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a b s t r a c t

Paraquat (PQ) is one of the most widely used herbicides in the world due to its excellent weed control
effects. Accumulating evidence has revealed that long-term exposure to PQ can significantly increase the
risk of Parkinson’s disease (PD). However, the underlying molecular mechanisms are yet to be fully
understood. Hence, we investigated the potential role of reactive oxygen species (ROS) and dynamin-
related protein 1 (DRP1) in PQ-induced mitophagy, aiming to elaborate on possible molecular mecha-
nisms involved in PQ-triggered neurotoxicity. Our results showed that ROS were increased, mitochon-
drial membrane potential was decreased at 100, 200, and 300 mM PQ concentrations, and autophagy
pathways were activated at a concentration of 100 mM in neuronal cells. In addition, excessive mitophagy
was observed in neurons exposed to 300 mM PQ for 24 h. Then, ROS-mediated mitochondrial fission was
found to contribute to PQ-induced excessive mitophagy. Moreover, all aforementioned changes were
significantly ameliorated by mdivi-1. Thus, our findings provide a novel neurotoxic mechanism and
reveal the DRP1-mitochondrial fission pathway as a potential target for treatments of PQ-induced
excessive mitophagy, serving as an alternative target for the prevention and treatment of Parkinson’s
disease. Because harmful substances are transmitted and enriched in the food chain, the toxic effect of
environmental paraquat is nonnegligible, and more investigations are needed.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Paraquat (1,10-dimethyl-4,40-bipyridium dichloride, PQ) is one of
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the most widely used herbicides in the world. In the United States
in 2012, the US Environmental Protection Agency (EPA) reported
that 2e6 million pounds of PQ were used for agricultural purposes
(Cao et al., 2019a). The abuse of PQmight cause potential damage to
humans and the surrounding environment. The ecological risks of
PQ were foreseeable because it was closely linked to erosive sedi-
ments that might be transported to surface water (Amondham
et al., 2006; Rashidipour et al., 2019). It causes toxic and terato-
genic effects in amphibians and toxic effects in honeybees, fish, and
other aquatic species (Sartori and Vidrio, 2018; Xu et al., 2018).
Most strikingly, both epidemiologic and laboratory evidence indi-
cate that long-term sublethal exposure to PQ may cause neuro-
toxicity in humans, especially Parkinson’s disease (PD) (Chinta
et al., 2018; Mostafalou and Abdollahi, 2017; Wang et al., 2017).
PD is a progressive neurodegenerative disease characterized by
motor symptoms, such as bradykinesia, tremor, gait, and postural
abnormalities. Approximately 1e2% of the world’s population over
65 years old suffers from PD (Pringsheim et al., 2014). One study
reported that the incidence of PD was related to the cumulative
days of the subject using pesticides, inwhich the odds ratio was 2.3,
and the 95% confidence interval was 1.2e4.5 (Kamel et al., 2007).
Nevertheless, there is currently no objective diagnosis or effective
treatment (Friedman, 2019; Kalia and Lang, 2015; Kuhlenb€aumer
and Berg, 2019).

Several studies have been conducted to pinpoint possible
mechanisms between PQ and PD, yet to our knowledge, the vast
majority of related studies have indicated that the main culprit
might be oxidative stress caused by PQ (Baltazar et al., 2014; Li
et al., 2019; Marras et al., 2019; Zheng et al., 2020). Although the
pathogenic mechanisms of PD are not completely clear, several
lines of evidence suggest that mitochondrial dysfunction could be
central to the disease (Bose and Beal, 2016, 2019; Rani and Mondal,
2020). Defective mitochondria, if left unattended, could compro-
mise the health of the entire mitochondrial network (Bingol et al.,
2014). Noticeably, mitophagy is a specialized autophagy pathway
mediated by lysosomes to eliminate damaged mitochondria and is
important for mitochondrial quality control (Chen et al., 2017;
Soutar et al., 2019). PINK1 and Parkin are key components of the
mitochondrial quality control system (Bonello et al., 2019; Niu et al.,
2020). PINK1 phosphorylates ubiquitin at S65 and activates Parkin
to recruit damaged mitochondria (Nguyen et al., 2016). In the last
decade, the key role of autophagy in neuronal homeostasis has
been established, and autophagy destruction has been shown to
cause neurodegeneration (Heckmann et al., 2019; Sathiyaseelan
et al., 2019; Stavoe and Holzbaur, 2019).

Various studies have indicated that alterations in mitochondrial
dynamics might be one of the underlying pathological mechanisms
of PD (Ge et al., 2020; Ordonez et al., 2018). Toxin-induced loss of
dopaminergic neurons (MPPþ: 10�4 mol/L, 4 h; MPTP: 20 mg/kg, i.
p., 5 days; MPPþ: 0e4 mM, 24 h) has linked neurotoxicity to
excessive mitochondrial fragmentation mediated by DRP1, sug-
gesting that dysfunction of mitochondrial fission might be critical
for the pathogenesis of PD (Chuang et al., 2016; Filichia et al., 2016;
Zhang et al., 2019). It was believed that mitochondrial fission
occurred first, and then the formation of autophagosomes occurred
subsequently, with mitochondria as a process of phagocytosis
(Yamashita et al., 2016). However, the association between these
alterations and mitophagy has received limited investigation in the
nervous system. The underlying mechanisms by which PQ affects
neural mitophagy are not fully understood.

