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A B S T R A C T   

Short-term PM2.5 exposure is related to vascular remodeling and stiffness. Mitochondria-targeted antioxidant 
MitoQ is reported to improve the occurrence and development of mitochondrial redox-related diseases. At 
present, there is limited data on whether MitoQ can alleviate the vascular damage caused by PM2.5. Therefore, 
the current study was aimed to evaluate the protective role of MitoQ on aortic fibrosis induced by PM2.5 
exposure. Vascular Doppler ultrasound manifested PM2.5 damaged both vascular function and structure in 
C57BL/6J mice. Histopathological analysis found that PM2.5 induced aortic fibrosis and disordered elastic fibers, 
accompanied by collagen I/III deposition and synthetic phenotype remodeling of vascular smooth muscle cells; 
while these alterations were partially alleviated following MitoQ treatment. We further demonstrated that 
mitochondrial dysfunction, including mitochondrial reactive oxygen species (ROS) overproduction and activated 
superoxide dismutase 2 (SOD2) expression, decreased mitochondrial membrane potential (MMP), oxygen con
sumption rate (OCR), ATP and increased intracellular Ca2+, as well as mitochondrial fragmentation caused by 
increased Drp1 expression and decreased Mfn2 expression, occurred in PM2.5-exposed aorta or human aortic 
vascular smooth muscle cells (HAVSMCs), which were reversed by MitoQ. Moreover, the enhanced expressions 
of LC3II/I, p62, PINK1 and Parkin regulated mitophagy in PM2.5-exposed aorta and HAVSMCs were weakened by 
MitoQ. Transfection with PINK1 siRNA in PM2.5-exposed HAVSMCs further improved the effects of MitoQ on 
HAVSMCs synthetic phenotype remodeling, mitochondrial fragmentation and mitophagy. In summary, our data 
demonstrated that MitoQ treatment had a protective role in aortic fibrosis after PM2.5 exposure through mito
chondrial quality control, which regulated by mitochondrial ROS/PINK1/Parkin-mediated mitophagy. Our study 
provides a possible targeted therapy for PM2.5-induced arterial stiffness.   

1. Introduction 

Ambient particulate matter (PM) exposure is a serious public health 
problem concerning worldwide, and as reported it is the fourth leading 
risk factor for death in 2019, with more attributable deaths than high 
levels of low density lipoprotein cholesterol, high body mass index and 
alcohol consumption [1,2]. In 2017, there is also approximately 81% of 
the population in China who lived in regions where the air quality 
exceeded the World Health Organization (WHO) PM2.5 transitional 
target I [3]. What’s more, PM2.5 is the lead environmental risk factor 
leading to the global mortality and disability rate of cardiovascular 

diseases (CVDs) [4]. The increasing burden of CVDs makes it urgent to 
control cardiovascular risk factors and prevent CVDs [5–7]. Outdoor air 
pollution ranks fourth among preventable causes of disease burden in 
China [8]. However, the specific target of intervention is still ill-defined. 

Accumulating epidemiological data have proved that short-term 
PM2.5 exposure contributes to the occurrence and development of 
arteriosclerotic diseases such as hypertension, coronary heart diseases 
and peripheral artery diseases [4]. Vascular fibrosis serves on the key 
pathological process of vascular remodeling and involves excessive 
production and reduced degradation of extracellular matrix, which lie in 
the activation of phenotypic transformation of vascular smooth muscle 
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cells (VSMCs) [9,10]. VSMCs transform from contractile phenotype to 
synthetic phenotype in response to stressors and concomitant increase in 
the expression of synthetic markers such as osteopontin (OPN) [11]. The 
vulnerability of PM2.5 to cardiovascular system may be correlated with 
its effect on vascular fibrosis, but there is a lack of study in this research 
area. 

Mitochondria are sensitive targets of PM2.5 as well as the main source 
of vascular oxidative stress that leads to arterial stiffness [12–14]. 
Mitochondrial quality control relies on mitochondrial dynamical ho
meostasis, which is continuously regulated by fission proteins (Dyna
min-related protein 1, Drp1) and fusion proteins (Mitofusin-2, Mfn2) 
[15]. Dysfunctional mitochondria display membrane depolarization and 
fragmentation, accompanied by a large generation of mitochondrial 
reactive oxygen species and release of Ca2+ into the cytoplasm in 
response to PM2.5 exposure [16]. Cumulative studies suggest that 
vascular remodeling act as the product of mitochondrial oxidative stress 
as well as aberrant dynamics [17–19]. In addition, to prevent the vicious 
circle of mitochondrial damage and ROS production, cells protect 
themselves from mild damage depend on mitophagy, an inherent quality 
control mechanism [20]. It has reported that increased 
PINK1/Parkin-mediated mitophagy induced by PM2.5 contributed to 
fibrosis in the liver and lung [21]. Excessive autophagy under stress was 
responsible for cardiac remodeling [22,23]. Thus, our study attempted 
to acquire a pharmacological approach to maintain mitochondrial 
quality control by targeting mitophagy for purpose of reducing 
PM2.5-related mitochondrial oxidative damage and protect against 
vascular injury. 

