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Abstract

Chronic obstructive pulmonary disease (COPD) is a common disease characterized by persistent
airflow limitation. Pulmonary vascular endothelial barrier injury and inflammation are increasingly
considered to be important pathophysiological processes in cigarette smoke extract (CSE)-induced
COPD, but the mechanism remains unclear. To identify the cellular mechanism of endothelial
barrier injury and inflammation in CSE-treated human umbilical vein endothelial cells (HUVECs), we
investigated the effect of the mitochondrion-targeting antioxidant mitoquinone (MitoQ) on
endothelial barrier injury and inflammation. We demonstrated that MitoQ restored endothelial
barrier integrity by preventing VE-cadherin disassembly and actin cytoskeleton remodeling, as well
as decreased inflammation by the NF-kB and NLRP3 inflammasome pathways in endothelial cells. In
addition, MitoQ also maintained mitochondrial function by reducing the production of ROS and
excess autophagy. Inhibition of autophagy by 3-MA protected against cytotoxicity that was induced
by CSE in HUVECs. Overall, our study indicated that mitochondrial damage is a key promoter in the
induction of endothelial barrier dysfunction and inflammation by CSE. The protective effect of
MitoQ is related to the inhibition of ROS and excess autophagy in CSE-induced HUVEC injury.

Key words: Chronic obstructive pulmonary disease; Cigarette smoke extract; Endothelial barrier; Inflammation;
ROS; Autophagy

Introduction

Chronic obstructive pulmonary disease (COPD)
is a common preventable and treatable disease
characterized by persistent airflow limitation.
Smoking is considered to be the most important factor
leading to COPD [1-3]. However, pulmonary vascular
cell injury is increasingly considered to be an
important pathophysiological process in cigarette
smoke extract (CSE)-induced COPD [4]. The vascular

endothelium is formed by a continuous endothelial
cell monolayer and plays key roles in the maintenance
of vascular integrity [5-7]. CSE causes endothelial
dysfunction in the pulmonary circulation in human
and animal models [8-10].

Inflammation is also involved in many
pathophysiological processes, including COPD [11,
12]. Nuclear factor NF-xB plays a central role in
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inflammation and apoptosis through diverse
signaling cascades [13]. It has been reported that
upregulation of cell adhesion molecules by NF-«B in
endothelial cells is a critical step that alters the
adhesive properties of vasculature and causes
uncontrolled infiltration of leukocytes into the
inflamed tissue [14]. Pharmacological inhibitors of the
NF-xB pathway in endothelial cells have potential
therapeutic value in treating inflammatory diseases
and cancers [15]. In COPD and other pulmonary
inflammatory diseases, the main function of the
NLRP3 inflammatory corpuscle and its products is to
initiate a primary immune response and prevent
pathogen invasion [16]. However, when the NLRP3
inflammasome is excessively activated, leading to the
excessive release of IL-1 beta and IL-18, the
inflammatory response persists, leading to
COPD-related pathophysiological changes, which
results in airflow limitation and breathing difficulties
[17-20]. Recently, the central role of endothelial
dysfunction in inflammation has also been
recognized. The maintenance of endothelial function
is particularly important for the passage of
macromolecules and fluid between the blood and
interstitial space. If the barrier is disrupted, excessive
leakage may result in tissue inflammation and
inflammatory diseases, such as acute respiratory
distress syndrome (ARDS) and COPD [21-23].
Therefore, restoring vessel barrier function and
controlling inflammation following injury are
essential for maintaining tissue fluid balance and
reversing lung injury and edema. However, the exact
mechanism of CSE-induced vascular barrier
dysfunction and inflammation is not yet fully
understood.

Some studies have shown that ROS may play an
important role in the pathogenesis of COPD. Elevated
ROS levels have been shown to have important roles
in regulating a number of physiological and
pathophysiological events, including cell apoptosis,
inflammation, and disruption of the endothelial
barrier [24]. CSE increases mitochondrion-derived
ROS (mtROS), further promotes the activation of
endothelial cells and increases proinflammatory
cytokines in synergy with cytosolic ROS [25].
Antioxidants targeted to the mitochondria for the
maintenance of function reduce endothelial
inflammation in hypertensive animal models [26]. The
administration of antioxidants reduces CSE- and/or
inflammatory-dependent BBB damage. Previous
studies have demonstrated that exposure of ECs to
ROS induces actin stress fibers and redistribution of
VE-cadherin to the cell periphery, which results in EC
barrier dysfunction [27-30]. Therefore, it is often
important to improve oxidative stress and the

quantity of mitochondria for the maintenance of EC
function and to decrease inflammation.