Based on these premises, 100, 200, and 300 mM PQ concentra-
tions were used in this study to investigate mitophagy-related
neuron pathological alterations and to explore the role of Drp1-
mediated mitochondrial fission in mitophagy and ROS activation
2

in neurons.

2. Materials and methods

2.1. Reagents

The following reagents were purchased: Lysotracker Red DND-
99 (ThermoFisher, L7528); Mitotracker™ Deep Red (Thermo-
Fisher, M22426); Paraquat dichloride hydrate (Sigma-Aldrich,
36,541); Protease inhibitor cocktail (MCE, HY-K0010); phosphatase
inhibitor cocktail I (MCE, HY-K0021); chloroquine (MCE, HY-
17589); bafilomycin (MCE, HY-100558); and acetylcysteine (MCE,
HY-B0215).

Primary antibodies used for western blotting included Beclin1
(Abcam, ab207612), GAPDH (Abcam, ab181602), SQSTM1/p62
(Abcam, ab109012), LC3B (Abcam, ab51520), Ambra1 (CST, 24,907),
mTOR (CST, 2972), p-mTOR Ser 2448 (CST, 2971), NBR1 (CST, 9891),
ATG12 (CST, 4180), DNM1L/DRP1 (Abcam, ab184247), FIS1 (Abcam,
ab71498), MFN2 (Abcam, ab124773), PINK1 (Abcam, ab23707),
TOMM20 (Abcam, ab186735), Hsp60 (Abcam, ab59457), MAP2
(Abcam, ab32454), OPA1 (Abcam, ab157457), PARKIN (Abcam,
ab77924), COX IV (CST, 4844), and VDAC1 (Abcam, ab15895). Sec-
ondary antibodies were purchased from Sigma-Aldrich (anti-rab-
bit: AP132P; anti-mouse: AP124P) for western blotting and from
Abcam for immunocytochemistry (Abcam, ab175475, ab150063,
and ab150109).

2.2. Cell culture

Neuro-2A (N2a) is amouse neural crest-derived cell line that has
been extensively used to study neuronal differentiation, axonal
growth, and signaling pathways (Cai et al., 2019; Tremblay et al.,
2010). N2a cells were purchased from the cell bank of the Chi-
nese Academy of Sciences (Shanghai, China). N2a cells were
cultured in DMEM supplemented with 10% fetal calf serum, 100
units/ml of penicillin, and 100 mg/ml of streptomycin. Cells were
incubated at 37 �C in a humidified atmosphere of 5% CO2 and 95%
air. Cell cultures were maintained under logarithmic growth
conditions.

2.3. Primary neuronal cultures

We cultured and purified primary neurons from the cerebral
cortex of C57BL/6 mice in accordance with previous descriptions
with slight modifications (Kang et al., 2020). Postnatal P1-2 mouse
pups were used for primary neuron isolation. The cerebral cortex
was dissected and placed in a digestion solution containing 2 units/
ml papain (Worthington, LS003119), 20 mM EBSS (Thermo Fisher
Scientific, 15630080), DNase (50 units/ml, Worthington, LS002139),
and EDTA (1 mM) for 20 min. The tissue was dissociated using a
1 ml pipette by gentle trituration. The dissociated tissue was
centrifuged at 200 g for 5 min, and the cell pellet was resuspended
in neurobasal medium (Thermo Fisher Scientific, 21103049) con-
taining 2% B27 supplement (Thermo Fisher Scientific, 17504044).
The obtained neuronal cells were kept in a humidified 5% CO2 at-
mosphere at 37 �C. The purity identification showed that primary
neurons were greater than 90% (Fig. S5). The animal protocol was
approved by the Animal Care and Use Committee of Fujian Medical
University.

2.4. PQ treatment

Cells were treated with 100, 200, or 300 mМ PQ based on our
previous studies ( Wang et al., 2018a,b; Yang et al., 2020). The
concentration of PQ was chosen for the following reasons. One



N. Chen, Z. Guo, Z. Luo et al. Environmental Pollution 272 (2021) 116413
study showed that mitophagy increased significantly when SH-
SY5Y cells were treated with 0.5 mM paraquat for 24 h (Ramirez-
Moreno et al., 2019). Another study showed that fibroblasts were
treated with 1 mM and 2 mM PQ for 2 h, and LC3-II protein
increased significantly (Wang andMiller, 2012). In addition, a study
showed that the mitophagy of A549 cells was significantly
increased after treatment with 200 mMPQ for 24 h (Liu et al., 2020).
In order to determine the time point when paraquat induced
mitophagy in N2a cells, 100, 200, and 300 mМ PQ for 3, 6, 12, and
24 h was designed for the experiment.