The mitochondria-targeted antioxidant MitoQ is a derivative of co
enzyme Q, which linked to TPP+ by covalently binding to the 10-carbon 
aliphatic chain [24]. This lipophilic property makes it easier to cross 
biological membranes and gather in mitochondria with high concen
tration, which is equivalent to hundreds of times the effect of ordinary 
antioxidants [25]. Emerging studies indicated MitoQ exerted beneficial 
effects on diseases due to redox imbalance involved in cardiac fibrosis, 
contrast-induced kidney injury, COPD [26–28]. Clinical studies 
demonstrated that long-term oral MitoQ could improve vascular func
tion in the elderly, which had been further verified in animal study that 
MitoQ treatment for 4 weeks in mice reduced the level of oxidative stress 
in aortic mitochondria and reversed the degree of aortic stiffness in aged 
mice [29,30]. Kang et al. suggested MitoQ protected against interver
tebral disc degeneration through restoring mitochondrial dynamics 
imbalance and improving PINK-mediated mitophagy [31]. With respect 
to PM2.5-related vascular damage, the underlying mechanism remains 
unclear. 

Our previous study proved that after the short-term PM2.5 exposure 
ceases, the related vascular toxicity still persists for a long time in life, 
leading to the susceptibility of adult rats to arterial stiffness [32]. 
Similarly, the latest observations of WHO indicated that exposure to air 
pollution in childhood and adolescence changed the health trajectory of 
children as well as increased the risk of cardiovascular diseases such as 
hypertension later in life [33]. Thus it could be seen that the cardio
vascular toxicity caused by air pollution may be more far-reaching and 
lasting than currently thought. Considering the above factors, we pro
posed whether MitoQ treatment could alleviate vascular injury and 
reduce the risk and burden of long-term cardiovascular disease in the 
future while short-term exposure to PM2.5. Therefore, the present study 
evaluated the effects of MitoQ on PM2.5-induced vascular damage of 
C57BL/6J mice, and verified the mechanism by which mitoQ regulated 
mitochondrial oxidative stress and dynamics and mitophagy in 
HAVSMCs. 

2. Materials and methods 

2.1. Preparation of PM2.5 samples 

PM2.5 samples were collected by TH-1000C II high-flow atmospheric 

particulate sampler (Wuhan Tianhong, China). PM2.5 collected need to 
be eluted and lyophilized, and sterilized by UV before use. The 
morphology, particle size and composition of PM2.5 samples used in this 
experiment have been measured in the previous study [34]. 

2.2. Experimental animal and treatment 

A total of 72 seven-week-old male C57BL/6J mice were obtained 
from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, 
China) and housed in the Experimental Animal Center of Capital Med
ical University. The animal experiment in this study was approved by 
the Animal Ethics Committee of Capital Medical University (Ethics No. 
AEEI-2016-076). After adaptive feeding for 1 week, C57 BL/6J mice 
were randomly divided into 4 groups: the Control group was given 
anhydrous ethanol dilution by gavage and saline by intratracheal 
instillation, the MitoQ group (5 mg/kg⋅bw) was given MitoQ by gavage 
and saline by intratracheal instillation, the PM2.5 group (5 mg/kg⋅bw) 
was given anhydrous ethanol dilution by gavage and PM2.5 suspension 
by intratracheal instillation, the MitoQ treated-PM2.5 group was given 
MitoQ by gavage and PM2.5 suspension by intratracheal instillation. The 
mice were given MitoQ gavage daily and PM2.5 intratracheal instillation 
once every 3 days for 4 weeks. 

MitoQ was purchased from MedChemExpress (MCE, China) and 
dissolved in anhydrous ethanol at 9:1 vol and diluted with normal saline 
when in use. The selection of PM2.5 exposure dose was based on the 
interim target-1 35 μg/m3 of the annual average concentration of PM2.5 
in the air quality guidelines recommended by the WHO, combined with 
the respiratory physiological parameters of mice, and the 100-fold un
certainty coefficient extrapolated by animals to the population. 

2.3. Vascular Doppler ultrasound assessment 

The vascular function and structure of mice were detected by the 
ultra-high resolution color Doppler ultrasound imaging system (Vevo 
2100 Imaging System, FUJIFILM VisualSonics Inc., USA) after treat
ment. The mice were anesthetized by intraperitoneal injection of tri
bromoethanol which had little effect on heart rate to complete 
ultrasound examination. Aortic function indexes mainly include pulse 
wave velocity (PWV), left common carotid artery end diastolic velocity 
(LCCA EDV), left common carotid artery peak systolic velocity (LCCA 
PSV), as well as left common carotid artery pulsatility index (LCCA PI) 
and resistant index (LCCA RI) calculated from the above indicators, 
while carotid intima-media thickness (CIMT) was measured to evaluate 
aortic structure. All parameters need to be measured at least 3–5 cardiac 
cycles. 

2.4. Histopathological analysis 

The aortic tissue was isolated and collected after the mice were 
euthanized by cervical dislocation. Then part of the thoracic aorta was 
fixed with 4% paraformaldehyde for 24 h for purpose of histopatho
logical analysis. Aorta segments were embedded with paraffin, 
sectioned at 5 μm pieces. The prepared paraffin sections of aorta were 
stained with hematoxylin and eosin (H&E) and verhoeff’s van gieson 
(EVG) to observe changes in histomorphology and elastic fibers. Besides, 
Masson’s trichrome staining was conducted to evaluate aortic fibrosis. 
The slices were imaged by automatic slice scanning system (3Dhistech, 
Hungary). 

2.5. Immunohistochemistry (IHC) 

Paraffin slices were roasted, dewaxed in gradient, then repaired with 
antigen. After blocked with 10% fetal bovine serum for 1 h, the tissues 
were incubated with collagen I (1:100, Abcam, UK), OPN (1:200, 
Abcam, UK), Drp1 (1:100, CST, USA) at 4◦C overnight and subsequently 
incubated with anti-rabbit IgG secondary antibody at 37◦C for 30 min. 
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Thereafter, sections were stained with DAB. Images were acquired 
through automatic slice scanning system (3Dhistech, Hungary) and 
processed using Image-Pro Plus 6.0 software. 

