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Lipoic acid antagonizes paraquat-induced
vascular endothelial dysfunction by suppressing
mitochondrial reactive oxidative stress
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Paraquat (PQ) is a widely used herbicide in the agricultural field. The lack of an effective antidote is the
significant cause of high mortality in PQ poisoning. Here, we investigate the antagonistic effects of alpha
lipoic acid (ax-LA), a naturally existing antioxidant, on PQ toxicity in human microvascular endothelial cells
(HMEC-1). All the doses of 250, 500 and 1000 pM a-LA significantly inhibited 1000 pM PQ-induced cyto-
toxicity in HMEC-1 cells. a-LA pretreatment remarkably diminished the damage to cell migration ability,
recovered the declined levels of the vasodilator factor nitric oxide (NO), elevated the expression level of
endothelial nitric oxide synthases (eNOS), and inhibited the upregulated expression of vasoconstrictor
factor endothelin-1 (ET-1). Moreover, a-LA pretreatment inhibited reactive oxygen species (ROS) gene-
ration, suppressed the damage to the mitochondrial membrane potential (A¥,,) and mitigated the inhi-
bition of adenosine triphosphate (ATP) production in HMEC-1 cells. These results suggested that a-LA
could alleviate PQ-induced endothelial dysfunction by suppressing oxidative stress. In summary, our
present study provides novel insight into the protective effects and pharmacological potential of a-LA

rsc.li/toxicology-research

Introduction

Paraquat (PQ; 1,1-dimethyl 4,4"-bipyridylium dichloride),
which belongs to the group of bipyridylium herbicides, is
widely used in agricultural fields in various countries due to
its herbicidal function and automatic degradation in soil."
Human poisoning resulting from suicidal or accidental
exposure to PQ, with a reported fatality rate of >50%, may
cause multiple organ failure.>” In the case of severe PQ intoxi-
cation, the lung, liver, kidney, brain and heart are damaged
functionally and morphologically because these vital organs
accumulate PQ via the polyamine transporter system." PQ
arrives at these vital organs, produces a mass of oxygen free
radicals and various inflammatory factors, resulting in oxi-
dative stress and lipid peroxidation. These pathophysiological
events occurring in vital organs cause acute multiple organ
failure."** The lack of effective therapy and medication results
in the high mortality of PQ poisoning. The complex mecha-
nisms of PQ toxicity are not fully understood. Thus, developing
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against PQ toxicity in microvascular endothelial cells.

effective antidotes and exploring the molecular mechanisms
for PQ intoxication are urgently required.

Alpha-lipoic acid (1,2-dithiolane-3-pentanoic acid; a-LA), as
an essential cofactor for mitochondrial alpha-ketoacid dehy-
drogenases, plays a pivotal role in mitochondrial energy
metabolism.”> o-LA is a naturally occurring disulphide com-
pound that exists in animal-derived foods (red meat and the
liver, heart, and kidney) and plant sources (dark green leafy
vegetables) and has both hydrophilic and hydrophobic
properties.®” Previous studies have shown that a-LA, as a
potent antioxidant and redox-active metal chelator, can sca-
venge reactive oxygen species (ROS), promote the generation of
endogenous and exogenous antioxidants such as glutathione
(GSH), vitamins C and E, and antagonize cytokine-induced
inflammation.* " Additionally, a-LA has been reported to
exert beneficial effects on various diseases such as hyperten-
sion, diabetes and its complications, Alzheimer’s disease
etc.">" Notably, several studies have described that o-LA
benefits the vascular system through elevating endothelium-
dependent NO-mediated vasodilation in diabetes mellitus.'*"
However, a paucity of studies exists on the protective effects of
a-LA against PQ toxicity. The underlying mechanisms of action
of o-LA remain unclear.'®"”

