.S., J.W., X.Y., X.X. and L.C. performed research. 
Y.P., Q.W. and Q.Z. performed statistical analysis using appropriate software. Y.P., L.L. and M.L. wrote the paper. 
All authors have read and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21812-0.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/labinvest.2013.63
http://dx.doi.org/10.1038/labinvest.2013.63
http://dx.doi.org/10.2217/epi.13.73
http://dx.doi.org/10.2217/epi.13.73
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01843
http://dx.doi.org/10.1007/s11064-014-1401-4
http://dx.doi.org/10.1371/journal.pone.0098894
http://dx.doi.org/10.1091/mbc.E08-02-0139
http://dx.doi.org/10.1007/s12253-012-9499-7
http://dx.doi.org/10.1007/s10637-012-9851-5
http://dx.doi.org/10.1038/srep15900
http://dx.doi.org/10.1093/brain/awt164
http://dx.doi.org/10.1126/science.1181046
http://dx.doi.org/10.1007/s11626-015-9953-4
http://dx.doi.org/10.1016/j.cellsig.2013.05.026
http://dx.doi.org/10.1016/j.ygyno.2009.09.024
http://dx.doi.org/10.1016/j.phrs.2016.03.010
http://dx.doi.org/10.1016/j.bbadis.2017.07.001
http://dx.doi.org/10.1016/j.mce.2015.10.005
http://dx.doi.org/10.1158/0008-5472.CAN-08-2146
http://dx.doi.org/10.1182/blood-2010-02-269837
http://dx.doi.org/10.1182/blood-2010-02-269837
http://dx.doi.org/10.1038/nrendo.2013.256
http://dx.doi.org/10.1016/j.bcp.2012.09.025
http://dx.doi.org/10.1016/j.ejphar.2016.09.003
http://dx.doi.org/10.1038/s41598-018-21812-0
http://creativecommons.org/licenses/by/4.0/

	Activation of AMPK inhibits TGF-β1-induced airway smooth muscle cells proliferation and its potential mechanisms
	Results
	TGF-β1 stimulates ASMCs proliferation via activation of Smad2/3. 
	Smad2/3 mediates TGF-β1-induced miR-206 down-regulation, HDAC4 and cyclin D1 up-regulation in ASMCs. 
	miR-206 regulates HDAC4/cyclin D1 expression in ASMCs. 
	Up-regulation of HDAC4 and cyclin D1 by miR-206 reduction mediates TGF-β1-induced ASMCs proliferation. 
	Activation of AMPK by metformin inhibits TGF-β1-stimulated ASMCs proliferation. 
	Molecular mechanisms underlying AMPK inhibition of TGF-β1 induced ASMCs proliferation. 

	Discussion
	Materials and Methods
	Cell preparation and culture. 
	Cell proliferation assay. 
	Oligonucleotide synthesis and transfection. 
	Quantitative real-time polymerase chain reaction (qRT-PCR). 
	Assessment of AMPK activity. 
	Immunoblotting. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 TGF-β1 stimulates ASMCs proliferation via activation of Smad2/3.
	Figure 2 Smad2/3 mediates TGF-β1-induced alterations of miR-206, HDAC4 and cyclin D1.
	Figure 3 miR-206 regulates HDAC4/cyclin D1 expression in ASMCs.
	Figure 4 Up-regulation of HDAC4 and cyclin D1 by miR-206 reduction mediates TGF-β1-induced ASMCs proliferation.
	Figure 5 Activation of AMPK by metformin inhibits TGF-β1-induced ASMCs proliferation.
	Figure 6 The mechanisms underlying activation of AMPK inhibition of TGF-β1-induced ASMCs proliferation.