In this study, the mitochondrion-targeted
antioxidant mitoquinone (MitoQQ) was wused to
suppress mitochondrial ROS to evaluate the

protective effect of MitoQ on CSE-induced endothelial
dysfunction and inflammation in HUVECs. We also
used a nonspecific inhibitor of PI3-kinase, 3-MA, to
evaluate the role of autophagy in MitoQ-protected
HUVECs treated with CSE and further evaluated
whether the protective effect of MitoQ is closely
related to the autophagy response. Our data
demonstrated that MitoQ clearly restored endothelial
barrier function and further decreased
NF-xB/NLRP3-mediated inflammatory activation by
maintaining mitochondrial function. Moreover, the
effect of 3-MA suggested that CSE-mediated
autophagy likely has a destructive role in endothelial
injury. Therefore, antioxidants and restored
autophagy may contribute to the rescue of
CSE-induced COPD.

Materials and Methods

Cell culture

HUVECs were obtained from American Type
Culture Collection (ATCC). HUVECs were cultured in
Endothelial Cell Medium (ECM, SclenCell) containing
10% fetal bovine serum (FBS, SclenCell) and 1%
Endothelial Cell Growth Supplement (ECGS,
SclenCell) and 1% penicillin/streptomycin solution
(P/S, SclenCell) and were maintained at 37°C and 5%
CO,. HUVECs were utilized for experimentation at
70-80% confluency.

Preparation of CSE

The extraction of cigarette smoke is prepared
according to previous reports [31] with some
modifications.  Briefly, one cigarette (Double
Happiness, Shanghai Tobacco Corporation, Shanghai,
China) was burned and the smoke passed through a
filter for removing particles and bacteria into a vessel
containing phosphate-buffered saline (ECM, 10 mL
per one cigarette) using a vacuum pump. This 100%
CSE was adjusted to a pH of 7.4 and was diluted to
the concentrations of 0, 1.25, 2.5 and 5% and used for
the following experiment within 30 min of
preparation.

Drug treatment

At the cell level, the experiment was divided into
four groups: Control group, CSE group, MitoQ+CSE
group and MitoQ group. HUVECs were treated by 5%
CSE for 24 hours with (or not) MitoQ of 100nmol /L.
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Cell viability assay

The Cell Counting Kit-8 (CCK-8) assay kit
(Dojindo, Kumamoto, Japan) was performed as per
the manufacturer’s instructions. Cells were plated in
96-well plates at a density of 5x104/well in
sextuplicate. At indicated drug concentration points,
10 pl CCK-8 solutions were added to the cells for 2
hours at 37 °C, and the absorbance of the cells was
measured at 450nm using an enzyme standard
instrument according to the manufacturer’s
instructions.

Western blotting analysis

HUVECs were lysed in Radiolmmunopreci-
pitation Assay (RIPA) buffer (Beyotime, P0013B) with
PMSF lysis buffer. The protein concentration was
measured using a BCA assay kit (Beyotime). Equal
protein amounts (usually 30pg) were separated by
8%-15% SDS-PAGE. Proteins were then transferred to
PVDF membranes (Immobilon, IPVH00010). Blots
were blocked and immunoblotted with NLRP3 (Cell
Signal, 1:1000, 15101), Caspase-1 (Cell Signal, 1:1000,
2225), IL-1p (Cell Signal, 1:1000, 12426), GAPDH
(Bioworld, 1:50000, AP0063), Cleaved-Caspase-3 (Cell
Signal, 1:500, 9664), F-actin (Abcam, 1:500, ab205),
VE-Cadherin(Abcam, 1:1000, ab33168), NF-xB p65
(Sigma, 1:500, 510038), P-IxBa (Cell Signal, 1:1000,
2859), IkBa (Cell Signal, 1:1000, 4814), Histone
(Abcam, 1:1000, ab1791), Beclinl (Santa Cruz, 1:1000,
sc-48341), LC3A/B (Abcam, 1:500, ab128025),
TOMM20 (Santa Cruz, 1:100, sc-17764), p62 (Abcam,
1:500, ab56416) at 4 °C overnight, followed by
HRP-conjugated secondary antibodies (typically
1:2000 dilution) for 1h at room temperature. The
results were analyzed with Image ] Analysis Software
(Image J 1.44p, Wayne Rasband, National Institutes of
Health, USA).