2.5. Measurement of ROS production

N2a cell lines (1.5 � 104) were treated with PQ (0, 100, 200, or
300 mM) or pretreated with 10 mM NAC for 2 h (Li et al., 2007)
followed by 3 h of 200 mM PQ treatment. DCFH-DA (1 mM) was
added to the cultured cells, followed by incubation at 37 �C for
15 min. The cells were harvested and washed 3 times with ice-cold
PBS. Cells were placed on ice for 15 min to stabilize the fluores-
cence. Then, the fluorescence intensity (FL-1 channel) was detected
by flow cytometry (FACS-Calibur, BD). The percentage of cells with
elevated ROS in 30,000 cells was counted by flow cytometry. The
experiment was repeated three times. The data were proceeded by
statistical analysis.

2.6. Mitochondrial membrane potential (MMP) assay

A mitochondrial-specific cationic dye (JC-1) was used for the
assay. When the membrane potential is low, JC-1, as a monomer,
emits green excitation light. At higher membrane potentials, JC-1
aggregates increase and emit red light. N2a cells were seeded in
6-well plates. After treatment at different concentrations for 3 h, JC-
1 was added, incubated at 37 �C for 30 min, and then washed three
times with JC-1 buffer. Then, the cell ratio of red and green fluo-
rescence was measured by flow cytometry (FACS-Calibur, BD). The
percentage of cells with reduced MMP among 30,000 cells was
calculated. The data were proceeded by statistical analysis.

2.7. Western blotting

Protein content was determined in lysates of N2a cells that had
been treated with PQ for different time intervals or NAC. The cells
were washed three times with cold PBS, and RIPA lysis buffer
containing 0.1% PMSF, 0.1% phosphatase inhibitor cocktail (MCE),
and 0.1% protease inhibitor cocktail (MCE) was added on ice for
20min. The supernatant was collected by centrifugation at 12,000 g
for 15 min. The protein concentration was measured by the BCA
method. Loading buffer was added. The protein samples (20e50 mg)
were separated by SDS-PAGE and transferred to PVDF membranes.
The membranes were incubated with 5% skim milk powder or 2%
BSA (for phosphorylated protein) for 1 h, followed by incubation
with primary antibody overnight (4 �C). After washing 6 times
(5 min each time), the membranes were incubated with HRP-
conjugated antibody for 1 h at room temperature, washed 6
times (5 min each time), and then detected by an enhanced
chemiluminescence kit. ImageJ software was used for densitometry
of the protein bands. The ratio of the target protein signal to that of
the corresponding internal reference gene (GAPDH) was the rela-
tive expression of each group of target genes. Then, the fold change
of the treatment group was calculated. Finally, statistical analysis
was performed.

2.8. MitoTracker and LysoTracker labeling

MitoTracker stock solution (1 mM) was diluted to the final
3

working concentration (200 nM) in growth medium. LysoTracker
Red DND-99 stock solution (1 mM) was diluted to the final working
concentration (100 nM) in growth medium. Cells were grown on
coverslips inside Petri dishes filled with culture medium. When
cells reached the desired confluency (50%), the media was removed
from the dish, MitoTracker (200 nM) and LysoTracker Red DND-99
(100 nM) were added to the cultured primary mouse neurons or
N2a cells, and the cells were placed in an incubator (37 �C) for
30 min. Then, the dye-containing medium was discarded, and the
cells were washed with warm complete DMEM. Live cell real-time
imaging was performed immediately with the Leica multiphoton
system. The excitation and emission wavelengths of each fluo-
rophore (588 nm and 647 nm) were selected according to the
manufacturer’s instructions (M22426, L7528). Red light (647 nm)
was set to pseudocolor green on the confocal microscope system.
Whenmitochondria are wrapped by lysosomes, red light and green
light overlap to form yellow light. The numbers of yellow puncta
were quantified with ImageJ. All data were analyzed in at least
three repeated experiments. For neurons/cells in each group, at
least 40 neurons were imaged through 3e4 different experiments.
The MINA plug-in in ImageJ software was used to quantify mito-
chondrial length.

2.9. Mito-keima fluorescence

The lentiviral vector (COX8-mKeima) was synthesized by Gen-
ePharma (Shanghai, China). N2a cells were transfected with COX8-
mKeima, and puromycin (0.6 mg/ml, Sigma) was added to select
positive cells. Cells (mt-Keima) were excited in 2 channels by 2
continuous wavelengths (458 nm, green; 561 nm, red) and
measured. The labeled cells were imaged with a Leica multiphoton
system. When mitochondria are wrapped by lysosomes, red light is
increased and green light is decreased. The intensity of light was
quantified with ImageJ. All experiments were repeated at least
three times independently. In total, more than 40 neuronal cells
were imaged.

2.10. Transmission electron microscope

After trypsin digestion, the cell samples were centrifuged and
then 3% glutaraldehyde, and 1.5% paraformaldehyde were added to
the samples and fixed at 4 �C for one day. The cell samples were
washed with PBS three times followed by gradient dehydration,
embedding, and finally ultrathin sectioning to obtain samples that
could be employed for electron microscope observation. The
mitochondrial morphology and mitophagy ultrastructure were
visualized by transmission electronmicroscopy. ImageJ was used to
quantify the percentage of damaged mitochondria and mitophagy
events in the different groups.