2.6. ROS in aorta detection 

To evaluate reactive oxygen species (ROS) and mitochondrial ROS 
levels, the aorta tissues were prepared into frozen sections for DHE 
staining (BBoxiProbe, China) and MitoSOX staining (Invitrogen, USA) 
according to the manufacturer’s protocols. Then sections were coun
terstained with 4′,6-diamidino-2-phenylindole (DAPI). Fluorescence 
images were acquired using a confocal laser microscope (Nikon, Japan) 
and processed by Image J software. 

2.7. Immunofluorescence 

Frozen sections of aorta were permeated by 0.5% Triton X-100, 
blocked with 10% fetal bovine serum, and then co-incubated a-SMA 
(1:100, Abcam, UK) with OPN (1:100), SOD2 (1:100, Abcam, UK), 
PINK1 (1:100, Abcam, UK), Parkin (1:50, Novusbio, USA), as well as 
VDAC (1:200, Santa, USA) with LC3 (1:100, CST, USA) overnight at 4 ◦C, 
followed by incubation with a donkey anti-mouse Alexa Fluor 594-conj
uated secondary antibody (1:200, Abcam, UK) and a goat anti-rabbit 
Dylight 488-conjuated secondary antibody (1:200, Abcam, UK) at 
37◦C for 1 h. After DAPI staining was added to the sections, images were 
taken with the confocal laser microscope. 

2.8. Cell culture and treatment 

The human aortic vascular smooth muscle cell line (HAVSMC) was 
purchased from Shanghai Xinyu Biological Company. The cells were 
cultured in DMEM low-glucose medium (Gibco, USA) containing 10% 
bovine serum (Excell, Australia) and 1% penicillin streptomycin mixture 
at 37◦C under a 5% CO2 atmosphere. Cells were incubated and 
converged to 70–80% density in the orifice plate before treatment. Does- 
dependent experiments were performed using 0–50 μg/mL PM2.5 for 24 
h. The HAVSMCs were pretreated with MitoQ (0.5 μM) for 2 h before 
exposure to 50 μg/mL PM2.5. PINK1 siRNA (20 μM) was pre-transfected 
into the HAVSMC using Lipofectamine™ 3000 (Invitrogen, USA) for 24 
h in vitro studies. 

2.9. Cell viability assay 

The HAVSMCs were exposed to PM2.5 at a series of concentrations (0, 
12.5, 25, 50, 100 μg/mL) for 24 h. Then cell viability was measured by 
Cell Counting Kit-8 (CCK-8) kit (Tongren, Japan) according to the 
manufacturer’s instruction. 

2.10. ROS assessment 

The generation of intracellular ROS and mitochondrial ROS were 
detected using CM-H2-DCFDA (Thermo, USA) and MitoSOX (Invitrogen, 
USA) fluorescent dyes. The cells after treatment were incubated with 5 
μM CM-H2-DCFDA for 1 h or 5 μM MitoSOX for 15 min at 37◦C protected 
from light. After incubation, at least 1 × 104 cells were collected for flow 
cytometry analysis (Becton Dickinson, USA) of fluorescence intensity. 
Moreover, the living cells were also observed under the confocal laser 
microscope after subsequently stained with 1 μM Hoechst 33342 (Sigma, 
USA). 

2.11. Ca2+ levels measurement 

The level of intracellular Ca2+ was measured by Fluo-3 AM (Beyo
time, China). After treatment, the HAVSMCs were incubated with 5 μM 
Fluo-3 AM for 30 min at 37◦C in dark. Then the Ca2+ fluorescence in
tensity was evaluated using the flow cytometer and imaged under the 

confocal laser microscope. 

2.12. Mitochondrial membrane potential (MMP) determination 

The influence on MMP was detected by JC-1 probe (Beyotime, 
China), which could selectively penetrate mitochondria and reversibly 
switch from red to green with decreased MMP. The HAVSMCs were 
incubated with 10 mg/L JC-1 for 20 min after treatment, then collected 
for flow cytometry analysis of red/green fluorescence intensity ratio as 
well as observed under the confocal laser microscope. 

2.13. Mitochondrial oxygen consumption assay 

The Mitochondrial oxygen consumption rate (OCR) is measured by 
Extracellular Oxygen Consumption Assay Kit (Abcam, UK) according to 
the manufacturer’s protocol. In brief, the culture medium were replaced 
with 150 μL reaction medium for 30 min after the HAVSMCs were 
treated on 96-well cell culture plates. Then 10 μL oxygen consumption 
reagent and an oil layer were added to each well. Fluorescence was 
detected every 90 s for 90 min using a microplate reader (Thermo, USA) 
at 37◦C. 

2.14. ATP measurement 

ATP was assayed using the ATP determination kit (Invitrogen, USA) 
by a coupled luciferin/luciferase reaction. The HAVSMCs were lysed by 
10 μL lysis buffer for 30 min after treatment on 96-well culture plates. 
100 μL working solution were added and incubated for 15 min. The 
fluorescence was measured at 560 nm. 

2.15. Cell ultrastructural observation 

The HAVSMCs were harvested to prefix in 2.5% glutaraldehyde, and 
then samples were prepared after fixation, dehydration and embedding, 
sections were observed under a transmission electron microscope (TEM, 
HT7700, Japan). 

