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Abstract. Paraquat (PQ) is a herbicide that is widely used in 
developing countries, and pulmonary fibrosisis one of the most 
typical features of PQ poisoning. The molecular mechanism 
underlying PQ toxicity is largely unknown, which makes it 
difficult to treat. In the present study, western blot analysis, 
reverse transcription‑quantitative polymerase chain reaction 
and fluorescent immunostaining were used to analyze the 
effects of rapamycin on PQ‑induced epithelial‑mesenchymal 
transition (EMT) in A549 and MRC‑5 cells. It was revealed that 
rapamycin significantly downregulated the mesenchymal cell 
marker, α‑smooth muscle actin, and significantly upregulated 
the epithelial cell marker, E‑cadherin, at mRNA and protein 
expression levels compared with the PQ group. Treatment 
with PQ significantly increased Wnt1, low‑density lipopro-
tein receptor‑related protein (LRP)5, LRP6 and β‑catenin 
expression levels in A549 cells, while rapamycin significantly 
inhibited these effects of PQ. Activation of the Wnt signaling 
pathway using lithium chloride attenuated the inhibitory 
effects of rapamycin on PQ‑induced EMT. In conclusion, 
rapamycin protects against PQ‑induced pulmonary EMT via 
the Wnt/β‑catenin signaling pathway.

Introduction

Paraquat (PQ; 1,1'‑dimethyl‑4,4'‑bipyridinium) is a herbi-
cide that is widely used in developing countries worldwide, 
which may cause severe toxicity in animals and humans (1). 
PQ poisoning was reported to account for up to a third of all 
suicides around the world (2). PQ poisoning may cause patients 
to develop acute multi‑organ failure, pulmonary fibrosis and 
finally mortality due to respiratory failure (3). Pulmonary 
fibrosis is a typical feature of PQ poisoning, the onset of which 
may be several days or weeks following ingestion of PQ (4). 
Although PQ‑induced pulmonary fibrosis has a high mortality 
rate, the molecular mechanisms underlying its toxicity are 
largely unknown, which makes it particularly hard to treat.

Epithelial‑mesenchymal transition (EMT) has been 
reported to be associated with pulmonary fibrosis following PQ 
exposure (3). It has also been reported that factors, including 
epithelial growth factor, transforming growth factor‑β1 
(TGF‑β1), insulin‑like growth factor and interleukin‑17, may 
induce EMT (5). Myofibroblasts are key mediators in fibrosis. 
In murine models of hepatic and renal fibrosis, ~40% of 
α‑smooth muscle actin (SMA)‑positive myofibroblasts were 
derived from epithelial cells via EMT (6). However, to the best 
of our knowledge, the roles and mechanisms of rapamycin in 
the EMT process of A549 and MRC‑5 cells remain unknown.

In the present study, the roles and mechanisms of rapamycin 
on PQ‑induced pulmonary fibrosis were investigated. It was 
revealed that rapamycin alleviated PQ‑induced EMT in A549 
and MRC‑5 cells, and PQ activated the Wnt signaling pathway. 
Rapamycin inhibited the effects of PQ, and the activation of 
the Wnt signaling pathway attenuated the inhibitory effects of 
rapamycin on PQ‑induced EMT.

Materials and methods

Reagents. PQ, rapamycin and lithium chloride (LiCl) were 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). Antibodies against E‑cadherin (ab1416), β‑actin 
(ab8227) and α‑SMA (ab7817) were purchased from Abcam 
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(Cambridge, UK). Antibodies against Wnt1, low‑density 
lipoprotein receptor‑related protein (LRP)5 and LRP6 were 
provided by Santa Cruz Biotechnology, Inc., (Dallas, TX, 
USA). Antibodies against β‑catenin were purchased from Cell 
Signaling Technology, Inc., (Danvers, MA, USA).

Cell culture and treatment. A549 (human lung adenocarci-
noma epithelial cells) and MRC‑5 (human fetal lung fibroblast 
cells) cells were purchased from American Type Culture 
Collection (Manassas, VA, USA) and cultured in Dulbecco's 
modified Eagle medium (DMEM) (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 
100 U/ml penicillin and 100 U/ml streptomycin at 37˚C in a 
humidified 5% CO2 atmosphere.

