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Abstract: Acute paraquat (PQ) poisoning is one of the most common forms of pesticide
poisoning. Oxidative stress and inflammation are thought to be important mechanisms in PQ-
induced acute lung injury (ALI). Selenium (Se) can scavenge intracellular free radicals directly
or indirectly. In this study, we investigated whether porous Se@SiO, nanospheres could alleviate
oxidative stress and inflammation in PQ-induced ALI. Male Sprague Dawley rats and RLE-6TN
cells were used in this study. Rats were categorized into 3 groups: control (n=6), PQ (n=18),
and PQ + Se@SiO, (n=18). The PQ and PQ + Se@SiO, groups were randomly and evenly
divided into 3 sub-groups according to different time points (24, 48 and 72 h) after PQ treat-
ment. Porous Se@SiO, nanospheres 1 mg/kg (in the PQ + Se@SiO, group) were administered
via intraperitoneal injection every 24 h. Expression levels of reduced glutathione, malondial-
dehyde, superoxide dismutase, reactive oxygen species (ROS), nuclear factor-xB (NF-xB),
phosphorylated NF-kB (p-NF-kB), tumor necrosis factor-o. and interleukin-1f were detected,
and a histological analysis of rat lung tissues was performed. The results showed that the levels
of ROS, malondialdehyde, NF-xB, p-NF-kB, tumor necrosis factor-o and interleukin-1 were
markedly increased after PQ treatment. Glutathione and superoxide dismutase levels were
reduced. However, treatment with porous Se@SiO, nanospheres markedly alleviated PQ-induced
oxidative stress and inflammation. Additionally, the results from histological examinations and
wet-to-dry weight ratios of rat lung tissues showed that lung damage was reduced after porous
Se@SiO, nanosphere treatment. These data indicate that porous Se@SiO, nanospheres may
reduce NF-xB, p-NF-kB and inflammatory cytokine levels by inhibiting ROS in PQ-induced
ALL This study demonstrates that porous Se@SiO, nanospheres may be a therapeutic method
for use in the future for PQ poisoning.

Keywords: porous Se@SiO, nanospheres, acute lung injury, paraquat poisoning, oxidative
stress, inflammatory cytokines, ROS, NF-kappa B

Introduction

Paraquat (PQ) is an organic heterocyclic contact herbicide that is highly toxic to
humans and animals. PQ can enter the human body through the skin, respiratory tract
and digestive tract. Acute PQ poisoning is one of the most common forms of pesticide
poisoning.'? PQ primarily accumulates in the lung after poisoning. The concentration
of PQ in lung tissues can be up to 10 times the concentration in the blood. PQ-induced
acute lung injury (ALI) involves early acute pulmonary edema, pulmonary congestion,
acute respiratory distress syndrome and advanced progressive pulmonary fibrosis.>*
The mortality rate of PQ poisoning is as high as 60%-80%, which is due to lack
of an antidote for its specific effects.’ Thus, it is important to study the mechanism

submit your manuscript
e
in

Dove

http:

International Journal of Nanomedicine 2017:12 7143-7152 7143
© 2017 Thu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at htps://www.dovepress.com/terms.php

T2 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S143192
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:wangyusun@hotmail.com
mailto:wangqiugen@yahoo.com

Zhu et al

Dove

of PQ poisoning and identify a better therapeutic method
to treat it.

Oxidative stress is thought to initiate and be the main
mechanism of PQ-induced ALI. PQ can enter cells and
participate in a series of redox reactions. In this process, PQ
consumes nicotinamide adenine dinucleotide phosphate and
cytochrome P450 reductase, increasing superoxide anion
and hydrogen peroxide levels through the disproportionation
of hydrogen peroxide to generate hydroxyl and other radicals,
constituting a reactive oxygen species (ROS) system.® ROS
can activate lipid peroxidation and increase malondialdehyde
(MDA) levels in this process. The level of MDA indirectly
reflects the degree of peroxidation, and elevated MDA levels
can also cause cell metabolism disorders.” In addition, an
increase in oxidized glutathione (GSH) and a decrease in
reduced GSH levels have been observed after PQ poison-
ing, which could reduce the body’s antioxidant defenses.®®
Superoxide dismutase (SOD) is one of the main endogenous
antioxidants and can effectively remove the superoxide anion
(O,") and reduce the oxidative response and the subsequent
acute inflammatory response. '

Nuclear factor-kB (NF-xB) is an important transcription
factor in controlling the inflammatory response.!'"!* NF-xB
can also be a second messenger of oxygen radicals and can
indirectly promote an increased inflammatory response.
Studies have shown that NF-kB levels are increased and
NF-xB continues to be expressed after PQ poisoning, which
subsequently induces production of tumor necrosis factor-o
(TNF-), interleukin-1p (IL-1[) and other cytokines to pro-
mote inflammation. The mechanism behind this effect may
be governed by the activation of a large number of oxygen free
radicals that induce the production of such proteins as NF-kB,
TNF-o, and IL-1p. Effective inhibition of NF-kB activity can
inhibit the development of ALI.'*!'* However, there are still
no specific drugs used in the clinic in this regard.