2.16. Cell immunofluorescence 

The HAVSMCs were cultivated on cell slices in 12-well plates for 
staining. After treatment, cells were fixed by 4% paraformaldehyde for 
15 min, followed by permeabilized with 0.1% Triton X-100 for 5 min, 
and then 10% fetal bovine serum was used to block nonspecific binding 
sites. The cell slides were co-incubated VDAC (1:200) with Drp1 (1:50), 
LC3 (1:50), Parkin (1:50) at 4◦C overnight. After incubating with sec
ondary antibody for 1 h and staining with DAPI, the images were ob
tained by confocal laser microscope. 

2.17. Western blot assay 

Total protein were isolated from aortic tissue and the HAVSMCs 
using total protein extraction kit (key Gen, China) and quantified by BCA 
protein assay (Dingguo, China). 40 μg of protein samples were separated 
using 12% SDS-PAGE and transferred to nitrocellulose membranes, 
which were probed with primary and then corresponding secondary 
antibodies. The protein bands were detected by Image Lab™ software 
(Bio-Rad, USA) and analysed using Image J software. 

2.18. Statistical analysis 

Statistical analysis was conducted by GraphPad Prism 5.0 software. 
All data were expressed as mean ± S.D. Student’s t-test was used to 
compare the data of two groups, and one-way ANOVA was used to 
compare the data of three groups and more. p＜0.05 was considered 
statistically significant. 

R. Ning et al.                                                                                                                                                                                                                                    



Redox Biology 46 (2021) 102113

4

3. Results 

3.1. Effects of MitoQ on vascular function and structure alterations in 
PM2.5-exposed mice 

Vascular Doppler ultrasound imaging system showed the changes of 
aortal changes of mice (Fig. 1A). PM2.5-exposed mice exhibited notably 
faster PWV, lower LCCA EDV, higher LCCA PI and RI compared to the 
control mice, while lower PWV, increased LCCA EDV, decreased LCCA 
PI and RI were observed in PM2.5-exposed mice after MitoQ treatment 
(Fig. 1B, 1D, 1F, 1G). But no obvious variation on LCCA PSV was found 
among the different groups (Fig. 1E). Besides, we also detected aortal 
structure via CIMT indicator, PM2.5-exposed mice showed increased 
CIMT, which were decreased after MitoQ treatment (Fig. 1C). These 
results indicated that short-term PM2.5 exposure could cause systolic and 
diastolic dysfunction of aorta and structural damage such as wall 
thickening in mice which could be improved after MitoQ treatment, 
suggesting that MitoQ alleviated aortic stiffness induced by PM2.5. 

3.2. MitoQ attenuated PM2.5-induced pathologic injury and fibrosis of 
aorta 

H&E staining displayed that the media membrane of aorta wall in 
mice exposed to PM2.5 was thickened, and SMCs were hyperplasia and 
disorderly arranged compared with the control mice. Meanwhile, the 
elastic fibers of aorta in PM2.5 group were broken, tortuous and loosely 
arranged versus the control mice by EVG staining, whereas MitoQ 
treatment reversed these changes (Fig. 2A and B). Besides, Masson’s 
staining showed the fibrotic area increased in PM2.5-exposed aorta 

compared with the control and this was attenuated by MitoQ (Fig. 2C). 
To further verify the effect on aortic fibrosis, we also detected the 
expression level of collagen in aorta. IHC staining and Western blot assay 
of collagen I revealed a marked increase in its expression in the aorta of 
PM2.5-exposed mice, and MitoQ significantly restored this change, 
likewise the expression level of collagen III was enhanced in the aorta of 
PM2.5-exposed mice while MitoQ reduced its expression (Fig. 2D, 2G, 
2H). Fibrosis development involves the switch of SMCs into synthetic 
phenotype. Here we measured the expression level of OPN in aorta, 
which is a key marker of synthetic SMCs. IHC showed notably increased 
OPN expression in aorta of PM2.5-exposed mice compared to the control, 
and MitoQ reversed this change, meanwhile, immunofluorescence co- 
location staining showed an increased expression of OPN in a-SMA- 
marked VSMCs in PM2.5-exposed mice while MitoQ reversed this 
change, and the results were further confirmed by Western blot (Fig. 2E- 
G, 2I). These results suggested that MitoQ could alleviate aortic fibrosis 
and phenotypic transformation of SMCs induced by PM2.5. 

3.3. Effect of MitoQ on mitochondrial oxidative stress and mitochondrial 
dynamic homeostasis in PM2.5-exposed mice 

Oxidative stress plays a crucial role in PM2.5-mediated vascular 
toxicity. Fluorescence staining demonstrated the production of ROS in 
the aorta of mice exposed to PM2.5 was significantly increased while 
MitoQ administration reversed this change (Fig. 3A and a). Mitochon
dria play an inescapable role in oxidative stress, so we further evaluated 
the level of mitochondrial oxidative stress, MitoSOX staining showed the 
mitochondrial ROS level in the aorta was significantly increased in 
PM2.5-exposed mice, and MitoQ markedly decreased the PM2.5-induced 

