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Paraquat (PQ) poisoning can cause oxidative stress, acute lung injury (ALI), and fibrosis. Excess oxidative stress can induce
mitophagy. However, whether PQ exposure can induce mitophagy, contributing to the development of ALI and pulmonary
fibrosis in vivo has not been clarified. Here, we show that PQ exposure induces ALI and fiber accumulation in the lung of rats in a
time-dependent manner, accompanied by upregulating fibronectin (FN) and Collagen I (COL-I) expression. PQ exposure
increased mitophagosome formation and PINK1 and Parkin expression in the lungs of rats. Similarly, PQ exposure reduced the
viability and mitochondrial membrane potential, but enhanced FN, COL-I, PINK1, and Parkin expression in A549 cells. In
contrast, PINK1 silencing significantly mitigated the PQ-upregulated Parkin, FN, and COL-I expression in A549 cells. Hence, PQ
exposure induced ALI and fibrosis in rats by enhancing the PINK1/Parkin signaling and profibrotic factor expression in the lungs.
-erefore, our findings suggest that the PINK1/Parkin signaling may be new therapeutic targets and may provide new insights in
the pathogenesis of PQ-related ALI in rats.

1. Introduction

Paraquat (PQ) is a unique heterocyclic herbicide and
widely used in many developing countries in the world.
Chemically, PQ is an oxidant and its exposure may cause
poisoning, such as acute respiratory distress syndrome
(ARDS) and pulmonary fibrosis, by inducing systemic
oxidative stress [1]. Unfortunately, patients with PQ
poisoning have a high mortality because currently there is
no specific antidote or effective therapy for PQ poisoning
[2]. Pathophysiologically, PQ enters the body and can
accumulate in pulmonary alveolar epithelial cells, which
causes oxidative stress-related lung injury and progres-
sive pulmonary fibrosis, leading to development of re-
spiratory failure and multiple organ dysfunctional
syndrome (MODS). Subacute PQ poisoning commonly

causes progressive pulmonary fibrosis within days and
weeks after exposure [3]. However, the pathogenesis of
PQ-related progressive pulmonary fibrosis remains
poorly understood.

Previous studies have shown that PQ produces nu-
merous oxygen radicals through a series of linkage reactions
when PQ enters the body, particularly in alveolar epithelial
cells to form reactive oxygen species (ROS) [4]. -e high
levels of ROS produced by PQ can cause lipid peroxidation
and alveolar epithelial cell apoptosis [5]. Furthermore, PQ-
induced pulmonary fibrosis can also be attributed to ROS-
induced DNA damage, mitochondrial dysfunction, in-
flammation, and protease imbalance.

Mitochondrial autophagy (mitophagy) is defined as
many factors (such as hypoxia, hunger, photosynthesis,
oxidative stress, and others) stimulating the selective
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degradation of defect mitochondria [6]. During the
process of mitophagy, the damaged, defective, and aged
mitochondrial membrane is depolarized, which recruits
the PTEN-induced kinase 1 (PINK1) and Parkin. Sub-
sequently, PINK1 activates Parkin on the outer mito-
chondrial membrane and the defect mitochondria are
wrapped into the phage specifically and degraded through
the ubiquitination and lysosomal degradation processes.

PQ produces ROS, which damages the mitochondria,
leading to altered mitochondrial membrane potential
(MMP) and cell apoptosis. However, it is unknown
whether PQ induces mitophagy and affects the PINK1/
Parkin signaling in alveolar epithelial cells and in the lung
of rats.

In this study, we employed a rat model of PQ poisoning
and A549 cells to investigate the effect of PQ exposure on the
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Figure 1: PQ exposure induces acute alveolitis and pulmonary fibrosis in rats. After PQ exposure, the rats were sacrificed at the indicated
time points and their lung tissues were examined by H&E and Masson’s staining. -e severities of alveolitis and pulmonary fibrosis in
individual rats were scored. Data are representative images (magnification ×200) or expressed as the mean± SD of each group (n� 5-6) from
two separate experiments. (a)-e H&E staining. (b) Masson’s trichrome staining. (c)-e scores of alveolitis and pulmonary fibrosis in rats.
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dynamic changes in the lung injury and fibrosis as well as
PINK1 and Parkin expression.