Endothelial cells are the innermost layer of blood vessels
that play important roles in homeostasis and vascular func-
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tion, and they provide a barrier to retain plasma components
in the circulation while regulating the exchange of molecules
and cells between the lumen and tissues. Endothelial cells are
located in the lumen of vessels, have direct contact with cells
circulating in the blood, and regulate blood pressure as well as
leukocyte trafficking. In many diseases, the physiological func-
tion of endothelial cells is disrupted because of oxidative
stress, inflammatory reactions, and abnormal expressions of
some molecules on the surface of endothelial cells. Therefore,
endothelial cells are the direct targets of PQ toxicity when PQ
is absorbed into the blood. A few studies indicated that PQ
exposure induced dysfunction of the glutathione redox cycle
and endothelial hyperpermeability to albumin in microvascu-
lar endothelial cells.'®'® Nevertheless, the mechanism of para-
quat-induced damage to vascular endothelial cells has not
been fully elucidated. Previous studies have demonstrated that
endothelial nitric oxide synthase (eNOS) is a critical trigger in
the onset of endothelial dysfunction in atherosclerotic cardio-
vascular and metabolic diseases.’®>" Excessive ROS cause
eNOS uncoupling, which generates superoxide instead of
nitric oxide (NO), and the superoxide anion reacts with NO,
leading to the formation of oxidant peroxynitrite (ONOO™),
and aggravates NO bioavailability reduction and aberrant
endothelial function.>***

In the present study, we aimed to investigate the protec-
tive effects and underlying mechanisms of a-LA antagonizing
PQ toxicity. Our results suggested that a-LA could protect
against PQ toxicity in vascular endothelial cells, as indicated
by maintaining cell viability, preserving endothelial function,
restoring cell migration capacity and suppressing oxidative
stress.

Materials and methods

Reagents and chemicals

PQ was purchased from Sigma-Aldrich (USA). o-LA and phos-
phate-buffered saline (PBS) were purchased from Beyotime
(China). Foetal bovine serum (FBS) was purchased from PAN
Biotech (Germany). Dulbecco’s modified Eagle’s medium
(DMEM), Hank’s balanced salt solution (HBSS), and penicil-
lin-streptomycin were obtained from Gibco (USA). All other
reagents were of the highest grade of purity available.

Cell culture and PQ treatment

HMEC-1 cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). HMEC-1 cells were cultured in
DMEM supplemented with 10% FBS and 1% (v/v) penicillin
and streptomycin at 37 °C in the presence of 95% air and 5%
CO,. A 1-M PQ stock solution was prepared in sterile ultrapure
water, and a 1-M o-LA stock solution was prepared in sterile
DMSO (Sigma, USA). Stock solutions were stored at —20 °C and
under dark conditions. All the working concentrations were
freshly prepared before use and the solvent control also con-
tained 0.1% (v/v) DMSO in the culture media for cell
treatment.
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View Article Online

Paper

Cell viability assay

To assess PQ cytotoxicity, HMEC-1 cells were seeded in 96-well
flat-bottomed plates at a density of 7 x 10° cells per well and
were cultured overnight, and then PQ was added to the culture
medium at the indicated concentrations of 250, 500, 750 and
1000 pM for 0 h, 6 h, 12 h, 24 h, and 48 h, respectively. For the
a-LA protective effect study, cells were pretreated with 250, 500
and 1000 pM ao-LA for 3 h, followed by treatment with or
without PQ for 24 h. Cell viability was detected using CCK-8
(Dojindo Laboratories, Japan) according to the manufacturer’s
instructions. Briefly, the CCK-8 reagent was mixed in fresh
medium to make a 1/10 (v/v) working solution, and 100 pL of
the CCK-8 working solution was added to each well, followed
by incubation in a cell culture incubator at 37 °C for 1.5 h. The
absorbance was read at 450 nm by using a microplate reader
(Tecan, Switzerland).