A previous study demonstrated that 300 µmol/l PQ treat-
ment for 6 days induced the EMT of A549 cells; therefore, this 
concentration was selected for use within the present study (3). 
Prior to treatment, A549 cells and MRC‑5 cells were incubated 
in serum‑free DMEM for 12 h at 37˚C. To evaluate the effects 
of Wnt signaling on EMT, 300 µmol/l PQ, 100 nM rapamycin 
and 10 µmol/l LiCl were added to the cells for 48 h. All the 
reagents were added again when the medium was changed 
every day.

In the present study, four treatment groups were estab-
lished to study the effects of rapamycin on the PQ‑induced 
EMT and the Wnt signaling pathway in A549 and MRC‑5 
cells: The negative control group, the PQ‑treated group, the 
rapamycin‑treated group and the PQ + rapamycin‑treated 
group. Subsequently, five groups were established to confirm 
the roles of Wnt signaling pathway in the inhibitory effects 
of rapamycin on PQ‑induced EMT in A549 and MRC‑5 
cells: The negative control group, the PQ‑treated group, the 
LiCl‑treated group, the PQ + rapamycin‑treated group and the 
LiCl + PQ + rapamycin‑treated group.

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from A549 and MRC‑5cells using a total RNA rapid extrac-
tion kit (BioTeke Corporation, Beijing, China) according to 
manufacturer's protocol. A total of 1 µg RNA was reverse 
transcribed into cDNA using M‑MLV reverse transcriptase 
(BioTeke Corporation) in the presence of oligo (dT) and 
random 50 primers (Invitrogen; Thermo Fisher Scientific, Inc.). 
The reaction program was 42˚C for 50 min, and then 72˚C for 
10 min. The instruments in this section were pre‑treated with 
surface RNase Erase (Tiandz, Inc., Beijing, China) and the 
reagents were RNase‑free. The cDNA (1 µl for each reaction) 
was used for qPCR to detect the gene expression levels using 
2XPower Taq PCR Master mix (BioTeke Corporation) and 
SYBR Green (Beijing Solarbio Science & Technology Co., 
Ltd., Beijing, China) with GAPDH as the internal control. The 
PCR procedure was set as follows: 95˚C for 10 min, followed 
by 38 cycles of 95˚C for 12 secs 60˚C for 18 sec and 72˚C for 
30 sec, and finally 4˚C for 5 min. Calculations were performed 
using the 2‑ΔΔCq method described previously (7). The primers 
used were are as follows: GAPDH, forward 5'‑GGA​GCG​AGA​
TCC​CTC​CAA​AAT‑3' and reverse 5'‑GGC​TGT​TGT​CAT​ACT​
TCT​CAT​GG‑3'; E‑cadherin, forward 5'‑AAG​GCA​CGC​CTG​
TCG​AAG​CA‑3' and reverse 5'‑ACG​TTG​TCC​CGG​GTG​TCA​

TCC​T‑3'; α‑SMA, forward 5'‑TAC​TACT​GCT​GAG​CGT​GAG​
A‑3' and reverse 5'‑CAT​CAG​GCA​ACT​CGT​AAC​TC‑3'; Wnt1, 
forward 5'‑CCG​ATG​GTG​GGG​TAT​TGT​GAA‑3' and reverse 
5'‑TCC​CCG​GAT​TTT​GGC​GTA​TC‑3'; β‑catenin, forward 
5'‑GCC​AGT​GGA​TTC​CGT​ACT​GT‑3' and reverse 5'‑GAG​
CTT​GCT​TTC​CTG​ATT​GC‑3'; LRP5, forward 5'‑GGG​AGA​
CGC​CAA​GAC​AGA​CAA​GAT​CG‑3' and reverse 5'‑GGT​GAA​
GAC​CAA​GAA​GGC​CTC​AGG‑3'; and LRP6, forward 5'‑ATT​
GTA​GTT​GGA​GGC​TTG​GAG​GAT​GC‑3' and reverse 5'‑CCA​
TCC​ATT​CCA​GCA​CGT​TCT​ATC‑3'.

