
Int. J. Biol. Sci. 2017, Vol. 13 
 

 
http://www.ijbs.com 

888 

IInntteerrnnaattiioonnaall  JJoouurrnnaall  ooff  BBiioollooggiiccaall  SScciieenncceess  
2017; 13(7): 888-900. doi: 10.7150/ijbs.18468 

Research Paper 

Crosstalk between Mitochondrial Fission and Oxidative 
Stress in Paraquat-Induced Apoptosis in Mouse Alveolar 
Type II Cells  
Guangju Zhao1, 2*, Kaiqiang Cao1, 2*, Changqin Xu1, 2, Aifang Sun1, Wang Lu1, Yi Zheng3, 4, Haixiao Li1, 2, 
Guangliang Hong1, 2, Bing Wu1, Qiaomeng Qiu1, Zhongqiu Lu1, 2 

1. Emergency Department, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, 325000, China; 
2. Wenzhou Municipal Key Laboratory of Emergency, Critical care, and Disaster Medicine, The First Affiliated Hospital of Wenzhou Medical University, 

Wenzhou, 325000, China; 
3. Department of Microbiology and immunology, School of Laboratory Medicine, Wenzhou Medical University, Wenzhou 325000, China; 
4. Key Lab of Laboratory Medicine, Ministry of Education of China, Wenzhou 325000, China. 

* The first two authors contributed equally to this study  

 Corresponding author: Zhongqiu LU, Emergency Department, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou 325000, P.R. China; 
Tel: (+86) 57755578563; E-mail: lzq_640815@163.com 

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions. 

Received: 2016.11.23; Accepted: 2017.03.10; Published: 2017.07.07 

Abstract 

Paraquat (PQ), as a highly effective and nonselective herbicide, induces cell apoptosis through 
generation of superoxide anions which forms reactive oxygen species (ROS). Mitochondria, as 
regulators for cellular redox signaling, have been proved to play an important role in PQ-induced 
cell apoptosis. This study aimed to evaluate whether and how mitochondrial fission interacts with 
oxidative stress in PQ-induced apoptosis in mouse alveolar type II (AT-II) cells. Firstly, we 
demonstrated that PQ promoted apoptosis and release of cytochrome-c (Cyt-c). Furthermore, 
we showed that PQ broke down mitochondrial network, enhanced the expression of 
fission-related proteins, increased Drp1 mitochondrial translocation while decreased the 
expression of fusion-related proteins in AT-II cells. Besides, inhibiting mitochondrial fission using 
mdivi-1, a selective inhibitor of Drp1, markedly attenuated PQ-induced apoptosis, release of Cyt-c 
and the generation of ROS. These results indicate that mitochondrial fission involves in 
PQ-induced apoptosis. Further study demonstrated that antioxidant ascorbic acid inhibited Drp1 
mitochondrial translocation, mitochondrial fission and attenuated PQ-induced apoptosis. Overall, 
our findings suggest that mitochondrial fission interplays with ROS in PQ-induced apoptosis in 
mouse AT-II cells and mitochondrial fission could serve as a potential therapeutic target in PQ 
poisoning. 
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Introduction 
Paraquat (1, 10-dimethyl-4, 40-bipyridinium 

dichloride; PQ), as a highly effective and nonselective 
herbicide, has been extensively used all over the 
world since the middle of the 20th century. Human 
exposure to PQ would lead to accumulation of PQ in 
various organs, especially in lungs, resulting in cell 
apoptosis and organ damage. The pulmonary toxicity 
of PQ is characterized by pulmonary hemorrhage and 
edema in the early phase, followed by proliferation of 

fibroblasts and deposition of collagen [1]. Since lung is 
the primary target organ, the exact mechanism of PQ 
toxicity remains largely elusive. Some studies 
revealed PQ undergoes redox cycling in multiple 
organs and consequently result in producing 
superoxide anions which causes direct cellular 
damage and forms other reactive oxygen species 
(ROS) [2, 3]. On the other hand, PQ was regarded as a 
resource of ROS production, promoting depletion of 
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MMP and releasing cytochrome-c (Cyt-c) from 
mitochondria and cell death [4]. Our previous studies 
illustrated that activating an antioxidant pathway 
could protect mice from PQ-induced lung injury, 
suggesting the important role of oxidative stress in PQ 
intoxication [5]. Other studies showed PQ inhibits 
mitochondrial complex I and III activities [6, 7], 
implying an undefined role of PQ targeting on 
mitochondrial function. 