Determination of the intracellular and mitochondrial ROS levels

The levels of intracellular ROS were determined using a well-
characterized probe, CM-H,DCFDA (Invitrogen, USA), as pre-
viously described.>* A 1 mM CM-H,DCFDA stock solution was
prepared in DMSO before the experiments. To measure ROS,
cells (7 x 10 cells per well) were plated in a 96-well black plate
and treated with a-LA for 3 h, followed by treatment with PQ
for 3 h. The treated cells were incubated with CM-H,DCFDA
(25 pM) at 37 °C for 30 min in HBSS and were protected from
light. The cells were then washed three times with HBSS, and
the fluorescence was measured using a microplate reader
(Tecan, Switzerland).

The mitochondrial reactive oxygen species (mtROS) levels
were determined using a MitoSOX™ Red reagent (Invitrogen,
USA), which was dissolved in DMSO to a stock concentration
of 5 mM and diluted in HBSS solution.?® The cells were incu-
bated with 10 pM MitoSOX™ Red at 37 °C for 30 min and pro-
tected from light. The cells were then washed three times with
HBSS, and the fluorescence was measured using a microplate
reader (Tecan, Switzerland).

Measurement of the ATP levels

The adenosine triphosphate (ATP) levels were determined
using a CellTiter-Lumi™ Plus system (Beyotime, China)
according to the manufacturer’s instructions. Briefly, 7 x 10°
cells per well were seeded in a 96-well plate and were pre-
treated with o-LA for 3 h, followed by exposure to PQ for 24 h.
After treatment, 100 pL of CellTiter-Lumi™ Plus reagent was
added to each well, and mixed on an orbital shaker for 2 min.
The plate was incubated for 10 min at room temperature in
the dark and luminescence was measured using a microplate
reader (Molecular Devices, USA).

Mitochondrial membrane potential (AY,,,) assay

The mitochondrial membrane potential was measured using
JC-1 (Beyotime, China) according to the manufacturer’s
instructions. Briefly, the cells (7 x 10® cells per well) were
seeded in a 96-well black plate and were treated with a-LA for
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Table 1 Primers used in quantitative real-time PCR analyses
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Gene name Forward primer Reverse primer

ET-1 5-AGAGTGTGTCTACTTCTGCCA-3' 5'-CTTCCAAGTCCATACGGAACAA-3'
eNOS 5-TGATGGCGAAGCGAGTGAAG-3' 5'-ACTCATCCATACACAGGACCC-3'
B-actin 5-GCCGACAGGATGCAGAAGG-3' 5'"TGGAAGGTGGACAGCGAGG-3'

3 h, followed by exposure to PQ for a further 24 h. After treat-
ment, the cells were incubated with JC-1 (1 pg mL™") in the
medium for 20 min in the dark at 37 °C. Next, the cells were
washed three times with HBSS, and the fluorescence was
measured using a microplate reader (Tecan, Switzerland) using
filters of 560 nm excitation and 590 nm emission (red fluo-
rescence), 488 nm excitation and 525 nm emission (green fluo-
rescence). A¥,, was calculated based on the ratio of red fluo-
rescence divided by green fluorescence.

Determination of the intracellular NO levels

The levels of intracellular NO were measured according to a
fluorescent indicator, DAF-FM DA (Beyotime, China), with
modifications.*® Cells were cultured in a 96-well black plate and
were treated with a-LA for 3 h, followed by exposure to PQ for
24 h. After treatment, the medium was discarded, and the cells
were loaded with 100 pL of DAF-FM DA (5 pM) at 37 °C for
30 min in HBSS. Next, the cells were gently washed three times
with PBS and maintained in PBS throughout the experiments.
The fluorescence intensity was measured using a microplate
reader (Tecan, Switzerland) with excitation at 488 nm and emis-
sion at 525 nm. The measured fluorescence values were
expressed as a percentage of the fluorescence of control cells.