Fig. 1. Effects of MitoQ on PM2.5-induced aortic dysfunction and structure alterations in C57BL/6J mice. (A), Vascular Doppler ultrasound images. (B), PWV. (C), 
CIMT. (D), LCCA EDV. (E), LCCA PSV. (F), LCCA PI. (G) LCCA RI. * represents compared to the control group, # represents compared to the PM2.5 group. *p < 0.05, 
**p < 0.01, #p＜0.05, ##p＜0.01. 
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mitochondrial ROS level (Fig. 3B and b). Meanwhile, SOD2 expression 
was found to be unexpectedly up-regulated in a-SMA marked VSMCs in 
PM2.5-exposed mice compared to those of the control by fluorescence 
staining, and its expression level was further increased after MitoQ 
treatment (Fig. 3C and c). In addition, we also evaluated mitochondrial 

dynamics-related proteins, IHC staining showed Drp1 expression was 
up-regulated in aorta of PM2.5-exposed mice compared to the control 
mice, while Mfn2 expression was down-regulated detected by Western 
blot assay. And MitoQ treatment partially reduced Drp1 expression and 
restored Mfn2 expression in PM2.5-exposed mice (Fig. 3D - e). These 

Fig. 2. MitoQ attenuated histopathological changes and fibrosis of aorta in PM2.5-exposed C57BL/6J mice. (A), H&E staining. (B), EVG staining. (C), Masson’s 
trichrome staining. (D), The IHC staining of collagen I. (E), The IHC staining of OPN. Scale bar: 20 μm. (F), IF double-staining of a-SMA and OPN. Scale bar: 50 μm 
(G–I), Western blot assay showed the expression of collagen I, collagen III, OPN and quantitative analysis. * represents compared to the control group, # represents 
compared to the PM2.5 group. *p < 0.05, **p < 0.01, #p＜0.05, ##p＜0.01. 
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results indicated MitoQ might act a part in mitochondrial quality control 
by improving aortal oxidative stress in PM2.5-exposed mice. 

3.4. Effect of MitoQ on mitophagy in VSMCs of PM2.5-exposed mice 

Immunofluorescence co-location staining of LC3 revealed PM2.5 
notably elevated its expression in VDAC-marked mitochondria of aorta, 
and MitoQ partially reversed this change. Meanwhile, immunoblotting 
also showed LC3II/I ratio and p62 expression were markedly up- 
regulated in PM2.5-exposed mice, and MitoQ treatment partially 
inhibited these effects (Fig. 4A and 4D), indicating MitoQ intervention 
attenuated mitophagy activated by PM2.5 exposure in aortic tissue. 
Mitophagy mainly depends on the regulation of PINK1/Parkin signal 
pathway. Fluorescence images showed PINK1 and Parkin colonization in 
the VSMCs of mice, increased PINK1 and Parkin green intensity were 
observed in PM2.5-exposed mice compared to the control mice, while 
these changes were notably decreased after MitoQ treatment (Fig. 4B 
and 4C). Moreover, the similar results were again confirmed by immu
noblotting (Fig. 4D). The above results proved that MitoQ attenuated the 
PINK1/Parkin-dependent mitophagy pathway in aorta activated by 
PM2.5 exposure. 

3.5. PM2.5 induced mitochondrial dysfunction and phenotypic switch in 
HAVSMCs 

As shown in Fig. 5A, the HAVSMCs viability increased first and then 
decreased with the increase of PM2.5 concentration and the cell viability 
in the 50 μg/mL dose group was significantly higher than that in the 
control group while dropped markedly in the 100 μg/mL. Considering 

that the dose of PM2.5 (100 μg/mL) may be overdosed, we chose the 
concentration range of PM2.5 between 0 and 50 μg/mL in the following 
experiments. The intracellular Ca2+ content enhanced continuously 
with the increase of PM2.5 exposure concentration measured by flow 
cytometer analysis, which indicated that PM2.5 triggered the Ca2+

imbalance in HAVSMCs (Fig. 5B and b). Fluorescence staining man
ifested a gradually elevated ROS (green) and mitochondrial ROS (red) 
fluorescence as the increasing dose of PM2.5, and the further flow 
quantitative analysis of fluorescence intensity showed a dose-dependent 
increase of ROS and mitochondrial ROS after PM2.5 exposure (Fig. 5C–f). 
Immunoblotting assay detected proteins related to mitochondrial qual
ity control in HAVSMCs (Fig. 5G-P), increased expression levels of Drp1 
and SOD2 while decreased Mfn2 were observed in HAVSMCs, dose- 
dependent changes induced by PM2.5 exposure. In addition, the 
expression levels of LC3II/I, p62 and PINK1 were gradually elevated in 
HAVSMCs with increasing PM2.5 dose while there was no obvious 
change about Parkin. Regarding the effect of HAVSMCs phenotype 
switch, PM2.5 increased the expression levels of collagen I and OPN 
proteins in a dose-dependent manner. Taken together, PM2.5 induced 
mitochondrial oxidative stress, mitochondrial dynamics imbalance and 
activated mitophagy, as well as synthetic phenotype remodeling in 
HAVSMCs. 

3.6. Effect of MitoQ on mitochondrial dysfunction in HAVSMCs subjected 
to PM2.5 exposure 

MitoSOX staining displayed elevated mitochondrial ROS levels in 
HAVSMCs exposed to PM2.5 conditions while MitoQ treatment reversed 
this change, and the further flow quantitative analysis of fluorescence 