Mitochondria play a crucial role in regulating 
cellular redox signaling and balancing cell survival 
and death [8]. Further, mitochondria also contribute 
to activation of apoptosis related molecules (e.g. 
Caspase 3, caspase 9 and PARP) and overproduction 
of ROS during PQ-induced cell apoptosis [6, 9, 10]. 
Interestingly, recent studies illustrated that 
mitochondria are dynamic organelles which change 
shape through two opposing processes of fusion and 
fission. It has been observed that rapid fragmentation 
of mitochondria with a concomitant increase in ROS 
generation after exposure to high glucose 
concentrations [11], suggesting that mitochondrial 
fission plays an indispensable role in the 
mitochondrial-mediated oxidative stress. Currently, 
more and more studies have revealed mitochondrial 
fission tends to manipulate apoptosis, autophagy and 
ROS production [12-16]. 

In mammalian cells, mitochondrial fusion is 
controlled by mitochondria-shaping proteins, 
including the large GTPase mitofusins2 (Mfn2) and 
optic atrophy protein 1 (OPA1) [13], whereas the 
mitochondrial fission 1 protein (Fis1) and 
dynamin-related protein 1 (Drp1) are the key 
mediators of mitochondrial fission [17-19]. Drp1 is 
crucial for embryonic development and synapse 
formation in mice [20], and impaired developmental 
competence and mitochondrial function of embryos 
and cells was observed when a selective 
mitochondrial fission inhibitor of Drp-1 was 
implemented [21]. However, upon induction of 
apoptosis, inhibiting Drp1 prevented the loss of the 
mitochondrial inner membrane potential (ΔΨm) as 
well as the release of Cyt-c [22], indicating Drp1 
promotes mitochondrial-mediated cell damage in 
apoptosis. Besides, studies also illustrated that 
silencing Drp1 expression with siRNA alleviated 
mitochondrial fission, ROS production, nitric oxide 
synthase (NOS) activation, and cGMP generation [14]. 
Thus far, evidence for the occurrence of mitochondrial 
fission and its involvement in PQ-induced apoptosis 
is scare. 

In the present study, we have demonstrated 
potent evidence for mitochondrial fission in 
PQ-induced apoptosis using mouse alveolar epithelial 
type II (AT- II) cells. The mitochondrial fission is 

activated by Drp1 and Fis1. Importantly, suppression 
of Drp1 abrogates mitochondrial damage, Cyt-c 
release, oxidative stress and apoptosis. Interestingly, 
antioxidant ascorbic acid not only alleviates oxidative 
stress and apoptosis but also inhibits mitochondrial 
fission and Cyt-c release. Regulation of mitochondrial 
fission may offer a novel strategy for treatment of PQ 
intoxication. 

Materials and Methods 
Materials 

Paraquat, 2′, 7′- dichlorodihydrofluorescein 
diacetate (DCFH-DA), Hoechst 33342 was purchased 
from Sigma-Aldrich (St Louis, MO, USA). Dulbecco's 
Modified Eagle Medium (DMEM) used for AT-II cell 
culture was obtained from Gibco (Carlsbad, CA, 
USA). Cell counting kit-8 was from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). Annexin 
V-FITC/propidium iodide (PI) apoptosis detection kit 
was obtained from Nanjing KeyGen Biotech Co., Ltd. 
(Nanjing, China). Mitochondrial division inhibitor 1 
(Mdivi-1) and anti-Fis1 mAb was purchased from 
Enzo Life Sciences (Farmingdale, NY, USA). Ascorbic 
Acid was purchased from Biogot Technology 
(Nanjing, China). MitoTracker Green FM were 
provided by Molecular probes (Eugene, OR, USA). 
Anti-Drp1 mAb, anti-Opa1 mAb, anti-Fis1 mAb, 
anti-Mfn2 mAb and anti-β-actin mAb used in this 
study were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Anti-Cyt C 
antibody, anti-Cox IV antibody and Alexa Fluor 555 
labeled secondary antibody were provided by 
Beyotime Co., Ltd. (Shanghai, China).  