2. Materials and Methods

2.1. Materials and Instruments. -e special reagents and
equipment included a standard paraquat (Sigma-Aldrich,
St. Louis, MO, USA); Cytoplasmic Protein Extraction Kit,
Mitochondrial membrane potential assay kit with JC-1,
and cell counting kit (C2006, Beyotime Biotechnology,
Shanghai, China); antibodies anti-PINK1 (ab23707), anti-
Parkin (ab77924), anti-Collagen I (ab34710), anti-β-actin
(ab119716, abcam, Cambridge, UK), and anti-Fibronectin
(66042-1-lg, Sanying, Wuhan, China); other analytical
grade of chemical reagents (Aspen, Beijing, China); Flow
cytometry (Beckman FC500, Indianapolis, Beckman);
Upright Metallurgical Microscope (Nikon 80i, Tokyo,
Japan); transmission electron microscope (Hitachi
H-600IV, Tokyo, Japan).

2.2. Animals. Male Sprague Dawley (SD) rats at 6 weeks of
age and 180–220 g body weight were obtained from the
Experimental Animal Center of the North Sichuan Medical
College. -e rats were housed in a specific pathogen-free
facility at consistent temperature of 20–25°C with a cycle of
12-h light/dark. Animals were allowed free-access to food

and water ad libitum. -e experimental protocol was ap-
proved by the Ethics Committee of the North Sichuan
Medical College.

2.3. AnimalModel and Grouping. -e rats were randomized
and provided with 5ml of saline (control, n� 6) or 50mg/kg
PQ (a suitable dose, based on preliminary studies) in 5ml of
saline by gavage (PQ group, n� 36). At 2 h, 12 h, 1 d, 3 d, 7 d,
and 14 d after PQ administration, some rats were anes-
thetized (n� 5–6 per time point) and subjected to thora-
cotomy. -e proximal end of the main bronchus and the
distal end of the trachea were ligated. -e left lung was
washed three times with saline, and both lungs were col-
lected. -e left lung tissue (about 1mm3) was biopsied from
individual rats and fixed in 3% glutaraldehyde overnight.
-e remaining left lung of each rat was fixed in 4% para-
formaldehyde at 4°C overnight and paraffin-embedded. -e
superior and meddle lubes of the right lungs in individual
rats were immediately frozen in liquid nitrogen and stored at
− 80°C.

2.4.Histopathology. -e left lung tissue sections (3 μm) were
deparaffined, rehydrated, and stained with haemotoxylin
and eosin (H&E) andMasson’s trichrome.-e sections were
photoimaged under a light microscope, and the severities of
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Figure 2: PQ poisoning enhances the FN and COL-I expression in the lungs of rats. -e relative levels of FN and COL-I expression in the
different groups of rats were determined by western blot. (a) Representative western blot images. (b, c) Quantitative analysis of FN and COL-
I expression. Data are representative images or expressed as the mean± SD of each group (n� 5-6) from three separate experiments.
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lung injury and fibrosis in ten visual fields of each section
and five sections per animal were scored by pathologists in a
blinded manner, as described previously [7].

2.5. Detection of Mitochondrial Membrane Potential
(MMP) by Flow Cytometry. -e different groups of cells
were stained with JC-1 using the specific kit, according to the
manufacturer’s instruction, and the MMP in individual
samples was analyzed by flow cytometry.

2.6.WesternBlotting. -emiddle lobe of the right lung from
individual rats was homogenized, and the mitochondrial