Quantitative real-time PCR analysis

Cells were cultured in 6-well (1.8 x 10° cells per well) plates
and were pretreated with o-LA for 3 h, followed by treatment
with PQ for 24 h. At the end of the exposure time, total RNA
was extracted using an RNA sample Total RNA Kit (TIANGEN,
China), according to the manufacturer’s protocol, and concen-
trations were measured using a NanoDrop 2000 spectrophoto-
meter (Thermo Fisher Scientific, USA). Next, 1 ug of total RNA
was reversed transcribed using the Prime Script RT reagent Kit
(Takara, Japan) to synthesize cDNA. The qRT-PCR reactions
were performed using the CFX96™ Real-time System (Bio-Rad,
USA) with iTaq™ Universal SYBR® Green (Bio-Rad, USA). One
microliter of template cDNA was added to the total volume of
20 pL of the reaction mixture. The real-time PCR cycle para-
meters were 10 min at 95 °C, followed by 40 amplification
cycles of 95 °C for 10 s, and 60 °C for 30 s. eNOS, ET-1, and
f-actin gene primers were used for qRT-PCR and are shown in
Table 1. The expression data were calculated using the 2744¢*
method and were normalized to that of p-actin, which served
as an internal housekeeping control.

Western blotting analysis

Cells were seeded in 6-well (1.8 x 10° cells per well) plates and
were primed with o-LA for 3 h with or without PQ exposure for

920 | Toxicol. Res., 2019, 8, 918-927

further 24 h. After treatment, HMEC-1 cells were lysed using
RIPA Lysis Buffer (Beyotime, China) with a cocktail of protease
inhibitors (Roche, USA), and the concentrations of the proteins
were determined using a BCA protein assay kit (Beyotime,
China). Equal amounts of protein were separated by 10%
(wt/vol) polyacrylamide gel electrophoresis and were electrotrans-
ferred onto ImmunoBlot PVDF (Bio-Rad). The membranes were
blocked in 5% nonfat dry milk for 2 h at room temperature and
were then incubated overnight at 4 °C with the following
primary antibodies: rabbit anti-eNOS (1 : 500; Wanleibio, China),
rabbit anti-ET-1 (1:500, Wanleibio, China), and mouse anti-
f-actin (1:5000, Beyotime, China). The membranes were then
incubated with an appropriate HRP-conjugated secondary anti-
body for 1.5 h at room temperature. All bands were detected by
enhanced chemiluminescence (Millipore, Billerica, MA, USA).
The bands were imaged and analysed using the ChemiDoc XRS
Plus System with Image Lab Software (Bio-Rad, USA).

Cell migration assay

To determine cell migration, HMEC-1 cells were seeded at a
density of 7 x 10" cells per well in 96-well ImageLock plates
(Essen BioScience, USA). The cells were pretreated with a-LA
for 3 h, and then the WoundMaker system (Essen BioScience,
USA) was used to create scratches in all the wells. After creating
the scratches, the medium was discarded, and the wells were
washed three times with PBS to remove cells from the
scratched area. Following the washes, 200 pL of fresh medium
with or without a-LA and PQ were added to each well, the plate
was placed into the IncuCyte ZOOM apparatus and images of
the collective cell spreading were recorded every 6 hours for
48 hours using the IncuCyte ZOOM Live Cell Analysis System
(Essen BioScience, USA). The wound width was analysed using
IncuCyte Zoom software, and four identically prepared experi-
mental replicates were performed.

Statistical analysis

The data are presented as the means + SEM of at least three
independent experiments. Statistical analysis was performed
using GraphPad Prism 5.0 software (GraphPad Software, USA).
The data were compared using one-way ANOVA followed by
Tukey’s multiple comparison tests. Differences were con-
sidered statistically significant when p < 0.05.