2.11. DRP1 siRNA transfection

Three pairs of siRNAs (Table S1) at different sites (828, 1196,
1522) on DRP1 DNA were synthesized by GenePharma (Shanghai,
China). Western blot verified the knockdown effect of DRP1. DRP1
protein decreased significantly, and the knockdown effect was
better in the siDRP1-828 group (Fig. S6). When N2a cells reached
50%e60% confluence in the culture dish, the medium was dis-
carded, newmediumwas added (2 ml), and 5 mL of premixed siRNA
(50 nM) and 5 mL of siRNA-Mate plus siRNA were added. After 6 h,
PQ (200 mM) was added to the PQ treatment group for 3 h. Then,
MitoTracker (200 nM, 20 min) was added, and the culture medium
was discarded and washed with PBS. Mitochondria were photo-
graphed by laser confocal scanning microscopy.



Fig. 1. Gradient PQ treatment of neuronal cells can significantly enhance mitophagy. (A) The cell viability was determined of N2a cells treated with gradient concentrations
(0e300 mM) of PQ for 3 h. (B) The viability of N2a cells treated with gradient concentrations (100e300 mM) of PQ for 24 h is shown. (C) The level of mitophagy was assessed after PQ
treatment of N2a cells for 3 h. The relative level of mitophagy is shown in (E). The white line in the lower right corner represents the scale. Scale bar ¼ 25 mm. (D) The level of
mitophagy was determined in N2a cells treated with 0, 100, 200, or 300 mM PQ for 24 h. The relative level of mitophagy is shown in (F). The white line in the lower right corner
represents the scale. Scale bar ¼ 25 mm. (G) The level of mitophagy was determined in primary neurons treated with 0, 100, 200, or 300 mM PQ for 3 h. The white line in the lower
right corner represents the scale. Scale bar ¼ 25 mm. The relative level of mitophagy is shown in (I). (H) Transmission electron microscopy was used to detect the ultrastructure of
mitochondrial autophagosomes (red arrows indicate mitochondrial autophagosomes) after 200 mM PQ treatment of N2a cells for 3 h. Scale bar ¼ 1 mm. (n ¼ 3; * indicates
comparison between the two groups P < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. PQ treatment of neuronal cells can significantly activate the mitochondrial autophagy pathway. (A) Autophagy marker protein LC3B and p62 levels were analyzed after
N2a cells were treated with gradient concentrations (100e300 mM) of PQs for 3 h. (B) Statistical analysis of LC3B and p62 levels is shown. (C, D) The relative levels of the autophagy
marker proteins LC3B and p62 are shown. After blocking the degradation of autophagosomes with chloroquine (CQ) and bafilomycin A1 (Bfa1), N2a cells were treated with 200 mM
PQ for 3 h. (E, F) The levels of the autophagy pathway proteins p-mTOR and Beclin1 are shown. (G, H) The levels of autophagy pathway proteins ATG12 and ATG12-ATG5 are shown.
(I, J) The levels of autophagy pathway proteins Ambra1 and NBR1 are shown. (K, L) The levels of mitochondrial proteins HSP60, VDAC1, COX IV, and TOMM20 are shwon. (M, N) The
level of mitophagy marker protein PINK1 is shown. (O, P) The level of PARKIN is shown in N2a cells after treatment with gradient concentrations (0e300 mM) of PQ for 3 h (n ¼ 3; *
indicates comparison between the two groups P < 0.05).
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2.12. Immunofluorescence experiment

N2a cells were treated with 0e300 mM paraquat for 3 h. The
culture medium was discarded, and the cells were washed with
PBS. Then, the cells were fixed with 4% paraformaldehyde for
10 min, and the cell membranes were permeated with 0.1% Triton-
100 for 10 min. Then, the cells were blocked with 1% BSA for 1 h.
The primary antibody (TOMM20: 1/500; PINK1: 1/300; PARKIN: 1/
300) was added and incubated overnight at 4 �C. After washing
with PBS 3 times, fluorescent secondary antibody (488 nm, 647 nm)
was added and incubated for 1 h at room temperature. Finally, 1 mg/
ml of DAPI was added and incubated for 15 min. Then, the samples
were photographed by laser confocal microscopy.
5

2.13. Statistical analysis

SPSS 19.0 was used for statistical analysis. The data are shown as
the mean ± standard deviation (SD). First, one-way ANOVA was
used to analyze the comparison of multiple groups of data. After
conducting significant ANOVAs, Bonferroni post hoc test or Tukey
post hoc test was used for multiple comparisons. P < 0.05 was
considered statistically significant. All graphics were produced us-
ing GraphPad Prism (GraphPad software, San Diego, California, CA,
USA).