Fig. 3. Effect of MitoQ on mitochondrial oxidative stress and mitochondrial dynamic homeostasis in PM2.5-exposed aorta. (A and a), DHE staining of aorta tissues 
and the quantitative analysis of ROS fluorescence intensity. (B and b), MitoSOX staining of aorta tissues and the quantitative analysis of mitochondrial ROS fluo
rescence intensity. (C and c), The IF double-staining of a-SMA and SOD2 and the quantitative analysis of SOD2 fluorescence intensity. Scale bar: 50 μm. (D and d), 
The IHC staining of Drp1 and quantitative analysis. Scale bar: 20 μm. (E and e), Western blot assay showed the expression of Mfn2 and quantitative analysis. * 
represents compared to the control group, # represents compared to the PM2.5 group. *p < 0.05, **p < 0.01, #p＜0.05, ##p＜0.01. 
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intensity also revealed MitoQ markedly decreased the mitochondrial 
ROS levels in HAVSMCs exposed to PM2.5 (Fig. 6A - b). Meanwhile, 
fluorescence staining and flow cytometry analysis demonstrated MitoQ 
obviously reduced the enhanced intracellular Ca2+ levels induced by 
PM2.5 (Fig. 6C - d). As shown in Fig. 6F, increased green intensity and 
decreased red intensity were observed in PM2.5-exposed HAVSMCs, 
while MitoQ treatment partially reversed reduced MMP induced by 
PM2.5. Meanwhile, the flow quantitative analysis of the red/green ratio 
further demonstrated the above results (Fig. 6E). Besides, MitoQ also 
obviously reversed the reduced OCR and ATP synthesis in PM2.5- 
exposed HAVSMCs (Fig. 6G and H). TEM revealed that most mito
chondria in control HAVSMCs exhibited slender cylindrical shape, while 
fragmented mitochondria and increased mitochondrial autophagosomes 
were observed after PM2.5 exposure. However, MitoQ partially reversed 
this effect (Fig. 6I). Double immunofluorescence staining showed MitoQ 
treatment obviously reduced the Drp1 intensity in VDAC-marked 
mitochondria of HAVSMCs after PM2.5 exposure, and similar results 
were also observed via immunoblotting (Fig. 7A–C). MitoQ partially 
reversed the decrease in Mfn2 expression in PM2.5-exposed HAVSMCs as 
shown by immunoblotting (Fig. 7B and D). These data revealed MitoQ 
partially restored mitochondrial dysfunction induced by PM2.5 in 
HAVSMCs. 

3.7. Effect of MitoQ on mitophagy and phenotypic switch in PM2.5- 
exposed HAVSMCs 

Immunofluorescence double staining was performed to evaluate the 
effect on mitophagy, increased LC3 intensity and Parkin intensity in 
VDAC-marked mitochondria were observed after PM2.5 exposure as 

MitoQ treatment partially reversed this effect, meanwhile, immuno
blotting also manifested the similar results that PM2.5 exposure notably 
increased the expression levels of LC3II/I, PINK1, Parkin and p62 in 
HAVSMCs while MitoQ treatment partially decreased these effects 
(Fig. 7E-G, 7J-M). And as for phenotypic switch, immunoblotting assay 
also revealed MitoQ significantly down-regulated the expression levels 
of collagen I and OPN induced by PM2.5 (Fig. 7G–I). 

3.8. MitoQ restored mitophagy and synthetic phenotype in PM2.5-exposed 
HAVSMCs partially via PINK1 

PINK1 siRNA was used to detect how PINK1 regulate the effects of 
MitoQ on HAVSMCs under PM2.5 exposure (Fig. 8). Western blot assay 
revealed the expression level of OPN was notably increased in PM2.5- 
exposed HAVSMCs but was partially restored by PINK1 siRNA trans
fection after MitoQ treatment. Meanwhile, immunoblotting also 
demonstrated that PM2.5-induced increases in Drp1 and decreases in 
Mfn2 expression were restored after MitoQ treatment, while these 
changes were partially abolished by PINK1 siRNA transfection. Besides, 
PM2.5-enhanced LC3II/I, p62, PINK1 and Parkin expression levels were 
removed after MitoQ treatment and were further restored by PINK1 
siRNA transfection. These results indicated that MitoQ mediated mito
chondrial quality control and synthetic phenotype of HAVSMCs under 
PM2.5 exposure partially via PINK1. 

4. Discussion 

In recent years, the burden of cardiovascular diseases caused by 
ambient PM2.5 has continued to increase, and the profound impact of 

Fig. 4. Effect of MitoQ on PM2.5-induced mitophagy in VSMCs of aorta. (A), The IF double-staining of LC3 and VDAC. (B–C), The IF double-staining of a-SMA and 
PINK, Parkin. (D), Western blot assay showed the protein expression of LC3, p62, PINK, Parkin and quantitative analysis. Scale bar: 50 μm * represents compared to 
the control group, # represents compared to the PM2.5 group. *p < 0.05, **p < 0.01, #p＜0.05, ##p＜0.01. (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. 5. PM2.5 induced mitochondrial dysfunction and synthetic phenotype remodeling in HAVSMCs. (A), The cell viability of PM2.5-exposed HAVSMCs. (B and b), 
The quantitative analysis of Ca2+ by flow cytometry. (C), Staining of ROS in HAVSMCs. Scale bar: 10 μm. (D and d), The quantitative analysis of ROS by flow 
cytometry. (E), Staining of mitochondrial ROS in HAVSMCs. Scale bar: 50 μm. (F and f), The quantitative analysis of mitochondrial ROS by flow cytometry. (G–P), 
Western blot assay showed the protein expression of collagen I, OPN, Drp1, Mfn2, SOD2, LC3, p62, PINK1, Parkin and quantitative analysis. * represents compared to 
the control group, # represents compared to the PM2.5 group. *p < 0.05, **p < 0.01, #p＜0.05, ##p＜0.01. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