Western blot analysis. Protein was extracted from A549 and 
MRC‑5cells using a whole‑cell lysis kit (CWBio, Beijing, 
China, http://www.cwbiotech.com) and the concentration of 
protein was measured using a bichinchoninic acid protein 
quantitative kit (Beyotime Institute of Biotechnology, Haimen, 
China). Following denaturation by boiling for 5 min, the protein 
samples (40 µg for each lane) were separated by 10% SDS‑PAGE 
and transferred to polyvinylidene fluoride membranes (Merck 
KGaA). Following blocking with 5% skimmed milk at room 
temperature for 1 h, the membranes were incubated with the 
primary antibodies anti‑E‑cadherin (1:1,000), anti‑α‑SMA 
(1:1,000), anti‑Wnt1 (1:2,000), anti‑LRP5 (1:2,000), anti‑LRP6 
(1:1,000), anti‑β‑catenin (1:1,000) and anti‑β‑actin (1:5,000)
at 4˚C overnight. Following rinsing with Tris‑buffered 
saline with Tween‑20, the membranes were incubated, with 
goat anti‑rabbit immunoglobulin (Ig) G labeled with horse-
radish peroxidase (HRP;sc‑2007; dilution 1:5,000) or goat 
anti‑mouse IgG‑HRP (sc‑2005; dilution 1:5,000; both Santa 
Cruz Biotechnology, Inc.) at 37˚C for 45 min. The membranes 
were visualized using an enhanced chemiluminescent reagent 
(Thermo Fisher Scientific, Inc.). The optical density values of 
bands were analyzed using Image Lab software v.3.0 (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA).

Fluorescent immunostaining. A549 cells were grown on cover 
slips at 37˚C in DMEM cell culture medium, and then fixed 
with 4% paraformaldehyde for 10 min at room temperature, 
and blocked with 1% bovine serum albumin (Thermo Fisher 
Scientific, Inc.) in PBS for 1 h at room temperature, and then 
stained with primary antibodies against E‑cadherin (dilution 
1:500) overnight at 4˚C. The cells were subsequently incubated 
with goat anti‑mouse secondary antibody (dilution 1:2,000, 
ab150115, Abcam) for 1 h at room temperature. The nuclei 
were stained with 4',6‑diamidino‑2‑phenylindole for 1 h at 
room temperature. The fluorescence images were observed 
under a fluorescence microscope at a magnification of x400.

Statistical analysis. The data in the present study were 
presented as the mean ± standard deviation of three or five 
individual experiments. The results were analyzed by one‑way 
analysis of variance with post hoc comparisons with Tukey's 
honest significant difference test using GraphPad Prism 5 
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Rapamycin alleviates PQ‑induced EMT in A549 and MRC‑5 
cells. In the present study, A549 and MRC‑5 cells were exposed 
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to 300 µmol/l PQ for 6 days as previously described (3). A 
western blotting assay revealed that PQ induced EMT in 
A549 and MRC‑5 cells (Fig. 1A), as the epithelial cell marker 
E‑cadherin was significantly downregulated in the PQ group 
compared with the level in the control (Fig. 1B). Furthermore, 
the mesenchymal cell marker α‑SMA was significantly upreg-
ulated in the PQ group compared with the level in the control 
(Fig. 1C). It was observed that rapamycin may inhibit the EMT 
process that was induced by PQ as E‑cadherin was signifi-
cantly increased and α‑SMA was significantly decreased in 
the PQ + rapamycin group compared with the level in the PQ 
group.

The mRNA expression levels of E‑cadherin and α‑SMA 
were investigated using RT‑qPCR, and it was observed that 
PQ significantly decreased the mRNA expression level of 
E‑cadherin (Fig. 1D) and significantly increased the mRNA 
level of α‑SMA (Fig. 1E) compared with the levels observed in 
the control group. Rapamycin significantly inhibited the effect 
of PQ on α‑SMA and E‑cadherin in A549 and MRC‑5 cells. 
Using immunofluorescent staining, it was further demon-
strated that rapamycin notably upregulated the expression of 
E‑cadherin compared with the level in the PQ group in A549 
cells (Fig. 1F).