Results
PQ induces cytotoxicity in HMEC-1 cells

To investigate PQ cytotoxicity, cell viability was determined
using the CCK-8 assay. Cells were treated with PQ at four

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 PQ induces dose- and time-dependent cytotoxicity in HMEC-1 cells. (A) Dose- and time-dependent changes in cell viability after PQ treat-
ment. Cells were treated with 250, 500, 750 and 1000 pM, and cell viability was assessed at 0, 6, 12, 24 and 48 h post PQ treatment. The data are
presented as means + SEM from four independent experiments. *P < 0.05 and **P < 0.01 vs. the control group (0 pM PQ). (B) Morphological
changes of HMEC-1 cells exposed to 250, 500, 750 and 1000 M PQ observed by light phase contrast microscopy with original magnification x10.

Scale bar: 80 pm. Dead cells are pointed out with black arrows.

concentrations of 250, 500, 750 and 1000 pM, and cell viabi-
lity was assessed at 6, 12, 24, and 48 h post PQ treatment.
As shown in Fig. 1A, PQ significantly inhibited the cell via-
bility dose- and time-dependently. At 24 h post PQ treat-
ment, cell viability began to decline markedly at 250 pM PQ
treatment but decreased to 69.3% of the control at 1000 pM
PQ treatment. Furthermore, we observed that 1000 pM PQ
exposure for 24 h induced morphological damage (Fig. 1B).
The cell appearance changed from spindle to round
shaped, and cell shrinkage was observed under a micro-
scope. These results indicated that PQ induced significant
cytotoxicity in HMEC-1 cells in a dose- and time-dependent
manner.

o-LA alleviates PQ-induced cytotoxicity in HMEC-1 cells

To assess the protective effects of a-LA against PQ-induced
cytotoxicity, cells were pretreated with different concentrations
of a-LA for 3 h, followed by PQ exposure for 24 h and evalu-
ation of the cell viabilities. As shown in Fig. 2A, o-LA treatment
alone at the concentrations of 250, 500, and 1000 pM did not
affect cell viability significantly. When the cells were pretreated
with these three concentrations of o-LA and exposed to
1000 pM PQ for 24 h, we found that pretreatment with a-LA

This journal is © The Royal Society of Chemistry 2019

markedly elevated PQ-induced decline in cell viability com-
pared with PQ treatment. Moreover, 250 pM a-LA pretreatment
was potent enough to increase the cell viability and consider-
ably mitigate PQ-induced morphological changes (Fig. 2B).
These results demonstrated that a-LA has no effects on cell via-
bility and can antagonize PQ-induced cytotoxicity in HMEC-1
cells.

o-LA reverses PQ-induced inhibition of cell migration in
HMEC-1 cells

The integrity of the endothelial barrier is crucial for the phys-
iological function of the endothelium.?” To maintain the integ-
rity of endothelial function, endothelial cells show dynamic
planar migration behaviour of individual cells and cell
groups.”® To explore the effect of PQ exposure on migration
and evaluate the protective effect of a-LA, we examined the
changes in cell migration with 1000 pM PQ exposure in the
absence or presence of 250 pM o-LA using the IncuCyte ZOOM
Live Cell Analysis System. As shown in Fig. 3, cell migration
activity was significantly diminished by PQ treatment.
Pretreatment of 250 pM a-LA significantly inhibited the PQ-
induced decrease in the cell migration capacity, as indicated
by the relative wound density (Fig. 3A). In the wound-healing

Toxicol Res., 2019, 8, 918-927 | 921
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Fig. 2 «-LA protects against PQ-induced cytotoxicity. (A) Cell viability was determined in cells pretreated with 250, 500, or 1000 pM «-LA for 3 h
followed by 1000 pM PQ exposure for 24 h. The data are presented as means + SEM from four independent experiments. **P < 0.01 vs. the control
group; ##P < 0.01 vs. the PQ group. (B) Morphological changes in different treatment groups observed by phase contrast microscopy with original
maghnification x10. Scale bar: 80 pym. Dead cells are pointed out with black arrows. Control: solvent, a-LA: 250 pM, PQ: 1000 pM, a-LA + PQ: 250 pM

a-LA plus 1000 pM PQ.