proteins were extracted using a mitochondria protein ex-
traction kit, according to the manufacturer’s instructions.
After determining the concentrations of total proteins by
the BCA method, individual mitochondrial protein sam-
ples (15 μg/lane) were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis on 10% gels and
transferred onto polyvinylidene difluoride (PVDF) mem-
branes. -e membranes were blocked in 5% nonfat dry
milk in TBST and incubated with anti-PINK1, anti-Parkin,
anti-FN, anti-COL-I, and anti-β-actin at 4°C overnight.
After being washed, the bound antibodies were detected
with horseradish peroxidase- (HRP-) conjugated secondary
antibodies (1 : 500) at room temperature for 2 h and
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Figure 3: PQ exposure induces mitophagy in the lungs of rats. (a) TEM analysis indicates mitophagosome formation in the PQ-exposed lung
epithelial cells. (b)Western blot analysis of PINK1 and Parkin expression in the lungs of rats. (c)Quantitative analysis of PINK1 andParkin expression
in the lungs of rats. Data are representative images or expressed as the mean±SD of each group (n� 5–6) from three separate experiments.
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visualized using the enhanced chemiluminescent reagents.
-e relative levels of target proteins to the control β-actin
were determined by densitometric analysis using the
ImageJ software.

Similarly, the relative levels of PINK1, Parkin, FN, and
COL-I to β-actin expression in the different groups of A549
cells were determined by western blot assay using specific
antibodies.

0μM
50μM
100μM
200μM

400μM
600μM
800μM
1000μM

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

∗

0

50

100

150

C
el

l v
ia

bi
lit

y 
(%

)

2 days1 day12 hours
Stimulation time

(a)

0μM
50μM

100μM
200μM

p < 0.05

p < 0.05

p < 0.05

p < 0.05

p < 0.05

p < 0.05

0

100

200

300

FN (pg/ml∗100) Collagen I (pg/ml)

(b)

p < 0.05

p < 0.05

0.0

0.2

0.4

0.6

0.8

1.0

�
e l

ev
el 

of
 P

IN
K1

 ex
pr

es
sio

n

Normal 24 hr 3 days
PQ poison time

p < 0.05

p < 0.05

0.0

0.2

0.4

0.6

0.8

1.0

�
e l

ev
el 

of
 P

ar
ki

n 
ex

pr
es

sio
n

Normal 24 hr 3 days
PQ poison time

∗

∗

∗

∗

∗

∗

0.0

0.5

1.0

1.5

2.0

2.5

Ra
tio

s o
f r

ed
 to

 g
re

en
 (J

C-
1)

2 hr 12 hr 24 hr 3 days 7 days 14 daysNormal
PQ poison time

PINK1

Parkin

β-Actin

66KDa

55KDa

42KDa

Normal 24 hr 3 days

(c)

Figure 4: PQ exposure causes cytotoxicity against A549 cell by inducing mitophagy. (a) A549 cells were exposed in triplicate to PQ at the
indicated doses for varying time periods and their viability was determined by CCK-8 assays. (b) -e relative levels of FN and COL-I in
individual groups of cells were determined. (c) -e MMP of each group of cells was examined by JC-1 staining and flow cytometry. (d) -e
relative levels of PINK1 and Parkin expression were examined by western blot. Data are representative images or expressed as the mean± SD
of each group of cells from three separate experiments.
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2.7. Transmission Electron Microscopy. Individual lung tis-
sue samples were prefixed with 3% glutaraldehyde, postfixed
in 1% osmium tetroxide, dehydrated in acetone, infiltrated
in Epox 812, and embedded. -e lung tissue semithin sec-
tions (50 nm) were stained with uranyl acetate and lead
citrate. -e sections were examined using a transmission
electron microscope.

2.8. Cell Culture. A549 cells were obtained from American
Type Culture Collection (ATCC, Manassas, Virginia, USA)
and cultured in DMEM medium supplemented with 10%
fetal bovine serum (FBS) at 37°C in an incubator of 5% CO2.
When cells reached 60∼70% of confluency in the loga-
rithmic growth phase, the cells were used for subsequent
experiments.

2.9. Gene, Plasmids, and Transfection. A549 cells were cul-
tured in 24-well plates overnight and transfected with

control siRNA (siN0000001-1-5) or PINK1-specific siRNA
(stB0005003A-1-5, Ribo Biotechnologies, China) using the
Lipofectamine 2000 (11668019, -ermoFisher Scientific) for
three days and exposed to PQ. Twenty-four hours later, the
cells were harvested, and the relative levels of Parkin, FN,
and COL-I to β-actin expression in individual groups of cells
were determined by Western blot.