PQ activates the Wnt signaling pathway in A549 and MRC‑5 
cells, and rapamycin inhibits these effects of PQ. The present 
study investigated whether the Wnt signaling pathway served 
an important role in the PQ‑induced EMT process. The protein 
and mRNA expression levels of Wnt1, LRP5 and LRP6 were 
investigated and it was revealed that PQ significantly increased 
the protein and mRNA expression levels of Wnt1, LRP5 and 
LRP6 compared with the levels in the control group (Fig. 2). 
Rapamycin significantly decreased the protein and mRNA 
expression levels of Wnt1, LRP5 and LRP6 compared with 
the levels in the PQ group in A549 and MRC‑5 cells (Fig. 2). 
PQ also significantly upregulated the key regulator of the Wnt 
signaling pathway, β‑catenin, at the mRNA and protein levels, 
and rapamycin significantly decreased β‑catenin expression 
compared with the level observed in the PQ group in A549 and 
MRC‑5 cells (Fig. 2). These results indicate that PQ activated 
the Wnt signaling pathway in A549 and MRC‑5 cells and 
rapamycin inhibited the effects of PQ.

Activation of the Wnt signaling pathway attenuates the 
inhibitory effects of rapamycin on PQ‑induced EMT. LiCl 
is an activator of the Wnt/catenin signaling pathway (6‑9) 
and this activator was used to further study the association 

Figure 1. Rapamycin alleviates PQ‑induced EMT in A549 and MRC‑5 cells. (A) Western blot analysis of the EMT markers E‑cadherin and α‑SMA. The 
western blotting results of (B) E‑cadherin and (C) α‑SMA were quantified. Reverse transcription‑quantitative polymerase chain reaction was performed to 
measure the mRNA expression levels of (D) E‑cadherin and (E) α‑SMA. (F) Immunofluorescent staining was performed to detect E‑cadherin in A549 cells 
(magnification, x400). *P<0.05, **P<0.01 and ***P<0.001 as indicated. PQ, paraquat; EMT, epithelial‑mesenchymal transition; SMA, smooth muscle actin.
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between the Wnt signaling pathway and PQ‑induced EMT in 
the present study. In the PQ‑treated A549 and MRC‑5 cells, 
rapamycin inhibited PQ‑induced EMT by significantly upreg-
ulating E‑cadherin and significantly downregulating α‑SMA 
protein levels compared with the levels in the PQ only group 
(Fig. 3A‑C). However, LiCl significantly inhibited the effects 
of rapamycin as it caused a significant decrease in the protein 
expression level of E‑cadherin and a significant increase in 
the protein expression of α‑SMA compared with the levels 
observed in the PQ+ rapamycin group (Fig. 3A and B). The 
mRNA expression levels of E‑cadherin and α‑SMA were 
measured using RT‑qPCR and similar results were observed. 
Rapamycin significantly increased the mRNA expression level 
of E‑cadherin and significantly decreased the level of α‑SMA 

compared with the levels in the PQ only group, while LiCl 
significantly inhibited the effects of rapamycin compared with 
the PQ + rapamycin group (Fig. 3B and C).

Discussion

Pulmonary fibrosis is a chronic lung disease, which causes 
fibrosis of the lung parenchyma and loss of lung function (10). 
Aging, smoking and infection have been reported as risk 
factors for pulmonary fibrosis  (11). The pathological char-
acteristics of pulmonary fibrosis are repetitive microscopic 
alveolar epithelial cell injury, dysregulated repair, fibroblast 
proliferation and accumulation of extracellular matrix, 
which ultimately result in respiratory failure (12). EMT is an 

Figure 2. PQ activates the Wnt signaling pathway in A549 and MRC‑5 cells and rapamycin inhibits these effects. (A) Western blot analysis of the Wnt signaling 
pathway genes Wnt1, LRP5, LRP6 and β‑catenin. The western blotting results of (B) Wnt1, (C) LRP5, (D) LRP6 and (E) β‑catenin were quantified. Reverse 
transcription‑quantitative polymerase chain reaction was performed to measure the mRNA expression levels of Wnt1, LRP5, LRP6 and β‑catenin in (F) A549 
and (G) MRC‑5 cells. **P<0.01 and ***P<0.001 as indicated. PQ, paraquat; LRP, low‑density lipoprotein receptor‑related protein.
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important mechanism of lung fibrogenesis through the genera-
tion of mesenchymal‑type myofibroblasts from lung epithelial 
cells (13). EMT is also considered to be the key process that 
leads to end‑stage lung fibrosis, which occurs in a number of 
different types of inflammatory interstitial lung diseases and 
chronic obstructive pulmonary disease (5).