assay, we observed that o-LA pretreatment could accelerate cell
migration and promote wound healing in the presence of PQ
exposure (Fig. 3B).

o-LA improves PQ-induced endothelial dysfunction in
HMEC-1 cells

The vascular endothelium plays an essential physiological role
in vascular homeostasis, and endothelial dysfunction is an
early pathophysiological characteristic.>® Endothelial function
is regulated by complex mechanisms involving many factors.
Nitric oxide (NO) is a key vasodilator that regulates vasodila-
tion, and endothelial nitric oxide synthase (eNOS) is the
enzyme responsible for controlling NO generation.
Endothelin-1 (ET-1) is a major vasoconstrictor that regulates
endothelial function. To investigate the damage to the endo-
thelial function by PQ exposure and the antagonistic effects of
o-LA in HMEC-1 cells, we determined the changes in the intra-
cellular NO levels. eNOS and ET-1 expression levels at the
mRNA and protein levels were also assessed by qRT-PCR and
western blotting, respectively. We found that PQ treatment
obviously increased ET-1 mRNA and protein expression and
significantly suppressed eNOS mRNA and protein expression.
Pretreatment with 250 pM «-LA markedly reduced PQ-induced
elevation of the ET-1 expression (Fig. 4A and B) and signifi-
cantly increased the eNOS expression (Fig. 4C and D).
Furthermore, pretreatment with 250 pM a-LA could restore the
PQ-induced decrease in the NO level to that of the control
(Fig. 4E). Taken together, these results suggested that o-LA can
remarkably improve PQ-induced endothelial dysfunction.

922 | Toxicol Res., 2019, 8, 918-927

o-LA suppresses oxidative stress and protects mitochondrial
function in HMEC cells

Previous studies have shown that the major toxic mechanism
underlying PQ intoxication is mainly due to the production of
excessive superoxide anions which are primarily generated by
the mitochondria.’>*' Oxidative stress can cause mitochon-
drial dysfunction. To elucidate the possible mechanisms of
action of o-LA against PQ toxicity in HMEC cells, we deter-
mined the influence of a-LA pretreatment on the intracellular
ROS and mtROS levels. We used the JC-1 probe to measure the
mitochondrial membrane potential (A¥,,) and detected the
intracellular ATP level to indicate mitochondrial function
changes. The results showed that PQ exposure significantly
elevated the levels of intracellular ROS and mtROS (Fig. 5B and
D). Pretreatment at the concentrations of 250, 500, and
1000 pM o-LA reversed the PQ-induced excessive production of
ROS (Fig. 5B and D), while a-LA treatment alone at the concen-
trations of 250, 500, and 1000 pM did not affect the ROS and
mtROS levels (Fig. 5A and C). As shown in Fig. 5E and F, cells
exposed to 1000 pM PQ for 24 h exhibited reduced mitochon-
drial membrane potential compared with the control while the
ATP levels markedly decreased to 38% of the control after PQ
exposure. a-LA pretreatment at the concentrations of 250, 500,
and 1000 pM could significantly restore the mitochondrial
membrane potential and remarkably elevate the ATP levels
Overall, these data suggested that PQ exposure causes mito-
chondrial oxidative stress and impairs mitochondrial function.
a-LA exerts protective effects on PQ toxicity by suppressing oxi-
dative stress and maintaining mitochondrial function.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 «-LA antagonizes the PQ-induced damage to the cell migration capacity in HMEC-1 cells. (A) Relative wound density determined in different
treatment groups. The cells were seeded at 7 x 10* cells in each well, were pretreated with 250 pM a-LA for 3 h, were mechanically wounded using
the WoundMaker system and then were incubated in the medium with 1000 uM PQ. Cell migration was monitored for 48 h using the IncuCyte
ZOOM Live Cell Analysis System (Essen BioScience; X10). The relative wound confluence was analysed. The data are presented as means + SEM from
four independent experiments. **P < 0.01 vs. the control group; *#P < 0.01 vs. the PQ group. (B) Representative images of the wound-healing assay.