Cell culture 
Mouse AT-II cells were from our own laboratory 

[23]. Cells were cultured in DMEM containing 10% 
fetal bovine serum and 100U/ml antibiotic (penicillin 
and streptomycin) solution in a humidified incubator 
with 5% CO2 atmosphere at 37℃. Medium was 
changed every other day.  

Cell Counting Kit 8 assay  
AT II cells (5×104 cells/ml) were inoculated to 

96-well plates with 0.1 ml per well and incubated for 
24 h until reaching about 70% confluency. Then, cells 
were treated with media that contain different 
concentrations (200, 400, 800 and 1600μM) of PQ. 
After 24 hours, 20μl CCK-8 agent was added to each 
well, and further incubated for 1.5 h. The microplate 
reader (Dynex Technologies, USA) was used for 
fluorescence detection at a wavelength of 450 nm. The 
cell survival rate (%) = (mean absorbance in four wells 
of PQ group/ mean absorbance in four wells of 
control group) × 100%). 
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Flow cytometry analysis 
The cell apoptotic rate was detected using an 

Annexin V-FITC/propidium iodide (PI) apoptosis 
detection kit following the manufacturer's 
instructions. In Brief, following exposure to PQ, the 
cells were harvested and washed with ice-cold PBS 
twice. Then, the cells were re-suspended in 500 μl 
binding buffer containing 5 μl of Annexin V-FITC and 
5 μl of PI at a concentration of 1×106 cells/ml, 
followed by incubation for another 15 min at room 
temperature in the dark. Finally, apoptosis was 
measured with a FACScan flow cytometer 
(Becton-Dickinson, Franklin Lakes, NJ, USA) and 
analysis was performed using FlowJo software (Tree 
Star, San Carlos, CA).  

Hoechst staining 
The changes in apoptotic AT-II cells were 

detected by staining with Hoechst 33342. Briefly, after 
treatment, Hoechst 33342 staining solution (5μg/ml) 
was added to each well, and the cells incubated for 
5min at 37℃ in darkness. The analysis were 
performed by fluorescence microscopy (Olympus, 
Japan).  

ROS generation measurement 
AT-II cells (5×104 cells/ml) were inoculated to 96 

well plates with 0.1 ml per well and incubated for 24 h 
until reaching about 70% confluency. Then, the AT-II 
cells in different treatment conditions were incubated 
with 10μM DCFH-DA at 37℃ for 15min. The medium 
was aspirated carefully and 100 μl PBS was added 
into each well. ROS generation was determined by 
fluorescence intensity with setting of 485 and 525 nm 
for excitation and emission wavelengths, respectively. 

Mitochondrial morphology 
Mitochondrial morphology was examined in AT 

II cells stained with 200 nM MitoTracker Green FM by 
a fluorescence microscope (Olympus, Japan) or a 
confocal microscope (Nikon, Japan). Wholly 
fragmented or punctuated mitochondria are defined 
as fragmented mitochondria, mitochondria with 
clearly networks are defined as tabulated 
mitochondria, and the others are regarded as 
intermediate ones. Percentages of AT-II cells 
exhibiting indicated mitochondrial morphologies 
were determined as a percentage of the total number 
of cells counted (at least 100 cells per experiment).  