PQ may induce EMT‑like cellular responses resulting 
in fibrogenesis and the prevention of apoptosis in human 

pulmonary epithelial cells (14). Previous studies reported 
that PQ promoted the EMT process by activating the 
TGF‑β/Smad signaling pathway  (15,16). Lysyl oxidase 
may promote EMT dur ing PQ‑induced pulmonary 
fibrosis  (17). In PQ poisoning‑induced early pulmonary 
fibrosis, hypoxia‑inducible factor‑1α enhanced Snail 
and β‑catenin and promoted EMT  (18). The results of 
the present study demonstrated that PQ significantly 

Figure 3. Activation of the Wnt signaling pathway attenuates the inhibitory effects of rapamycin on PQ‑induced EMT. (A) Western blot analysis of the EMT 
markers E‑cadherin and α‑SMA. (B) The western blot results of E‑cadherin and α‑SMA were quantified. (C) Reverse transcription‑quantitative polymerase 
chain reaction was performed to measure the mRNA expression levels of E‑cadherin and α‑SMA. *P<0.05, **P<0.01 and ***P<0.001 as indicated. PQ, paraquat; 
EMT, epithelial‑mesenchymal transition; SMA, smooth muscle actin; LiCl, lithium chloride.
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upregulated the expression levels of Wnt1, LRP5, LRP6 and 
β‑catenin. Rapamycin was revealed to inhibit these effects 
of PQ on the Wnt signaling pathway genes. When the Wnt 
signaling pathway was activated using LiCl, EMT was 
promoted. These findings suggest that rapamycin protects 
against PQ‑induced pulmonary EMT by suppressing the 
Wnt/β‑catenin signaling pathway.

Yang et al  (19) revealed that silencing the mechanistic 
target of rapamycin (mTOR) using small interfering RNA 
effectively inhibited the expression level of mTOR in the lung 
tissues of PQ‑poisoned rats and further decreased the fibrosis 
of lung tissues caused by PQ. Rapamycin is an inhibitor of 
mTOR and may activate autophagy (20,21). The present study 
revealed that rapamycin significantly inhibited PQ‑induced 
EMT and the Wnt signaling pathway. However, whether 
mTOR is associated with the regulation of PQ‑induced EMT 
requires further study to confirm.

Using a murine model, Chung et al (22) demonstrated 
that rapamycin treatment reduced inflammatory cytokine 
expression, extracellular matrix production and senescence 
in type II pneumocytes, and that rapamycin protected against 
radiation‑induced pulmonary fibrosis. Phosphoinositide 
3‑kinase (PI3K) was reported as a promising therapeutic 
target for idiopathic pulmonary fibrosis  (23). Rapamycin 
may increase connective tissue growth factor expres-
sion in lung fibroblasts by regulating the PI3K signaling 
pathway (24). However, the association between the Wnt and 
PI3K/mitogen‑activated protein kinase signaling pathways 
requires further investigation.

Snail and Twist are important transcription factors of 
EMT associated with pulmonary fibrosis (25,26). In further 
studies, which transcription factor is involved in the process of 
PQ‑induced EMT should be studied.

In conclusion, the results of the present study suggested that 
rapamycin alleviated PQ‑induced EMT in A549 and MRC‑5 
cells. It was also observed that PQ activated the Wnt signaling 
pathway in A549 and MRC‑5 cells and that rapamycin 
inhibited these effects of PQ. Activation of the Wnt signaling 
pathway attenuated the inhibitory effects of rapamycin on 
PQ‑induced EMT. Further investigation into the effects of 
PQ and rapamycin on EMT are required, particularly on the 
expression of additional EMT‑associated proteins, including 
zonula occludens‑1, cytokeratin, vimentin and N‑cadherin. 
The role of autophagy in PQ‑induced pulmonary fibrosis 
should also be investigated.
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