Scale bar: 300 pm.

Discussion

Severe PQ intoxication by ingestion results in very high mor-
tality primarily because of the damage to the lung and other
vital organs." Previous studies have demonstrated that the
microvascular endothelial barrier might be a critical cellular
target of PQ toxicity. However, the underlying mechanisms of
PQ-induced damage to vascular endothelial cells remain
unclear. There is still a lack of antidotes and treatment regi-
mens for PQ intoxication in clinical practice. Here, we demon-
strated that: (i) PQ toxicity in microvascular endothelial cells is
characterized by inhibiting the cell viability, suppressing the
cell migration capacity, and inducing oxidative stress, resulting
in endothelial dysfunction. (ii) a-LA is effective at antagonizing
PQ toxicity through suppressing oxidative stress, thus preser-

This journal is © The Royal Society of Chemistry 2019

ving mitochondrial function. (iii) o-LA itself shows no toxic
effects on endothelial cells. Taken together, our present study
indicated that a-LA can be used as an antidote for PQ toxicity.
This finding could be of great importance in the clinical treat-
ment of PQ intoxication.

The endothelium comprises endothelial cells and has an
intimal monolayer structure in the vessel lumen that plays a
critical role as a barrier between the vessel wall and blood
components.””> In the present study, we found that PQ
exposure damaged the cell viability in a dose- and time-depen-
dent manner, a finding that is consistent with that in a pre-
vious study.'® Our study further revealed that PQ intoxication
not only resulted in damage to the cell migration ability but
also induced endothelial dysfunction. The migration ability of
endothelial cells is crucial to maintain the integrity of the

Toxicol Res., 2019, 8, 918-927 | 923
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Fig. 4 «-LA mitigates PQ-induced endothelial dysfunction in HMEC-1 cells. (A) Relative expression levels of ET-1 mRNA determined by qRT-PCR.
(B) Expression of ET-1 protein determined by western blotting. (C) Relative expression levels of eNOS mRNA determined by qRT-PCR. (D) Expression
of eNOS protein determined by western blotting. (E) Measurement of NO levels in different treatment groups. The data are presented as means +
SEM from four independent experiments. *P < 0.05, **P < 0.01 vs. the control group; *P < 0.05, *#P < 0.01 vs. the PQ group.

endothelium barrier physiologically. Our study is the first to
dynamically record and analyse how PQ exposure inhibits
endothelial cell migration. In the experiments to elucidate how
PQ exposure affects endothelial function, we found that PQ
exposure significantly elevates the level of vasoconstrictor
factor ET-1 expression and decreases the level of vasodilator
factor NO generation. These toxic effects cause imbalance
between vasodilation and vasoconstriction, accelerate endo-
thelial dysfunction, destroy vascular homeostasis, and lead to
increased vascular permeability. Increased vascular per-
meability in the lung may result in pulmonary oedema, which
contributes to the development of acute lung injury and acute
respiratory distress syndrome in PQ intoxicated patients.>***
Some previous studies have indicated that PQ exposure
increases the protein expression of inducible nitric oxide
synthase (iNOS) but does not alter eNOS expression in lung
aortas.>>?® However, some studies have shown that PQ

924 | Toxicol. Res., 2019, 8, 918-927

induces the upregulation of NO or nitrite concentrations. The
reasons for the discrepancies among different studies may be
due to the different types of cells with different basal states of
iNOS expression. Therefore, the precise mechanisms of regu-
lating endothelial function in the presence of PQ exposure
need to be further explored.