R. Ning et al.                                                                                                                                                                                                                                    



Redox Biology 46 (2021) 102113

9

Fig. 6. Effect of MitoQ on mitochondrial dysfunction in PM2.5-exposed HAVSMCs. (A), Staining of mitochondrial ROS in HAVSMCs. Scale bar: 10 μm. (B and b), The 
quantitative analysis of mitochondrial ROS by flow cytometry. (C), Staining of Ca2+ in HAVSMCs. Scale bar: 50 μm. (D and d), The quantitative analysis of Ca2+ by 
flow cytometry. (E), The quantitative analysis of MMP in HAVSMCs by flow cytometry. (F), Fluorescence staining of MMP. Scale bar: 50 μm. (G), The measurement of 
oxygen consumption rate in HAVSMCs. (H), The ATP production detection. (I), TEM images showed mitophagy. Scale bar: 2.0 μm * represents compared to the 
control group, # represents compared to the PM2.5 group. *p < 0.05, **p < 0.01, #p＜0.05, ##p＜0.01. 
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Fig. 7. MitoQ restored mitophagy and synthetic phenotype in PM2.5-exposed HAVSMCs via PINK1. (A), IF double-staining of Drp1 and VDAC. Scale bar: 10 μm. 
(B–D), Western blot assay showed the protein expression of Drp1, Mfn2 and quantitative analysis. (E and F), IF double-staining of VDAC and LC3, Parkin. Scale bar: 
10 μm. (G–M), Western blot assay showed the protein expression of collagen I, OPN, LC3, p62, PINK1, Parkin and quantitative analysis. * represents compared to the 
control group, # represents compared to the PM2.5 group. *p < 0.05, **p < 0.01, #p＜0.05, ##p＜0.01. (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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short-term PM2.5 exposure on cardiovascular risk has attracted more and 
more attention. Increasing studies are focused on the anti-damage 
research caused by PM2.5 [35,36]. In our study, we elucidated aortic 
fibrosis due to short-term PM2.5 exposure, and revealed for the first time 
that the protective role of MitoQ depended on mitochondrial 
ROS/PINK1/Parkin-mediated mitophagy which involving phenotypic 
transformation of HAVSMCs. 

PM2.5 exposure can cause changes in subclinical indexes of cardio
vascular function. PWV is the gold standard used for evaluating arterial 
stiffness [37]. The reduction of hemodynamic parameters PSV and EDV 
indicates mild carotid artery stenosis, which is independently correlated 
with the occurrence of future cardiovascular events, as well as PI and RI 
are markers of arterial resistance and compliance [38,39]. In current 
study, PM2.5 exposure induced enhanced PWV, slowed blood flow and 
increased arterial resistance, which reflected aortic dysfunction and 
ultimately led to arterial stiffness (Fig. 1). In individuals with aortic 
sclerosis, the blood flow pressure waves return and enter the systole 
faster than normal, increasing cardiac afterload which induced left 
ventricular hypertrophy, and reducing coronary blood flow, leading to 
myocardial hypoperfusion and may cause myocardial ischemia and 
heart failure [40]. Besides, aortic stiffness is also the precursor to hy
pertension [41]. A population study showed short-term PM2.5 exposure 
caused ankle-arm PWV to increase in healthy subjects, which is 
consistent with our results [42]. Similarly, a cohort study reported that 
short-term PM2.5 exposure caused acute cerebrovascular events related 
to increased cerebrovascular resistance and reduced cerebral blood flow 
velocity [43]. Additionally, our data indicated PM2.5 exposure induced 
increased CIMT, suggesting aortic function and structure could be 
changed by short-term PM2.5 exposure. 

The mechanical properties of aorta depend to a large extent on its 
structural rigidity, which is related to the fibrous extracellular matrix 
component of the vessel wall, involving structural proteins (collagen 
and elastin) and adhesion proteins (such as laminin and fibronectin) 
[44]. The broken elastic fibers in our study also confirmed this point 
(Fig. 2). Besides, vascular fibrosis is largely due to increased deposition 
of collagen I and collagen III in the vessel wall and perivascular areas, 
which can alter the passive pressure/diameter relationship of artery 
under higher pressure and induce a gradual hardening of vessel wall [11, 
45]. As expected, PM2.5 caused the deposition of collagen I and collagen 
III in aorta, and the fibrosis was obvious in our study (Fig. 2). It has been 
reported that increased aortic collagen deposition was observed in 
C57BL/6J mice after PM exposure 1 month [46], which supported our 
results. Importantly, we have further refined the mechanism of PM2.5 
related aortic fibrosis in vivo and in vitro that VSMCs transformed into a 
synthetic phenotype in response to PM2.5 treatment, which expressed 
OPN protein and secreted extracellular matrix such as collagen I (Figs. 2 
and 5). However, the pathogenesis underlying the phenomena is not 
fully understood. 

Our previous study and others have certified mitochondrial 
dysfunction is mainly responsible for PM2.5 induced CVDs [47,48]. 
Mitochondrial redox state unbalance plays a vital role in phenotypic 
regulation of VSMCs [49]. In present study, we found PM2.5 exposure 
caused mitochondrial ROS overproduction and elevated SOD2 expres
sion (Figs. 3 and 5). The body’s antioxidant system will be activated to 
resist the increase of oxidative stress and protect tissues from damage in 
response to PM2.5 exposure, while SOD2 plays a central role in this 
process [50]. Meanwhile, decreases in MMP, OCR and ATP synthesis, 
increases in intracellular Ca2+ and mitochondrial fragmentation have 