Immunofluorescence 
AT-II cells were incubated with MitoTracker 

Green FM for 1h at 37℃. After washing with DMEM 
three times, cells were fixed in 95% ethanol. Then, 
cells were incubated with primary anti-Cyt C 

antibody at 4℃ for 24 h followed by staining with 
Alexa Fluor 555 labeled secondary antibody for 1h at 
room temperature, respectively. Photographs were 
taken by using a confocal fluorescence microscope 
(Nikon, Japan). Cells were counted as having released 
Cyt-c if there was a loss of tubule staining. Cells were 
evaluated by 2 blinded observers. Results are 
expressed as cells releasing Cyt-c as the percentage of 
total cells counted. 

Western blot analysis 
Whole cell and mitochondrial lysates were 

papered by using lysis buffer (Beyotime 
Biotechnology, China) for 30 min on ice. 
Subsequently, the cell lysates were centrifuged at 
12000g for 15 min at 4˚C. The supernatants were 
collected and the protein concentration was detected 
using the bicinchoninic acid (BCA) protein assay kit 
(Thermo Fisher, Waltham, MA, USA). Equal amounts 
of protein (40 μg/lane for whole cell protein, 
20μg/lane for mitochondria protein) were loaded 
onto a polyacrymide gel and run at 80 V for 1 h, 
followed by a 120 V run for 30 min, and then 
transferred to polyvinylidene fluoride (PVDF) 
membranes (Millipore, Billerica, MA, USA) by 
electroblotting. After blocking with 5% skimmed 
powdered milk for 2 h, the membranes were 
correspondingly incubated with anti-Mfn2 (1:1,000), 
anti-OPA1 (1:1,000), anti-Drp1 (1:1,000), anti-Fis1 
(1:1,000) and β-actin (1:5,000) or Cox IV (1:1,000) 
overnight at 4˚C. The membranes were then washed 
in Tris-buffered saline-Tween-20 (TBST) 3 times for 10 
min each and further incubated with horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit 
secondary antibodies (Biogot Technology, China) for 
2 h at room temperature and detected using an 
chemiluminescence (ECL) detection system (Santa 
Cruz Biotechnology, Co., Ltd., USA). 

Statistical analysis 
Data were expressed as means ± SD and 

analyzed using SPSS 19.0 software (SPSS Inc., 
Chicago, IL, USA). GraphPad Prism 6 (GraphPad 
Software Inc., La Jolla, CA, USA) was used to prepare 
the figures. Difference between two groups were 
analyzed by two-tailed Student's test and one-way 
analysis of variance (ANOVA) was used for 
comparing three or more group means. P values< 0.05 
were considered statistically significant.  

Results  
PQ inhibits cell viability and induces apoptosis 
in AT-II cells 

To investigate the cytotoxic effects of PQ on 
AT-II cells, we incubated the cells with PQ (200 - 
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1600μM) for 24 h. CCK-8 assay was used to assess cell 
viability and the mean inhibitory concentration (IC50) 
was calculated. As show in Fig 1A, cell viability was 
reduced to 61, 46, 37 and 23% after 200, 400, 800 and 
1600μM PQ treatment for 24h. The IC50 value of PQ 
against AT-II cells was 675μM. Then, AT-II cells were 
treated with 600 μM PQ for 24 h and the early 
apoptotic cell was determined by Annexin V-FITC/PI 
staining. Additionally, Hoechst 33342 staining for 
double stranded DNA was used to observe nuclear 
fragmentation or apoptotic body. As shown in Fig. 1B, 
treatment of 600 μM for 24 h significantly enhanced 
early apoptosis of AT-II cells compared with control 
group (P<0.01). Similarly, the fluorescent microscopic 
images showed increased number of Hoechst 33342 

positive cells after PQ treatment (Fig 1C).  

PQ induces Cyt-c release in AT-II cells 
 Previously study illustrated that mitochondria 

play a crucial role in PQ-induced cell apoptosis, and 
release of Cyt-c from mitochondria is a key initiative 
step in apoptotic process. Therefore, we investigated 
the effect of PQ stimulation on the release of Cyt-c. As 
shown in Figure 2A, Mitochondria and Cyt-c were 
co-stained in AT-II cells and PQ group released 
increased Cyt-c. Time course experiments (Figure 2B) 
revealed that Cyt-c released from mitochondrial in a 
time-dependent manner after PQ treatment (P < 0.01). 
These results suggested PQ induced Cyt-c release in 
AT-II cells. 