In exploring the efficacy of a-LA to antagonize PQ toxicity,
we used a significant toxic dose of 1000 pM PQ to induce cell
damage after the dose-effect and time-course studies on cell
viability. Growing evidence has indicated that o-LA, as a
natural antioxidant, has great potential in the prevention and
therapy of various diseases, especially chronic illnesses depen-
dent on the oxidative stress. a-LA is also generally considered
as a non-toxic endogenous compound. It was proven that a-LA
is effective at curing various diseases such as diabetes mellitus
and its complications, vascular diseases, hypertension, and
neurodegeneration diseases.'>?” Considering the potent anti-

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 «-LA suppresses oxidative stress and preserves mitochondrial function in HMEC cells. (A and B) Total ROS levels determined at 3 h post PQ
treatment with or without a-LA pretreatment. (C and D) Mitochondrial ROS levels determined at 3 h post PQ treatment with or without «-LA pre-
treatment. (E) Mitochondrial membrane potential measured by the JC-1 probe at 3 h post PQ treatment with or without a-LA pretreatment. (F) Total
intracellular ATP levels measured at 24 h post PQ treatment with or without a-LA pretreatment. The data are presented as means + SEM from four
independent experiments. **P < 0.01 vs. the control group; #P < 0.05, ##P < 0.01 vs. the PQ group.

oxidative efficacy of o-LA and well-defined ability of PQ to
induce cellular oxidative stress, we speculated that o-LA can
provide protection against PQ toxicity via suppressing oxi-
dation. Some reports have studied the protective effects of
o-LA against PQ toxicity in human bronchial epithelial cells or
Drosophila melanogaster with doses of 200 pM or 430 pM,
respectively.'®'” The dose of a-LA used in human bronchial
epithelial cells was at the same level of our present study. Our
results also suggested that o-LA, at high concentrations, shows
no toxic effects on HMEC-1 cells. The protective effects of a-LA
against PQ toxicity are characterized by increasing cell viability,
preserving cell migration ability, maintaining mitochondrial
function and reducing cellular oxidative stress. These results
revealed the pharmacological potential of a-LA to restore the
microvascular endothelial barrier, endothelial
homeostasis, and ameliorate acute PQ toxicity. Regarding the
mechanisms of action of a-LA against oxidative stress, some

maintain

previous investigations have indicated that «-LA has direct and
indirect antioxidant properties. The direct antioxidant effects
are attributed to scavenging reactive oxygen species (ROS) and
reactive nitrogen species (RNS). The indirect actions are due to
promoting endogenous antioxidant regeneration and repairing

This journal is © The Royal Society of Chemistry 2019

oxidized proteins.*®?° Our present study showed that a-LA
increases eNOS expression and elevates NO production, a
finding that was consistent with previous studies.’®*" Based
on these data, we speculated that a-LA not only significantly
increases the NO content through enhancing eNOS expression
but also scavenges superoxide anions, decreasing peroxynitrite
anion (ONOO™) production to defend the PQ toxicity.

PQ exposure produces oxidative stress by redox cycling,
which is the generally accepted mechanism of toxicity.*”
Mitochondria are the primary site for superoxide anion pro-
duction and are susceptible to the oxidative attack. The
injured mitochondria could further exacerbate ROS production
and oxidative stress. Therefore, the protection of mitochon-
drial function could serve as an important target to antagonize
PQ toxicity. In our present study, we found that PQ exposure
not only significantly elevates oxidative stress but also induces
mitochondrial dysfunction. a-LA significantly attenuates PQ-
induced intracellular and mitochondrial oxidative stress and
restores the levels of mitochondrial membrane potential and
ATP production. Preservation of mitochondrial function is an
effective strategy to antagonize PQ-induced vascular endo-
thelial dysfunction.
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Conclusions

Our present study provided new evidence for understanding
the characteristics of PQ cytotoxicity in microvascular endo-
thelial cells. Our results highlighted the critical role of oxi-
dative stress in PQ-induced endothelial dysfunction. o-LA
could effectively protect against PQ-induced toxicity via sup-
pressing oxidative stress and maintaining mitochondrial func-
tion. Our study suggested that a-LA, as a potential therapeutic
antioxidant, deserves to be further investigated for clinical use
against acute PQ poisoning.
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