Intracellular ROS determination

The level of intracellular ROS was examined by
using cell-permeable fluorescent probe 2’,7’-dichloro-
fluorescin-diacetate (DCFH-DA). Intracellular
detection of ROS in different groups was achieved by
incubating cells with 10uM DCFH-DA for 30 min at
37°C in the dark. Cells were then detached by gentle
scraping with a cell scraper and analyzed by
fluorescence microplate. =~ The  fluorescence  of
DCFH-DA was excited at 488 nm, and the emission
was collected at 525 nm.

Immunofluorescence staining

HUVECs were cultured on glass slides, washed
in PBS and fixed with 4% paraformaldehyde for 30
min at room temperature. Cells were then
permeabilized, blocked with 5% BSA, and incubated

with primary and secondary antibodies. Cells were
co-stained with DAPI for the nuclei. Images were
captured from six or more randomly chosen fields at
400 magnification using a Nikon ECLIPSE Ti
microscope (Nikon, Tokyo, Japan). Data from
repeated experiments were used for statistical
analysis.

Statistical analysis

All data are expressed as means = SEM (n=5)
from at least three separate experiments. Student's
t-test was used for statistical analysis for comparison
of two groups. For more than two groups, statistical
evaluation of the data was performed using a
one-way  analysis-of-variance =~ (ANOVA) test,
followed by Tukey’s post hoc test. Values of "P < 0.05
and "P < 0.01 were considered statistically significant.

Results

CSE induced the internalization of
VE-cadherin and the rearrangement of the
actin cytoskeleton of human umbilical vein
endothelial cells

We examined the effect of CSE stimulation on
endothelial barrier integrity in cultured HUVECs.
First, the expression of the membrane proteins
VE-cadherin and F-actin in HUVECs was analyzed by
Western blotting. As shown in Fig. 1A, the expression
level of VE-cadherin clearly decreased after 2.5 and
5% CSE stimulation for 24 hours. There was no
significant difference in the expression level of
VE-cadherin after 1.25% CSE treatment compared
with the control group. In contrast, the expression of
F-actin increased significantly in the 5% CSE-treated
group (Fig. 1B). Furthermore, CSE-induced
morphological changes in HUVECs were analyzed by
immunofluorescence  microscopy. HUVEC cell
monolayers seeded in 6-well plates were stimulated
with different concentrations of CSE for 24 hours.
Under the control conditions, VE-cadherin was
observed as a continuous line along the
interendothelial cell border. Immunostaining for
F-actin with rhodamine-phalloidin revealed a
predominance of circumferential actin bundles and a
few stress fibers. After treatment with different
concentrations of CSE for 24 Thours, the
immunostaining results showed that the expression of
VE-cadherin clearly decreased in HUVECs treated
with 5% CSE, leading to the formation of intercellular
gaps (Fig. 1C). Furthermore, CSE induced F-actin
reorganization and intercellular gap formation and
increased stress fiber formation (Fig. 1D). These
results demonstrated that CSE induced VE-cadherin
disassembly and actin cytoskeleton remodeling in
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endothelial cells, thereby disrupting endothelial
barrier integrity.