Fig. 3. ROS are a key signaling factor for PQ-induced mitophagy. (A) The relative number of cells with increased ROS was determined. The amount of ROS produced by N2a cells
induced by gradient concentrations of PQ for 3 h is shown. (B) The relative number of cells with reduced MMP was determined. The relative number of cells with reduced MMP in
each group was analyzed. (C) The relative number of cells with increased ROS was determined. N2a cells were pretreated with 10 mM NAC, and then PQ was added for 3 h. (D) The
relative number of cells with reduced MMP. N2a cells were pretreated with 10 mMNAC and then treated with PQ for 3 h. (E, F) The levels of the autophagy marker proteins LC3B and
p62 are shown. N2a cells were pretreated with 10 mM NAC and treated with PQ for 3 h. (G, H) The level of mitophagy in N2a cells was determined. N2a cells were pretreated with
10 mMNAC, and PQ was added for 3 h. The white line in the lower right corner represents the scale. Scale bar ¼ 25 mm. (I, J) The relative level of mitophagy in primary neuronal cells
was determined. Primary neuronal cells of mice were pretreated with 10 mM NAC, and then PQ was added for 3. The white line in the lower right corner represents the scale. Scale
bar ¼ 25 mm. (n ¼ 3; * indicates comparison between the two groups P < 0.05).
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3. Results

3.1. Mitophagy was enhanced in the process of paraquat-induced
neuronal cell damage

In this experiment, N2a cells were treated with 0e300 mM PQ
for 3, 6, 12, and 24 h. The results showed that cell viability did not
decrease significantly with a treatment time of 3 h (Fig. 1A). Cell
viability was decreased significantly in the 300 mM group after 6
and 12 h of treatment (Figs. S1A and B). Cell viability was reduced to
83.7%, 55.4% and 41.9% in N2a cells that were treated with different
concentrations (100, 200 and 300 mM) of PQ for 24 h, respectively
(Fig. 1B). Additionally, N2a cells (COX8-mkeima expression stable)
were treated with 0, 100, 200, and 300 mM PQ for 3, 6, 12, and 24 h.
Red light was increased, and green light was decreased. This result
indicated that mitophagy increased significantly (Fig. 1C, D, E, F and
Figs. S1C and D). Interestingly, mitophagy was significantly lower in
the 300 mM PQ group than in the 200 mM PQ group after 24 h of
treatment (Fig. 1D). Additionally, primary neuronal cells were used
to verify the results that PQ promotedmitophagy. Primary neuronal
cells were treated with gradient concentrations of PQ
(100e300 mM) for 3 h. The results showed that mitophagy was
increased significantly (Fig.1G and H). To confirm that PQ promoted
mitophagy in a short time, the level of mitochondrial autophago-
somes was detected by transmission electron scanning microscopy
in N2a cells after 200 mM PQ exposure for 3 h. The results showed
that the mitochondrial autophagosomes increased significantly
after 200 mM PQ treatment for 3 h in N2a cells (Fig. 1I).
3.2. Acute exposure to PQ significantly activates the key signals of
the mitochondrial autophagy pathway

To understand the underlying mechanism of PQ in neuronal
mitophagy, we examined the changes in key proteins in the auto-
phagy pathway and the levels of mitochondrial proteins. Our re-
sults showed that the LC3B-II/LC3BeI ratio was significantly
increased, and P62 was significantly decreased after 100, 200,
300 mM PQ treatment for 3 h in N2a cells (Fig. 2A and B). To further
confirm that autophagy was promoted by PQ in neural cells, the
autophagy inhibitors chloroquine (CQ) and bafilomycin A1 (Bfa1)
were used to block autophagic degradation. The results showed
that the p62 and LC3B-II/LC3BeI levels were more significantly
increased when autophagy was blocked by chloroquine and bafi-
lomycin in N2a cells (Fig. 2C and D). Additionally, key proteins of
autophagy signaling pathways were detected in N2a cells after
0e300 mM PQ treatment for 3 h. The results showed that the levels
of p-mTOR/mTOR and Beclin1 in the autophagy induction phase
and the vesicle nucleation phase increased significantly (Fig. 2E and
F). The ATG12-ATG5 complex in the autophagosome extension
phase pathway was significantly increased. Nevertheless, the
ATG12 monomer level was not significantly changed (Fig. 2G and
H), Ambra1 was significantly increased, and the NBR1 level was
significantly reduced (Fig. 2I and J). The mitophagy-related proteins
PINK1 and PARKIN were significantly increased (Fig. 2O, P). PINK1
and PARKIN were enriched in mitochondria during PQ treatment
(Figs. S2C and D). Mitochondrial mass marker protein levels were
examined in N2a cells under 0, 100, 200, and 300 mM PQ treatment
Fig. 4. ROS are key signaling factors that significantly increase mitochondrial fission in N
N2a cells treated with 200 mM PQ for 3 h. The white line in the lower right corner represents
cells were treated with 200 mM PQ for 3 h (red arrows indicate mitochondria). Scale bar ¼ 1
DRP1 are shown. (G) The mitochondrial fission and fusion status was determined in N2a cells
lower right corner represents the scale. Scale bar ¼ 20 mm. (H) The mitochondrial fission a
10 mM NAC and treated with PQ for 3 h. The white line in the lower right corner represents
P < 0.05). (For interpretation of the references to color in this figure legend, the reader is r
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for 3 h. The results showed that HSP60, VDAC1, COX IV, and
TOMM20 were decreased significantly (Fig. 2K and L).