 

 
Figure 1. PQ reduces cell viability and induces apoptosis of mouse AT-II cells (A) Mouse AT-II cells were treated with PQ (200, 400, 800, 1600 μM) for 24 
h. The values are given as the means ± SD from 4 independent experiments. The IC50 value of PQ against AT-II cells was 675μM. ** P < 0.01 vs control group. (B) 
Mouse AT-II cells were treated with 600 μM PQ for 24 h. The apoptosis of the cells was detected by using a FACSalibur flow cytometer. The values are given as the 
means ± SD from 4 independent experiments. ** P < 0.01 vs control group. (C) Mouse AT-II cells were treated with 600 μM PQ for 24 h and then stained with 
Hoechst 33342. The cells were detected by a fluorescence microscope (Scale bar: 100 μm). 
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Figure 2. PQ induces release of Cyt-c in mouse AT-II cells. (A) Mouse AT-II cells were treated with 600 μM PQ for 8 h. Cyt-c was visualized by staining with 
anti-Cyt-c antibody, followed by secondary antibody. The mitochondria were visualized by Mito-Green staining and were observed under a confocal fluorescence 
microscope. (Images on the right side are magnified views of the boxed areas on its left side. Scale bar: 20 μm) (B) Mouse AT-II cells were treated with 600 μM PQ 
for 0, 4 and 8 h. The cells with released Cyt-c were counted. The values are represented the means ± SD of three independent experiments (at least 100 cells per 
experiment). ** P < 0.01, vs 0 h group. 

 

Effect of PQ on mitochondrial networks in 
AT-II cells 

As PQ was proved to induce cells to release 
increased Cyt-c, we examined the alteration of 
mitochondrial dynamics in AT-II cells with or without 
PQ stimulation using fluorescence microscopy in the 
present study. As shown in Fig 3A, the mitochondria 
in control cells were filamentous or of long tubular 
like appearance. However, following exposure to PQ, 
normal tubular mitochondria network broke down 
and became short and small within 24 h which 
indicating mitochondrial fragmentation. Further, the 
percentage of fragmented mitochondria increased 
with culture time following exposure to PQ while the 
percentage of tubulated mitochondria decreased. 

Effect of PQ on mitochondria-shaping protein 
expression and Drp1 mitochondrial 
translocation in AT-II cells 

Mitochondrial morphology is controlled by 
mitochondria-shaping proteins. As shown in Fig 3B. 
Exposure to PQ increased protein levels of the fission 
protein Fis1 as well as Drp1 (P<0.05). In contrast, the 
fusion proteins Mfn2 and OPA1 were significantly 
decreased after PQ stimulation (P<0.05). As Drp1 

mitochondrial translocation plays a crucial role in 
mitochondria fission, we further investigated the 
protein levels of Drp1 in mitochondria. As shown in 
Fig 3C, the protein levels of Drp1 in mitochondria was 
higher in PQ group compared with control group 
(P<0.01). 

Inhibition of mitochondrial fission prevents 
PQ-induced apoptosis and Cyt-c release  