Fig. 8. MitoQ restored mitophagy and synthetic phenotype in PM2.5-exposed HAVSMCs via PINK1. Western blot assay showed the effect of PINK1 siRNA on the 
protein expression of OPN, Drp1, Mfn2, LC3, p62, PINK1, Parkin and quantitative analysis. * represents compared to the control group, # represents compared to the 
PM2.5 group. *p < 0.05, **p < 0.01, #p＜0.05, ##p＜0.01. (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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also been triggered after PM2.5 exposure in this study (Figs. 5 and 6). 
These results coincided with our previous study involving PM2.5-ex
posed BEAS-2B cells [16]. ROS/Drp1-regulated mitochondrial frag
mentation was involved in the VSMC synthetic phenotype remodeling, 
which may be a target for the treatment of proliferative vascular diseases 
[17,51]. Marsboom et al. found that activated Drp1 was induced in the 
pulmonary blood vessels of patients with idiopathic pulmonary hyper
tension, and inhibiting excessive mitochondrial division could reduce 
proliferation of pulmonary artery smooth muscle cells as well as pul
monary hypertension [52]. But, whether inhibition of mitochondrial 
ROS overproduction can reverse VSMCs synthetic phenotype remodel
ing induced by PM2.5 through mitochondrial quality control remains 
unclear. 

Antioxidants maintain cell redox homeostasis to eliminate potential 
damage. However, conventional antioxidant therapies lack specificity 
and cannot reach effective concentrations at the site of pathological 
oxidative stress, while MitoQ can just overcome the shortcoming [53]. A 
certain accumulation of MitoQ was detected in the heart and vessel of 
rats after oral intervention [54]. In a clinical study, 20 healthy elderly 
patients with impaired endothelial function decreased cervical-femoral 
PWV, increased brachial artery flow-mediated dilatation, as well as 
decreased aortic stiffness after 6 weeks of oral MitoQ (20 mg/d), which 
was expected to treat vascular dysfunction caused by ageing [29]. MitoQ 
inhibited the interaction between TGF-β1 and mitochondria-related 
redox signaling to improve cardiac hypertrophic remodeling, fibrosis 
and left ventricular dysfunction in mice [26]. Interestingly, we also 
found MitoQ reversed aortic stiffness and histological changes, espe
cially as for fibrosis and VSMCs synthetic phenotype remodeling 
induced by PM2.5 in current study (Figs. 1, 2 and 7). However, the su
periority of MitoQ in treating PM2.5-related vascular injury needed more 
cohort study to conduct on this issue. 

Regarding to the protective effect of MitoQ on mitochondrial 
dysfunction induced by PM2.5, we found that mitochondrial oxidative 
stress, decreased MMP, OCR and ATP synthesis, increased Ca2+

amendment were accompanied by alleviated mitochondrial fragmenta
tion after MitoQ treatment (Figs. 3, 6 and 7). Similarly, Yang et al. 
believed that MitoQ treatment attenuated oxidative stress, decreased 
Drp1 expression and increased Mfn2 expression in lung induced by 
cigarette smoke [55]. Increased mitochondrial fragmentation initiates 
mitophagy to clear damaged mitochondria, thus maintaining mito
chondrial quality control and function [56]. As expected, PM2.5 expo
sure increased mitophagy in aorta and HAVSMCs (Figs. 4–6). 
Environmental exposure may cause airway epithelial cells to produce 
ROS, which activates autophagy pathways, leading to phenotypic 
changes and fibrosis of airway remodeling [57], which is consistent with 
our study. But there is limited study focused on the role of mitophagy in 
PM2.5-related vascular injury, as well as whether targeting mitophagy 
regulates HAVSMCs phenotypic changes in this progression. Thus we 
found MitoQ rescued VSMCs synthetic phenotype remodeling and 
mitophagy, which were further improved by PINK1 siRNA (Figs. 4, 6–8). 
Mitophagy is an important goalkeeper of mitochondrial quality control, 
which is mainly regulated by the PINK1/Parkin signal pathway [58]. 
When mitochondria are damaged, PINK1 cannot enter the mitochondria 
due to the decrease of the inner membrane potential, and it continuously 
accumulates on the outer mitochondrial membrane, recruiting Parkin in 
the cytoplasm, which is an E3 ubiquitin ligase, and then the activated 
Parkin ubiquitinates the outer mitochondrial membrane Protein 20 
(Tom20), finally fused with lysosome and degraded [56]. Our results 
indicated MitoQ treatment restored appropriate mitophagy level in 
aorta or HAVSMCs by reducing mitochondrial oxidative stress, thus 
improving mitochondrial dysfunction and reducing tissue or cell dam
age. Mizumura et al. suggested cigarette smoke (CS) exposure caused 
mitochondrial ROS in lung epithelial cell to regulate PINK1 expression, 
and the structure and function of mitochondria in PINK1− /− mice were 
relatively complete after exposure to CS [59]. Mitochondrial defects and 
atherosclerotic lesions were reduced in PINK1− /− mice after apelin-13 

treatment [60]. In general, PM2.5 increased mitochondrial ROS over
production in HAVSMCs, activated PINK1/Parkin-mediated mitophagy 
which causing mitochondrial dysfunction, while MitoQ treatment 
restored this pathogenetic process. 

5. Conclusions 

In summary, our data demonstrated that PM2.5 exposure increased 
mitochondrial oxidative stress and activated mitophagy, accompanied 
by mitochondrial dynamics disorder and mitochondrial dysfunction, 
caused VSMCs synthetic phenotype remodeling and ultimately led to 
aortic fibrosis; while MitoQ treatment restored this pathogenetic process 
via mitochondrial ROS/PINK1/Parkin-mediated mitophagy. Our results 
suggest a new treatment strategy to alleviate vascular damage caused by 
short-term PM2.5 exposure. 
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