3.3. The decrease in MMP caused by increased ROS was an
important factor in enhancing mitophagy induced by PQ

Our study showed that ROS were increased significantly after
100, 200, and 300 mM PQ treatment for 3 h in N2a cells (Fig. 3A and
Fig. S3A), and the percentage of cells with reduced MMP was
increased significantly (Fig. 3B and Fig. S3C). To determine the role
of ROS in the process of MMP reduction caused by PQ, we added
NAC. The experimental results showed that intracellular ROS,
which was induced by PQ, was significantly decreased by NAC
(Fig. 3C and Fig. S3B). Furthermore, the percentage of cells with
reducedMMP, which was increased by PQ, was partially restored by
NAC (Fig. 3D and Fig. S3D). On this basis, the level of mitophagy,
which was induced by PQ, was detected after NAC addition. The
experimental results showed that increasing LC3B-II/LC3BeI and
decreasing P62 were rescued by NAC (Fig. 3E and F). Further ex-
periments showed that the increase in mitophagy caused by PQ
was partially reversed by NAC in N2a cells (Fig. 3G and H) or pri-
mary neuronal cells (Fig. 3I and J).

3.4. ROS promote mitochondrial fission and enhance the
neurotoxicity of paraquat

Previous studies have suggested that mitochondrial fission and
fusion play an important role in mitophagy (Chen and Chan, 2009;
Chen et al., 2016; Martinez et al., 2018). Our results showed that
mitochondrial fission was enhanced, and the number of short
round mitochondria was increased significantly with 200 mM PQ
treatment for 3 h in N2a cells (Fig. 4A and B and Fig. S4A). Key
proteins involved in mitochondrial fission and fusion were detec-
ted. The results showed that MFN2 and OPA1 were significantly
reduced after 100, 200, 300 mMPQ treatment for 3 h (Fig. 4C and D).
FIS1 and DRP1 were significantly increased (Fig. 4E and F). Previous
studies have found that oxidative stress is one of the main mech-
anisms of paraquat neurotoxicity. Our experimental results also
showed that mitochondrial fission, which was enhanced by PQ, was
reversed by NAC in N2a cells or primary neuronal cells (Fig. 4G and
H). Mitochondrial length, which was reduced by PQ, was reversed
by NAC in N2a cells or primary neuronal cells (Figs. S4B and C).

3.5. The role of DRP1-mediated mitochondrial fission in PQ-induced
mitophagy in N2a cells

In this study, we pretreated N2a cells with 10 mM mdivi-1 (a
DRP1 inhibitor) for 2 h or DRP1 siRNA, followed by 200 mM PQ
treatment for 3 h. MitoTracker-labeled mitochondria were exam-
ined by laser confocal scanning microscopy. The results showed
thatmitochondrial fissionwas increased in the PQ treatment group,
while the number of fragmented mitochondria was reduced when
DRP1 was inhibited or knocked down (Fig. 5A and B and Figs. S4D
and E). Mitochondrial morphology was detected by transmission
electron microscopy in the same model, and the results were
consistent with the results of laser confocal microscopy (Fig. 5C).
The level of mitophagy was detected when DRP1 was inhibited by
2a cells caused by PQ exposure. (A) Mitochondrial fission and fusion were assessed in
the scale. Scale bar ¼ 20 mm. (B) The ultrastructure is shown of mitochondria after N2a
mm. (C, D, E, F) The levels of key mitochondrial fusion proteins MFN2, OPA1, FIS1 and
that were pretreated with 10 mMNAC and treated with PQ for 3 h. The white line in the
nd fusion status was determined in primary neuronal cells that were pretreated with
the scale. Scale bar ¼ 25 mm. (n ¼ 3; * indicates comparison between the two groups
eferred to the Web version of this article.)