CSE induced NF-kB and NLRP3
inflammasome activation in human umbilical
vein endothelial cells

To further examine the effect of CSE on
endothelial cells, we analyzed the classical
inflammatory signaling pathways of NF-xB and
NLRP3 inflammasome signaling. As shown in Fig. 2,
the expression levels of p-IkBa and nuclear NF-«xB p65
protein significantly increased after 5% CSE treatment
(Fig. 2A-C), and CSE markedly induced NF-xB p65
nuclear translocation, which was determined by
immunofluorescence (Fig. 2D). Then, we analyzed the
NLRP3 signaling pathway in HUVECs treated with
CSE and found that CSE significantly increased the
levels of NLRP3 (P < 0.01) (Fig. 2E) and activated
caspase-1 (P < 0.01) (Fig. 2F), as well as contributed to
IL-1p maturation (Fig. 2G). These results indicated
that CSE activated the NF-xB and NLRP3
inflammasome signaling pathways in HUVECs.
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Cigarette smoke extract induced
mitochondrial dysfunction in human umbilical
vein endothelial cells

To investigate the effect of CSE on mitochondrial
integrity, HUVECs were treated with different
concentrations of CSE in model of CSE exposure in
vitro. The HUVECs were treated with CSE at 0, 1.25,
2.5 and 5% concentrations for 24 hours, and cell
viability was analyzed using a CCK-8 assay.
Noticeable decreases in cell viability were observed
after the cells were treated with CSE concentrations of
25 and 5% for 24 hours (Fig. 3A). ROS analysis
showed that CSE significantly increased ROS
production in a dose-dependent manner (Fig. 3B).
Furthermore, the mitochondrial membrane potential
was analyzed by immunofluorescence staining. The
results showed that the mitochondrial membrane
potential significantly decreased after CSE treatment
(Fig. 3C). Furthermore, the protein levels of Caspase-3
were identified by immunofluorescence. Our results
showed that CSE significantly increased expression of
protein Caspase-3 (Fig. 3D), Finally, we evaluated
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Figure 1. The effect of CSE on the expression of VE-cadherin and the actin cytoskeleton in HUVECs. (A) The expression levels of the VE-cadherin and (B) F-actin
in cell lysates from HUVECs were detected by Western blotting. Expression of VE-cadherin (C) and F-actin (D) in HUVECs after CSE treatment was analyzed by
immunofluorescent staining. Scale bar is 10um. Green indicates cells labeled with F-actin and VE-cadherin; blue, DAPI. All data were compared with control group and presented

as mean *+SEM (n=5 in each group), *P < 0.05, **P < 0.01.
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mitochondrial integrity by analyzing the expression
of TOMM20, and the results showed that CSE
induced markedly decreased expression levels of
TOMM20, which was determined by Western blotting
and immunofluorescence staining (Fig. 3E and F).
These data suggested that CSE exposure induced
endothelial barrier dysfunction and inflammation,
which is related to ROS production and mitochondrial
damage in HUVECs.

MitoQ alleviated CSE-induced damage of
endothelial barrier function

To confirm the effect of ROS on endothelial
barrier = damage induced by CSE, the
mitochondrion-targeted antioxidant mitoquinone
(MitoQ) was added to HUVECs. The protein
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expression levels of VE-cadherin and F-actin were
analyzed by Western blotting (Fig. 4). The results
showed that MitoQ significantly inhibited the
decrease in the VE-cadherin expression level and the
increase in the F-actin expression level induced by
CSE stimulation. There was no significant difference
between the MitoQ group and the control group (Fig.
4A-C). Furthermore, immunofluorescence staining
showed that MitoQ significantly decreased
CSE-induced VE-cadherin internalization (Fig. 4D)
and F-actin reorganization (Fig. 4E). These results
demonstrated that MitoQ decreased CSE-induced
VE-cadherin disassembly and actin cytoskeleton
remodeling and improved endothelial barrier
integrity in endothelial cells.
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Figure 2. CSE induced NF-kB and NLRP3 inflammasome activation in HUVEGCs. (A) Expression of protein IkBa and p-IkBa in cell lysates from HUVECs were
detected by Western blotting. GAPDH served as the standards. Expression of protein nuclear p65 was detected by cytoplasmic separation Kit. Histone was used as loading
control. Quantification analysis of protein p-IkBa (B) and nuclear p65 (C) levels. (D) Nuclear translocation of p65 (red, 400x) was detected by immunofluorescent staining.
Expression of protein NLRP3 (E), Caspase-1 (F) and IL-1B (G) was detected by Western blotting. All data were compared with control group and presented as mean +SEM (n=5