To investigate the role of the change of 
mitochondrial morphology in PQ-induced cell 
apoptosis, Mdivi-1, an effective inhibitor for 
mitochondrial division [24], was chosen for 
experiment. As shown in Fig 4A-B, under treatment of 
PQ, Mdivi-1 at 50 and 100μM significantly decreased 
fragmentation of the mitochondria network and 
mitochondrial Drp1 protein levels (P<0.01). Besides, 
among cells stained with Hoechst 33342, cells at 50 
and 100μM of Mdivi-1 group were accompanied with 
much less apoptotic body than PQ group (Fig 4C). 
Meanwhile, the early apoptotic cells markedly 
decreased after 50 and 100μM Mdivi-1 stimulation in 
PQ group (P<0.01) (Fig 4D). In line with above 
observation, Cyt-c released from mitochondrial 
strongly decreased after stimulation of Mdivi-1 (Fig 
4E).  
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Figure 3. PQ induces mitochondrial fission in AT-II cells. (A) Mouse AT-II cells were treated with 600 μM PQ for 0, 4, 8, 16, 24 h. Cells were expressing 
mito-GREEN and were observed under a fluorescence microscope. The values are expressed as the means ± SD from 5 independent experiments. * P < 0.05, vs 0 
h group. (Scale bar: 10 μm) (B) Protein expression of Mfn2, OPA1, Drp1, Fis1 in mouse AT-II cells following exposure to 600 μM PQ for 24 h. The protein expression 
of Mfn2, OPA1, Drp1 and Fis1 was measured by western blot analysis. The values are given as the means ± SD from 5 independent experiments. * P < 0.05, vs control 
group. (C) The mitochondrial location of Drp1 was detected using western blotting. The Cox IV was used as the loading control to normalize Drp1 levels. The values 
are given as the means ± SD from 4 independent experiments. ** P < 0.01, vs control group 
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Figure 4. The mitochondrial morphology, apoptosis and the release of Cyt-c of mouse AT-II cells after co-incubated with PQ and Mdivi-1. Mouse 
AT-II cells were treated with 600 μM PQ and Mdivi-1 (50 and 100 μM) for 24 h. (A) Cells were expressing mito-GREEN and were observed under a fluorescence 
microscope. (Images in the right row are magnified views of the boxed areas in left row. Scale bar: 20 μm) (B) The mitochondrial location of Drp1 was determined 
by using western blot. The Cox IV was used as the loading control. The values are expressed as the means ± SD from 4 independent experiments. ** P < 0.01, vs PQ 
group. (C) Cells were stained with Hoechst 33342 and observed by fluorescence microscope. (Scale bar: 100 μm) (D) The apoptosis of the cells was detected by using 
a FACSalibur flow cytometer. The values are expressed as the means ± SD from 5 independent experiments. ** P < 0.01, vs PQ-treated group. (E) Cyt-c was visualized 
by staining with anti-Cyt-c antibody, followed by secondary antibody. Cells were observed under a fluorescence microscope. (Scale bar: 20 μm).  
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Inhibition of mitochondrial fission prevents 
PQ-induced ROS production 

ROS has been reported as an important mediator 
in PQ-induced cell apoptosis. DCFH-DA, a 
ROS-sensitive fluorometric probe, was used to 
measure ROS generation in present study. As shown 
in Fig.5, PQ treatment significantly enhanced ROS 
production in AT-II cells. Interestingly, inhibiting 
mitochondria fission by Mdivi-1 decreased the ROS 
production after PQ stimulation compared with PQ 
group (P<0.01).  

Ascorbic Acid alleviates PQ-induced 
mitochondrial fragmentation, Drp1 
mitochondrial translocation and cell apoptosis 

To further examine whether antioxidant 
attenuated mitochondrial fission upon PQ treatment, 
we imaged mitochondrial morphology change in the 
presence of ascorbic acid. As shown in Fig.6A, 
treatment with ascorbic acid significantly 
down-regulated the generation of ROS after PQ 
stimulation (P<0.01) (Fig.6A). Interestingly, ascorbic 
acid-treated cells performed enhanced tubular 
mitochondria compared with untreated groups 
following exposed to PQ (Fig.6B). Drp1 mitochondrial 
translocation in PQ-treated cells was also alleviated 
by ascorbic acid stimulation (P<0.01) (Fig.6C). 
Besides, we also tested the apoptosis after 
co-treatment with ascorbic acid and PQ in AT-II cells. 

As shown in Fig 6D, these PQ-treated groups with 
ascorbic acid presented decreased apoptotic body, 
indicating that ascorbic acid inhibited apoptosis. 
Furthermore, with the concentration of ascorbic acid 
increased, the effect of anti-apoptosis arose 
accordingly. Meanwhile, the early apoptotic cells 
decreased significantly after 200 and 400μM ascorbic 
acid stimulation in PQ group (P<0.01) (Fig 6E).  