Fig. 5. DRP1-mediated mitochondrial fission contributes to PQ-induced mitophagy in N2a cells. (A) The mitochondrial status was assessed in N2a cells that were pretreated
with mdivi-1 and treated with 200 mM PQ for 3 h. The white line in the lower right corner represents the scale. Scale bar ¼ 20 mm. (B) The mitochondrial status was assessed in N2a
cells that were pretreated with siRNA and treated with 200 mM PQ for 3 h. The white line in the lower right corner represents the scale. Scale bar ¼ 20 mm. (C) The ultrastructure of
mitochondria in N2a cells pretreated with mdivi-1 and treated with 200 mM PQ for 3 h is shown (red arrows indicate mitochondria); scale bar ¼ 1 mm. (D, E) The relative level of
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Fig. 6. Schematic representation of excessive mitophagy induced by low-
concentration PQ administration in neuronal cells. In this study, we showed that
less than 100 mM PQ activated autophagy signaling through ROS and increased
downstream regulator expression in neuronal cells. The following results verified
significant phosphorylation of DRP1 in PQ-treated N2a cells, which was consistent
with the function of DRP1 documented in previous articles. To further gain insight into
the relationship between DRP1 and mitophagy, we blocked DRP1 and found that in-
creases in mitochondrial fission and mitophagy were attenuated by mdivi-1. Collec-
tively, these results suggest that DRP1-mediated mitochondrial fission contributes to
PQ-induced excessive mitophagy.
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mdivi-1. The results showed that the enhancement of mitophagy,
which was induced by PQ, was rescued by mdivi-1 (Fig. 5D and E).
The level of mitophagy was also detected by transmission electron
microscopy in the same treatment model. The results were
consistent with the laser confocal scanning microscopy results
(Fig. 5F). This result suggested that inhibition of mitochondrial
fission could rescue the enhancement of mitophagy caused by PQ
treatment.

4. Discussion

The study provided evidence of the role and mechanism of
mitophagy in the neurological damage caused by PQ. Our results
showed that 100, 200, and 300 mM PQ induced mitophagy in a
dose-dependent manner in neuronal cells. Mitochondrial fission
was enhanced by 100, 200 and 300 mM PQ in neuronal cells.
Moreover, mitochondrial fission and mitophagy were enhanced at
least during the first 12 h of exposure. Our results also suggested
that the decreased MMP and increased ROS might contribute to the
enhancement of mitophagy caused by PQ. In particular, our results
showed that DRP1-mediated mitochondrial fission was involved in
neuronal mitophagy enhancement caused by PQ.

Our results showed that 100, 200, and 300 mM PQ could
significantly promote neuronal mitophagy at 3, 6, 12, or 24 h.
Consistent with previous reports (Liu et al., 2020; Ramirez-Moreno
et al., 2019; Wang and Miller, 2012), a significant increase in
mitophagy was observed in N2a cells and primary neurons treated
with PQ in our study. Although mitophagy was supported by the
results, the 6 h PQ treatment induced a lower level of relative
mitophagy than the 3 h treatment. In addition, the relative
mitophagy level with 100 mM PQ for the 24 h treatment time was
lower than that at shorter treatment times. When we designed the
experiment, 3, 6, 12, and 24 h were operated separately. This might
have influenced the comparison between different time points.
Therefore, comparisons between different time points need to be
performed with caution. In future studies, a different dose time
period could be designed to facilitate the comparison of different
times. In our study, cell viability was reduced in N2a cells treated
with different concentrations (100, 200 and 300 mM) of PQ for 24 h.
A physiologically based pharmacokinetic (PBPK) model showed
that the PQ burden in the brain accumulated gradually with
increasing age within a lifetime PQ exposure scenario. Further-
more, people�50 years of age had significantly higher PQ exposure
risks with PQ burden estimates of 424.79 mM (Cheng et al., 2018).
However, the experimental results should be extrapolated with
caution due to differences in vivo and in vitro and exposure time
differences. It is not possible to directly compare the PQ concen-
tration used in this study with the 400 mM concentration in pre-
vious reports. Furthermore, our results showed that the key
proteins of the pathway in the stages of autophagy induction,
autophagy nucleation, and autophagosome extension were acti-
vated by PQ. The results provided evidence that the neuron auto-
phagy pathway was activated by PQ at concentrations as low as
100 mM for 3 h.

Interestingly, an unanticipated result was noticed in 24 h PQ
treatment tests. The results showed that mitophagy was reduced in
the 300 mM PQ group compared with the 200 mM group. The
possible reasons are as follows. One possible reason was that cell
death was caused by excessive mitophagy. The second possible
reason was that the mitophagy pathway was damaged by PQ, and
mitophagy was assessed in N2a cells pretreated with mdivi-1 and treated with 200 mM PQ f
(F) The ultrastructure of mitophagy was assessed in N2a cells that were pretreated with m
phagosomes); scale bar ¼ 1 mm. (n ¼ 3; *indicates comparison between the two groups P <
referred to the Web version of this article.)
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mitophagy was decreased at this concentration and incubation
period. Therefore, chloroquinewas used to block the degradation of
autophagy in a system with 300 mM PQ for 24 h, and then auto-
phagic flow was detected. The results showed that the autophagy
marker protein LC3B-II was increased further after treatment with
300 mM PQ for 24 h (Fig. S2 A, B). Therefore, our results might
indicate that there are PQ-induced (300 mM, 24 h) decreases in the
number of autophagosomes, owing to excessive autophagy rather
than a disruption of autophagy. Excessive autophagy might cause
cell death (Cao et al., 2019b; Pellacani and Costa, 2018). The third
possible reason was that apoptosis was significantly increased and
cell viability was decreased under this condition. Our previous re-
sults showed that apoptosis was significantly increased in N2a cells
after 300 mM paraquat treatment for 24 h (Yang et al., 2020). All of
these findings might provide a possible explanation for the death of
dopamine neurons caused by long-term exposure to low concen-
trations of PQ.