in each group), *P < 0.05, **P < 0.01.
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Figure 3. CSE caused mitochondrial dysfunction in HUVECs. (A) HUVECs were incubated with CSE at different concentration for 24h. The cell viability was measured
by CCK8 kit. (B) Reactive oxygen species levels were analyzed by DCFH-DA kit. (C) After treatment the cells were subjected JC-1 staining (400%) for mitochondrial membrane
potential assessment. Red staining indicates polarized mitochondria in JC-1 staining. Green staining indicates depolarized mitochondria in JC-1 staining. (D) Immunofluorescence
staining for caspase-3 (red) and nuclei (blue) (400%). (E) Expression of protein TOMM20 in HUVECs was shown by Western blotting. GAPDH served as the standards. (F)
Representative mitochondrial morphology (1000x) in HUVECs incubated for 24h with CSE. Blue: DAPI; green: TOMM20 (mitochondria). All data were compared with control
group and presented as mean *SEM (n=5 in each group), *P < 0.05, **P < 0.01.
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=5). *P < 0.05, **P < 0.01.

MitoQ inhibited CSE-induced NF-kB and
NLRP3 inflammasome activation in human
umbilical vein endothelial cells

To identify the effect of MitoQ on inflammation
in HUVECs, NF-xB and NLRP3 inflammasome
signaling pathways in HUVECs treated with 5% CSE
were analyzed. The Western blotting results showed
that after MitoQ pretreatment, CSE-induced
activation of the cytosolic content of p-IxBa and the
expression level of nuclear protein NF-xB p65
significantly =~ decreased = (Fig.  5A-C).  The
immunofluorescent staining results showed that
MitoQ significantly decreased CSE-induced NF-kB
p65 nuclear translocation (Fig. 5D). Furthermore, we
investigated =~ whether =~ NLRP3  inflammasome
pathways are involved in the protective role of MitoQ.
The expression of the inflammatory cytokines NLRP3,
caspase-1 and IL-1p in different groups was also
analyzed by Western blotting. The results showed
that CSE-induced expression of NLRP3 (Fig. 5E, P <
0.05), cleaved caspase-1 (Fig. 5F, P < 0.05) and IL-1p
(Fig. 5G, P < 0.05) markedly decreased after MitoQ
treatment. These results indicated that MitoQ
inhibited NF-xB pathways and the activation of the
NLRP3 inflammasome induced by CSE in HUVECs.

MitoQ inhibited mitochondrial damage
induced by CSE exposure

To evaluate the protective mechanism of MitoQ
on endothelial barrier function and inflammation, we
analyzed mitochondrial function. As shown in Fig.
6A, the CCK-8 assay showed that the CSE-induced
decrease in cell viability significantly increased after
the MitoQ treatment (Fig. 6A) (P < 0.01). CSE
significantly increased the generation of ROS in
HUVECs, which was largely reduced after the MitoQ
treatment (Fig. 6B) (P < 0.01). Furthermore, the
protein expression level of cleaved caspase-3 was
analyzed by immunofluorescence. Our results
showed that CSE significantly increased the
expression level of cleaved caspase-3, which was
markedly reversed by the treatment with MitoQ (Fig.
6C). In addition, mitochondrial membrane potential
(AWm) was analyzed by JC-1 fluorescence. The MitoQ
treatment inhibited the JC-1 fluorescent color change
from red to green, which is caused by CSE (Fig. 6D),
suggesting that MitoQ inhibited the decrease in AWm
and mitochondrial damage. Subsequently, we
analyzed the expression of the TOMM20 protein to
confirm mitochondrial integrity. Our results showed
that MitoQ protected against the decrease in the

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

1447

TOMM20 protein expression level induced by CSE
(Fig. 6E). The immunofluorescent staining results are
similar to the Western blotting results, indicating that
CSE-induced mitochondrial damage was reversed by
MitoQ (Fig. 6F). These results indicated that the
protection provided by MitoQ against endothelial
barrier dysfunction and inflammation is related to the
stabilization of mitochondrial function.