Discussion 
Previous studies have been illustrated that the 

apoptosis of AT II cells through the mitochondrial 
pathway contributes to PQ-induced pulmonary 
fibrosis [1, 25, 26, 27]. PQ exerted oxidative damage 
and cell death through impairing mitochondrial 
function and membrane permeability [10, 28], 
indicating mitochondria have a crucial role in PQ- 
induced apoptosis. Nevertheless, the relationship 
between mitochondria and oxidative stress during PQ 
intoxication remains largely elusive. In this study, it 
has been expected that PQ promotes cell apoptosis 
and induces Cyt-c release, correspond with most 
studies. Besides, we found that mitochondria become 
fragmented after incubated with PQ in AT-II cells. 
Importantly, prevention of mitochondrial fission 
alleviates Cyt-c release, cell apoptosis as well as ROS 
production. Interestingly, antioxidant ascorbic acid 
not only inhibits oxidative stress and cell apoptosis 
but also abrogates mitochondrial fragmentation.  

 

 
Figure 5. ROS production in mouse AT-II cells after co-incubated with PQ and Mdivi-1. Mouse AT-II cells were treated with 600 μM PQ and Mdivi-1 (50 
and 100 μM) for 24 h. Then cells were stained with DCFH-DA and observed by a fluorescence microscope. The values are expressed as the means ± SD from 6 
independent experiments. ** P < 0.01, vs PQ-treated group. (Scale bar: 50 μm) 
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Figure 6. Mitochondrial fragmentation, apoptosis and ROS production in mouse AT-II cells after co-incubated with PQ and Ascorbic Acid. Mouse AT-II cells 
were treated with 600 μM PQ and Ascorbic Acid (200 and 400 μM) for 24 h. (A) Cells were stained with DCFH-DA and observed by a fluorescence microscope. The values are 
expressed as the means ± SD from 6 independent experiments. ** P < 0.01, vs PQ-treated group. (Scale bar: 50 μm). (B) Cells were observed under a fluorescence microscope. 
(Images in the second row are magnified views of the boxed areas in first row. Scale bar: 20 μm). (C) The mitochondrial location of Drp1 was detected using western blotting. 
The Cox IV was used as the loading control to normalize Drp1 levels. The values are expressed as the means ± SD from 4 independent experiments. ** P < 0.01, vs PQ group. 
(D) Cells were stained with Hoechst 33342 and observed by a fluorescence microscope. (Scale bar: 100μm). (E) The apoptosis of the cells was detected by using a FACSalibur 
flow cytometer. The values are expressed as the means ± SD from 4 independent experiments. ** P < 0.01, vs PQ-treated group. 

 
Mitochondrial morphology possessing two 

opposing processes: fusion and fission. Imbalance of 
mitochondrial fusion and fission is thought to play a 
crucial role in pathological conditions [29]. For 
example, Jheng et al. showed mitochondrial 
fragmentation contributes to insulin resistance in 
skeletal muscle [30]. Besides, previous study has 
illustrated the relationship between mitochondrial 
dynamics and cell apoptosis [31]. Mizumura et al. 
proved that mitochondrial fission inhibitor Mdivi-1 
protected against cigarette smoke (CS)-induced 

pulmonary epithelial cell death and mitochondrial 
dysfunction in vitro [32]. Dong et al. showed evidences 
that Drp1 mitochondrial location and increased 
mitochondria fission contribute to cardiomyocyte 
death [33]. However, some studies showed that 
mitochondrial fission may be not involved in the 
process of apoptosis [34, 35]. For example, Philippe et 
al. showed that alleviating mitochondrial 
fragmentation does not decrease cell death induced 
by Bax/Bak-dependent apoptosis stimuli indicating 
mitochondria fission is a dispensable event in this 
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process [36]. The latest work by Lefevre et al. showed 
that deletion of Fis1 did not cause lifespan extension 
in yeast peroxisome-deficient cells [37]. In this study, 
we demonstrated convincing evidence that PQ 
induced a dramatic increases in fragment 
mitochondria compared with untreated cells. Besides, 
by detecting the release of Cyt-c, we found PQ 
aggrandized Cyt-c release from mitochondria. Of 
note, in the study of Western blotting, we found that 
Drp1 and Fis1 which recruitment mitochondrial 
fission showed a significant increase while Opa1 and 
Mfn2, both playing a leading role in mitochondrial 
fusion, declined apparently in PQ-treated group. 
Additionally, the redistribution of Drp1 to 
mitochondria increased significantly in response to 
PQ. These results suggested that PQ facilitated 
mitochondrial fission through upregulation of 
fission-related proteins. 