ROS are responsible for the neurotoxicity of PQ treatment in
mammals (Li et al., 2012; Musgrove et al., 2019). Notably, under our
working conditions, short-term exposure to low-concentration PQ
caused an obvious increase in ROS and a decrease in MMP. Removal
or 3 h. The white line in the lower right corner represents the scale. Scale bar ¼ 20 mm.
divi-1 and treated with 200 mM PQ for 3 h (red arrows indicate mitochondrial auto-
0.05). (For interpretation of the references to color in this figure legend, the reader is
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of ROS reversed the decrease in MMP and the increased mitophagy
caused by PQ treatment, suggesting that ROS may be linked to PQ
exposure to intermediate variables with enhanced neuronal
mitophagy. This observation was consistent with the notion that
ROS-induced MMP operates as a major reason for mitophagy upon
exposure to PQ (Liu et al., 2020; Sun et al., 2018). Furthermore, PQ-
induced cytotoxicity focusing on MMP, which has been implicated
in neurodegeneration, was investigated (Huang et al., 2016).
However, the potential mechanism by which ROS enhance
mitophagy in neurons is not fully clear. ROS generation during cell
stress might be the origin of mitochondrial fission. The possibility
of ROS promoting Drp1-mediated mitochondrial fission in
mitophagy was considered.

Once proven that PQ-induced MMP decreases and promotes
mitophagy, we wished to gain insight into the mechanisms
involved herein. Our study showed that mitochondrial fission was
increased significantly, and the number of short round mitochon-
dria was increased after treating neurons with 200 mM PQ for 3 h.
Our results also showed that the levels of mitochondrial fission-
related proteins DRP1 and FIS1 were increased significantly, and
mitochondrial fusion-related proteins MFN2 and OPA1 were
decreased significantly under 100 mMPQ treatment for a short time
(3 h) in neuronal cells. Our results also showed that removal of ROS
by NAC partially reversed the enhanced mitochondrial fission
caused by PQ treatment; short round mitochondria were reduced,
and long mitochondria were increased. Our data indicated that
mitochondrial quality control played a role in the neurotoxicity
caused by PQ. Zhao et al. (2017) described the relationships among
PQ, ROS production, and mitochondrial fission. PQ broke down the
mitochondrial network, enhanced the expression of fission-related
proteins, and increased Drp1 in AT II cells that were treated with
different concentrations (200, 400, 800 and 1600 mM) of PQ for 24 h
(Zhao et al., 2017). Mitochondrial quality control refers to the pro-
cess by which mitochondrial morphology, length, size, quantity,
and quality are strictly regulated and maintain the distribution and
function of mitochondria (Stotland and Gottlieb, 2015). This process
is precisely regulated by the dynamic balance of mitochondrial
fusion and fission. Mitochondria do not exist entirely in a free,
single form in the body but form a dynamically changing network
structure (Chen and Chan, 2005). Mitochondrial fusion and fission
play an important role in mitophagy, and the steady-state imbal-
ance of fission-fusion dynamic balance is an important cause of
mitophagy (Ge et al., 2020). Mitophagy digests and clears small,
elliptical mitochondria, while elongated mitochondria are pro-
tected from autophagic degradation and maintain ATP levels
(Alaimo et al., 2019; Gomes et al., 2011). Therefore, mitochondrial
fission might be a necessary condition for mitophagy.

Additionally, DRP1 is a key regulator that mediates the dynamic
balance of cell mitochondrial fission-fusion (Bereiter-Hahn and
Jendrach, 2010; Zhang et al., 2016). Since DRP1 is known to be an
important fission signal in the toxicological effect of PQ, we hy-
pothesized that treatment with mdivi-1 (a DRP1 inhibitor) would
rescue mitophagy flux in cells suffering from PQ. Our results
showed that mitophagy was diminished by mdivi-1 pretreatment
in PQ-challenged cultures. Although increasing evidence has
shown that Drp1 is required for mitophagy in mammalian cells
(Anding et al., 2018; Ikeda et al., 2015; Reddy and Oliver, 2019),
limited research has also reported that Drp1 is not required for
mitophagy in mammalian cells (Han et al., 2020; Song et al., 2015).
Therefore, whether Drp1-mediated mitochondrial fission has an
important role in mitophagy remains controversial. Our results
provide evidence that mitochondrial fission is necessary for
mitophagy to occur in PQ-treated neural cells.
11
5. Conclusion

In conclusion, this study presents compelling evidence that
short-term exposure to PQ could activate autophagy signaling and
mitochondrial fission through ROS in neuronal cells. Moreover,
activation of the ROS signaling pathway and the formation of DRP1
regulation were demonstrated to play a prominent role in PQ-
induced mitophagy (Fig. 6). Altogether, our findings provide new
insight into the toxic mechanisms underlying PQ-triggered
mitophagy and mitochondrial fission and imply that DRP1-
mediated mitochondrial fission in neurons could be an alterna-
tive target for the prevention and treatment of PQ-induced exces-
sive mitophagy in neural cells.
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