MitoQ inhibited CSE-induced excess
autophagy in human umbilical vein endothelial
cells

To further identify the protective effect of MitoQ
related to autophagy in HUVECs, we analyzed the
autophagy level. The Western blotting results showed
that 5% CSE significantly upregulated the expression
of the proteins Beclin-1 and LC3-II (P < 0.01) and
increased the expression level of P62 (P < 0.01) in
HUVECs, which was markedly reversed by MitoQ
(Fig. 7A and B, P < 0.05). To further examine the
specific role of autophagy in the process of
CSE-induced injury of HUVECs, 3-MA was added to
the cells. The CCK-8 assay demonstrated that
treatment with 3-MA at a concentration of 2.5

mmol/L significantly reduced the decrease in cell
viability induced by CSE. The 3-MA alone group
showed no changes in cell viability (Fig. 7C). Western
blotting analysis confirmed the effect of 3-MA on
autophagy. The results showed that 3-MA
significantly decreased CSE-induced LC3-II protein
expression level in HUVECs (Fig. 7D, P < 0.05).
Overall, these data indicate that autophagy plays a
negative role in CSE-induced HUVEC injury. We infer
that MitoQ alleviates mitochondrial damage by
inhibiting the production of ROS and the excessive
activation of autophagy.

Discussion

Chronic obstructive pulmonary disease is a
complex progressive disease characterized by chronic
inflammation, irreversible airflow limitation and
emphysema. Cigarette smoke is considered to be a
major risk factor for the development of COPD [32,
33]. However, the mechanism of pathogenesis is yet to
be elucidated. Pulmonary endothelial dysfunction
and vascular remodeling have also been reported in
the lungs of COPD patients. The pulmonary
endothelium plays an important role in the
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Figure 6. MitoQ ameliorated mitochondrial damage induced by CSE in HUVECs. HUVECs were stimulated by 5% CSE and (or) 100nM MitoQ for 24h. (A) Cell
viability was measured by CCKS8 kit. (B) Reactive oxygen species levels were analyzed by DCFH-DA kit. (C) Immunofluorescence staining (400%) for caspase-3 (red) and nuclei
(blue). (D) Mitochondrial membrane potential in HUVECs was analyzed by JC-1 staining (400x). (E) Expression of protein TOMM20 was detected by Western blotting. (F)
Expression of TOMM20 was detected by immunofluorescence staining (1000%). Data are expressed as mean * SEM (n = 5). *P < 0.05, **P < 0.01.
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Figure 7. MitoQ inhibited CSE-induced autophagy in HUVECs. (A) Expression of LC3 and Beclin-1 were detected by Western blotting and quantification analysis. (B)
Expression of protein P62 was detected by Western blotting. (C) Cell viability in HUVECs treated with CSE and (or) 3-MA was measured by CCKS8 kit. (D) Expression of LC3
was detected by Western blotting and quantification analysis. Data are expressed as mean + SEM (n = 5). *P < 0.05, **P < 0.01.

maintenance of vascular barrier function [8-10]. Lung
endothelial injury also contributes to the pathogenesis
of emphysema [4]. Our results showed that CSE
reduced the expression of VE-cadherin and the
formation of intercellular gaps; furthermore, F-actin
reorganization and increased stress fiber formation
induced by CSE in HUVECs further confirmed that
CSE significantly induced VE-cadherin disassembly
and actin cytoskeleton remodeling, disrupting
endothelial barrier integrity in endothelial cells.

The pathogenesis of COPD is quite complex, and
it is generally speculated that inflammatory reactions
play an important role in the occurrence and
development of COPD [34]. NFxB is a nuclear
transcription factor that is widely present in many
cells in the body, and the imbalance of its activation is
closely related to the occurrence and development of
COPD [35]. Based on the previously mentioned
theoretical level, we used different concentrations of
CSE to stimulate HUVECs and analyzed the protein
expression levels of the NF-xB signaling pathway. It

was found that the NF-xB signaling pathway and
NF-xB p65 nuclear translocation were clearly
activated by 5% CSE. Furthermore, it has also been
pointed  out that the  nucleotide-binding
oligomerization domain-like receptor 3 (NLRP3)
inflammasome is closely related to the pathological
process of COPD [16, 36], and NLRP3 KO
significantly inhibits the expression levels of IL-la
and IL-1Bin the lung tissue of COPD mice [37].
Similar results were found in our study. CSE induced
the activation of the NLRP3 inflammatory corpuscle
signaling pathway and stimulated the activation of
caspase-1 and the release of IL-13.