2.10. Cell Viability. -e cell viability was determined using the
cell counting kit (CCK-8), according to the manufacturer’s
protocol. Briefly, A549 cells (2×105/well) were cultured in 96-
well plates overnight and treated in quintuplicate with vehicle
saline or different concentrations (50, 100, 200, 400, 600, 800, or
1000μM) of PQ for varying periods (12–72h). During the last
2-h culture, individual wells were added with CCK-8 solution
(10μL) and the absorbance (A) of individual wells was mea-
sured at 450nm.-ewells without cells served as blank control.
-e cell viability was calculated using the equation:
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Figure 5: PINK1 silencing mitigates the PQ-upregulated FN, Col-I, and Parkin expression in A549 cells. A549 cells were transfected with
control or PINK1-specific siRNA for 72 h and exposed to PQ for 24 h. -e relative levels of Parkin, FN, and COL-1 expression in individual
groups of cells were quantified by western blot assays. Data are representative images or expressed as the mean± SD of each group of cells
from three separate experiments.
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Cell viability(%) �
Aparaquat − Ablank control  − Anormal control − Ablank control(  

Anormal control − Ablank control( 
× 100%. (1)

2.11. Statistical Analysis. Data are expressed as mean-
s± standard deviation (SD). -e difference among groups
was analyzed by one-way analysis of variance (ANOVA),
and the difference between groups was analyzed by Student’s
t test using SPSS 17.0 (IBM, Armonk, NY, USA). A p value
<0.05 was considered statistically significant.

3. Results

3.1. PQ Causes Pulmonary Tissue Damage in Rats. To de-
termine the effect of PQ on the lung injury and fibrosis, SD
rats were randomized and provided with vehicle or PQ by
gavage. -e rats were sacrificed at different time points after
PQ administration, and their lung tissues were examined by
H&E and Masson’s trichrome staining. Following PQ ex-
posure, four out of 36 rats died on day 3, 5, 9, and 12 after
exposure. As shown in Figures 1(a) and 1(b), while there was
normal alveolar structure in the control group of rats, there
were moderate inflammation and collagen fibers surrounding
the alveolar tissues. -e alveolar inflammation and collagen
fiber accumulation increased with time after PQ adminis-
tration. On day 14 after PQ administration, there were many
collagen fibers accumulated in the alveolar tissues, which
disrupted the alveolar structure in rats. Semiquantitative
analysis indicated that the severity of alveolitis and pulmonary
fibrosis increased with time (Figure 1(c)). To look for addi-
tional evidence of fibrosis, the relative levels of FN and COL-I
expression in the lungs of different groups of rats were de-
termined by western blot. In comparison with those in the
control rats, the levels of FN and COL-I expression in the
lungs of rats following PQ exposure increased in a time-
dependent manner (Figure 2). Such data indicated that PQ
exposure induced acute alveolitis and progressive pulmonary
fibrosis in rats.

PQ exposure reduces the MMP and induces mitophagy
by activating the PINK1/Parkin signaling in the lung of rats.

Oxidative stress can damage the mitochondria. To un-
derstand the consequence of PQ-induced inflammation and
fibrosis, we examined mitophagy in the lung cells from the
indicated groups of rats by TEM (Figure 3(a)). In comparison
with the control cells, there was obviously mitochondrial
swelling in alveolar epithelial cells at 24 h after PQ exposure,
and the degrees of mitochondrial swelling gradually increased
with vacuoles in the mitochondria. Interestingly, there were
denatured mitochondria surrounded by a vacuolar bilayer
membrane-like structure, forming the typical double-layer
wrapped mitophagy in alveolar epithelial cells from the PQ-
exposed rats, but not in the control (Figure 3(a)). In addition,
western blot analysis indicated that the relative levels of
PINK1 and Parkin expression in the lungs from the PQ-
exposed rats increased with time (Figures 3(b) and 3(c)).
Collectively, such data indicated that PQ exposure induced
mitophagy in alveolar epithelial cells by enhancing the
PINK1/Parkin expression in the lung of rats.