It has been reported that increased generation of 
ROS requires dynamic change of mitochondrial 
fission [38], and Drp1 play a major role in regulating 
ROS production in apoptosis [39]. Previous studies 
showed that the induction of the peroxidase activity 
of Cyt-c is a key event in early apoptosis [40], while 
the production of ROS, one of the primary factor of 
oxidative stress, is determined by Cyt-c-oxidase [41]. 
In this study, during AT-II cells of PQ intoxication, we 
detected the ROS production and release of Cyt-c and 
found that suppression of Drp1 by Mdivi-1 can block 
ROS generation and Cyt-c release. These results 
suggest that oxidative stress may be activated by 

mitochondrial fission and contributes to cell 
apoptosis. To further detect the potential relationship 
between oxidative stress and mitochondrial fission, 
ascorbic acid, an antioxidant, was employed in 
PQ-induced apoptosis system. Of note, co-treatment 
with ascorbic acid not only significantly reduced 
apoptosis and the generation of ROS, but also 
attenuated mitochondrial fragmentation, suggesting 
inhibiting generation of ROS may suppress the 
mitochondrial fission. Similarly, other studies 
indicated that mitochondrial fission contributes to the 
generation of ROS, while oxidative stress causes an 
imbalance in mitochondrial fission-fusion which 
leading to mitochondrial fragmentation [42]. Zhang 
and his colleagues proved ROS effects pulmonary 
artery smooth muscle cells (PASMCs) apoptosis 
through regulating Drp1 [43] and Zang et al. 
discovered that sepsis induces mitochondrial fission 
through ROS in heart [44]. In addition, recent 
evidence showed ROS promotes to progressive 
reduction of the number of mtDNA copies which 
contributes to impairment of the electron transport 
chain, mitochondrial uncoupling and bioenergetics 
dysfunction of mitochondria [45], a mechanism that 
would contribute to explaining the inherent 
relationship between oxidative stress and 
mitochondrial fission. Taken together, we illustrate a 
molecular apoptotic model in which PQ induces 
oxidative stress and mitochondrial fission in mouse 
AT-II cells, whereas inhibits either of them could 
suppress the other (Fig 7). 

 

 
Figure 7. Crosstalk between mitochondrial fission and oxidative stress in paraquat-induced apoptosis in mouse alveolar type II (AT-II) cells. Stimulation of PQ leading to 
increased ROS generation and mitochondrial fission in AT-II cells from mouse. Inhibiting Drp1 mitochondrial translocation and mitochondrial fission by Mdivi-1 suppresses 
oxidative stress, Cyt-c release and cell apoptosis. Additionally, downregulation of ROS generation by ascorbic acid inhibits Drp1 mitochondrial translocation, mitochondrial 
fission as well as cell apoptosis. --|, inhibit. 
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In conclusion, the present study demonstrates 
that PQ induces oxidative stress and apoptosis 
through mitochondrial fission, and elucidates the 
underlying internal connection between 
mitochondrial fission and oxidative stress in 
PQ-induced apoptosis, hence providing further 
understanding of the biochemical mechanisms in 
PQ-induced apoptosis. Taken together, mitochondrial 
fission plays an important role in regulating 
PQ-induced cytotoxicity, supporting mitochondrial 
fission as a potential therapeutic target in PQ 
poisoning. 
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