Oxidative stress in the lungs significantly
increases after chronic CS exposure [38, 39].
Mitochondria are important sources of endogenous
ROS and play an important role in many
physiological and pathological environments [40].
Mitochondrial dysfunction has been shown to be
responsible for cellular senescence [41, 42]. Cigarette
smoking-induced mitochondrial ROS can accelerate
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an imbalance in fission and fusion, resulting in
mitochondrial fragmentation, which contributes to
COPD  development[43]; however, increased
mitochondrial ROS generation and release further
cause inflammatory responses in chronic lung
diseases[44]. It has been reported that antioxidant
treatments counteract the pro-inflammatory effects of
CSE exposure in BBB endothelial cells and protect
against endothelial barrier function [45]. Treatment
with MitoQ has been shown to decrease
ischemia-reperfusion injury in a murine syngeneic
heart transplant model and in animal models of
myocardial infarction [46, 47]. The antioxidant MitoQ,
which is targeted to decrease mitochondrial oxidative
damage, has been shown to specifically lead to
reduced inflammation and proliferation in airway
smooth muscle cells [48]. These results are consistent
with the results from our study. This study showed
that pretreatment with the mitochondrial-targeting
antioxidant MitoQQ markedly protected against
endothelial barrier dysfunction induced by CSE.
Furthermore, the classical NF-«xB signaling pathway
and the nuclear translocation of NF-xB were reversed
by MitoQ.

A large number of studies have shown that
activation of the NLRP3 inflammasome contributes to
the development of COPD [37, 49]. CSE has been
shown to significantly induce activation of the NLRP3
inflammasome in a COPD model [50]. MitoQ has been
shown to ameliorate experimental mouse colitis by
suppressing NLRP3 inflammasome-mediated
inflammatory  cytokines  [51].  This  study
demonstrated that MitoQ suppressed CSE-induced
NLRP3 inflammasome activation and inhibited
caspase-1 activity; furthermore, the maturation and
release of IL-1p were also inhibited by MitoQ in
HUVECs. These findings suggest that MitoQ
protected against endothelial barrier dysfunction and
inflammation induced by CSE in our model.

It has been reported that autophagy can remove
damaged mitochondria from cells and prolong the
lifespan of cells. In contrast, autophagy may also
promote apoptosis [52]. Recent studies have indicated
that cigarette smoke exposure induces epithelial cell
death by autophagy activation in COPD models [53,
54]. In chronic lung disease caused by exposure to
silica, autophagy deficiency in macrophages enhances
NLRP3 inflammasome activity[55]. In this study, CSE
caused mitochondrial dysfunction associated with a
decrease in mitochondrial membrane potential and
increased mitochondrial ROS production, which were
markedly reversed by MitoQ. Interestingly, we also
found that MitoQ protected mitochondrial function
but decreased the expression levels of the LC3-II and
P62 proteins induced by CSE in HUVECs. The

treatment of HUVECs with 3-MA significantly
decreased the CSE-induced expression level of the
LC3-II protein but markedly increased the cell
viability of HUVECs. These results suggested that
inhibition of autophagy using 3-MA protected against
HUVEC injury induced by CSE, indicating that excess
autophagy inhibited autophagic flux and aggravated
mitochondrial dysfunction in CSE-induced HUVEC
injury. Therefore, we speculated that autophagy also
plays a negative role in the pathogenesis of
CSE-induced HUVEC injury.

In conclusion, these results indicate that CSE
impairs endothelial barrier function, as well as NF-xB

and NLRP3 inflammasome pathway-dependent
inflammation. The mitochondrion-targeting
antioxidant MitoQ restores endothelial barrier

function, and inflammation is associated with a
reduction in mitochondrial damage by inhibiting
substantial production of ROS and excess autophagy.
This evidence provides new strategies for the
treatment of CSE-induced lung injury and suggests
that antioxidants and restored autophagy may
contribute to the rescue of CSE-induced COPD.
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