3.2. PQ Reduces the Viability of A549 Cells. To further un-
derstand the role of PQ in the viability and fibrosis, A549
cells were treated with vehicle or different doses of PQ for the
indicated time periods and the cell viability and levels of FN
and COL-I expression were determined. As shown in
Figure 4(a), treatment with different doses of PQ reduced the
viability of A549 cells in a dose- and time-dependent
manner. -e levels of FN and COL-1expression increased in
A549 cells in a dose-dependent manner (Figure 4(b)). Flow
cytometry analysis revealed that PQ exposure decreased the
MMP in A549 cells (Figure 4(c)). Western blot analysis
indicated that the relative levels of PINK1 and Parkin ex-
pression in the PQ-exposed cells were significantly higher
than those in the control cells, and the effects of PQ on
enhancing PINK1 and Parkin expression tended to be dose-
dependent (p< 0.05 for all, Figure 4(d)). Such data indicated
that PQ exposure reduced the viability and stimulated
profibrogenic factor expression in A549 cells by enhancing
PINK1 and Parkin expression and mitophagy.

3.3. PINK1 Silencing Mitigates the PQ-Increased FN, COL-I,
and Parkin Expression in A549Cells. Finally, we examined
the effect of PINK1 silencing on the levels of FN, COL-I, and
Parkin expression in A549 cells. We found that transfection
with PINK1-specific siRNA, but not the control siRNA,
significantly mitigated not only Parkin expression but also
attenuated the PQ-up-regulated FN and COL-I expression
in A549 cells (p< 0.05 for all, Figure 5).-erefore, induction
of mitophagy and fibrosis by PQ may be dependent on
enhancing the PINK1-related signaling in A549 cells.

4. Discussion

PQ is a highly toxic pesticide, and there is currently no
specific measure or antidote for evaluation and treatment of
PQ toxicity following PQ poisoning. Because PQ acute
poisoning can lead to acute multiple organ failure and
chronic pulmonary fibrosis and death, the mortality of
patients with PQ poisoning is high [8].

We found that PQ exposure caused ALI and pulmonary
fiber accumulation in rats, consistent with previous studies
[9]. Evidently, many inflammatory infiltrates, obviously
alveolar epithelial edema, telangiectasia, and red blood cell
leakage occurred in the lung tissues of rats at 2 h after PQ
exposure, accompanied by collagen fiber accumulation.
-ese pathogenic changes increased with time. Similarly, PQ
exposure also significantly reduced the viability of A549 cells
and enhanced their expression of FN and COL-I in a dose-
and time-dependent manner.

Mitophagy is a selective autophagy process and is crucial
for the maintenance of mitochondrial function in many
types of cells [10]. It is well known that PQ can induce
oxidative stress and produce ROS, leading to depletion of
antioxidants and development of mitophagy and fibrosis
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[3, 11, 12]. Actually, previous studies have shown that PQ
exposure decreased the MMP and increased PINK1 and
Parkin expression, leading to mitophagy and apoptosis in
A549 cells [13]. In this study, we found that PQ exposure
significantly changed the microstructure of mitochondria
with typical feature of mitophagosomes and upregulated
PINK1 and Parkin expression in the lung of rats. Such novel
data suggest that PINK1 may selectively recruit Parkin on
the mitochondrial membrane to ubiquitinate mitochondrial
proteins [14]. More importantly, PINK1 silencing signifi-
cantly mitigated the PQ-upregulated FN and COL-I ex-
pression in A549 cells. Accordingly, our findings indicated
that PQ exposure caused mitophagy in lung epithelial cells
by enhancing the PINK1/Parkin signaling in vivo and in
vitro. Hence, inhibition of the PINK1/Parkin signaling may
be valuable therapeutic strategies for intervention of PQ
poisoning.

In summary, our data indicated that PQ exposure in-
duced ALI and progressive fibrosis in the lungs of rats,
accompanied by upregulated PINK1 and Parkin expression
and mitophagy in the lung cells. Similarly, PQ exposure
significantly reduced the viability and MMP, but enhanced
FN, COL-I, PINK1, and Parkin expression in A549 cells,
which were significantly mitigated by PINK1 silencing. Such
data suggest that the PINK1/Parkin signaling may be
valuable therapeutic targets for intervention of PQ
poisoning.
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