Selenium (Se) is a necessary trace element in the human
body and has a wide range of biological functions.'® Se, which
is an ingredient of GSH peroxidase, can directly or indirectly
scavenge intracellular free radicals. However, Se can also
damage cellular components by catalyzing the oxidation
of thiols and simultaneously generating superoxide (O™)."”
Nanotechnology may lead to extensive awareness of applied
science and technology that is necessary to organize matter
on the atomic and molecular scales.'®!° Thus, we speculated
that porous Se@SiO, nanospheres may be used as a cytopro-
tectant to reduce ROS after PQ poisoning.

The aim of this study was to research whether porous
Se@SiO, nanospheres could significantly alleviate oxidative
stress and the inflammatory response in PQ-induced ALI.

Methods and materials
Synthesis of porous Se@SiO, core-shell

nanospheres

The porous Se@SiO, nanospheres were synthesized accord-
ing to our previously described method. The detailed synthe-
sis procedures were performed as in our previous study.?

Animal experiments

Male 6-8-week-old Sprague Dawley (SD) rats were obtained
from Shanghai Jiao Tong University. Forty-two SD rats
were evenly and randomly divided into a control group, a
PQ group and a PQ + porous Se@SiO, nanospheres group
(PQ + Se@SiO, group). The PQ group and PQ + Se@SiO,
group were treated once with an intragastric infusion of a
20% PQ solution (50 mg/kg), and the control group received
the same volume of saline. The PQ + Se@SiO, group was
also treated with 1 mg/kg porous Se@SiO, nanospheres
via intraperitoneal injection every 24 h. The concentration
of porous Se@Si0, nanospheres was selected according to
our previous research.” The PQ group and PQ + Se@SiO,
group were randomly divided into 3 sub-groups according
to differing times of examination (24, 48 and 72 h) after PQ
treatment. The rats were executed at the corresponding time
points after injection of sodium pentobarbital (50 mg/kg).
Lung tissues were collected in liquid nitrogen or neutral
formalin solution for subsequent analyses. The animal experi-
mental protocol was in accordance with the guidelines of the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and was approved by the Ethics Com-
mittee of Shanghai General Hospital.

Cell culture

Rat type II alveolar cells (RLE-6TN) were obtained from
American Type Culture Collection (Rockville, MD, USA).
RLE-6TN cells were grown in DMEM/F-12 (HyClone,
Logan City, UT, USA) with 10% fetal bovine serum (Gibco,
Grand Island, NY, USA) and 1% antibiotics. The cells were
cultured at 37°C in a 5% carbon dioxide incubator.

Cell viability assays

The influence of porous Se@SiO, nanospheres on cell
viability was detected with a Cell Counting Kit-8 (CCK-8;
Dojindo, Kumamoto, Japan). RLE-6TN cells (8x103/well)
were grown and treated with porous Se@SiO, nanospheres
for 24 h in 96-well plates. The concentrations of porous
Se@SiO, nanospheres used on the RLE-6TN cells were 0,
10, 20, 40, 80, 160 and 320 pg/mL. After 24 h, 10 uL of
CCK-8 solution was added to each well, and the plates were
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incubated for 1 h. The absorbance at 450 nm was measured
using a Multimode Reader.

Assay of intracellular ROS production
RLE-6TN cells (2x10%/well) were seeded into 6-well plates
24 h before being treated. Cells from the PQ group and
the PQ + Se@SiO, group were treated with PQ (the final
concentration was 160 umol/L), the concentration of which
was determined in our previous study.? Cells from the PQ +
Se@SiO, group were treated with porous Se@SiO, nano-
spheres at a final concentration based on the results above.
The levels of ROS were later detected with an ROS assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instructions. The fluores-
cence signal was observed with a fluorescence microscope
(Leica DMi8, Leica, Heidelberg, Germany).

Assay of oxidative biochemical

parameters in lung tissues and plasma
Blood was obtained from the abdominal aorta after the rats
were anesthetized with sodium pentobarbital. Then, plasma
was obtained after the blood was centrifuged for 15 min at
a speed of 2,500 rpm. The levels of GSH, SOD and MDA
were detected with a GSH assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) (spectropho-
tometric method), an SOD assay kit (Nanjing Jiancheng
Bioengineering Institute) (WST-1 method) and an MDA
assay kit (TBA method) (Nanjing Jiancheng Bioengineering
Institute), respectively. The detailed methods were executed
according to the protocols of these assays.

Lung wet-to-dry weight ratio

The anterior lobe and middle lobe of the right lungs were
excised and weighed immediately to obtain the wet weight.
Next, the lungs were heated at 70°C for 48 h until constant
weight to measure the dry weight. The wet-to-dry weight ratio
was calculated by dividing the wet weight by the dry weight.

Enzyme-linked immunosorbent assay

(ELISA)

The rat IL-1p ELISA Kit and rat TNF-o ELISA Kit were
purchased from Neobioscience (Shenzhen, China). The
expression levels of IL-1B and TNF-o in the cell culture
supernatants, the plasma and the lung tissues were detected
according to the relevant manufacturer’s protocol. All experi-
ments were performed in triplicate.

Histological analysis of lung tissues
Lung tissues from rats of each group were fixed in neutral
formalin solution and were processed for paraffin sectioning.

Sections ~5 um in thickness were stained with hematoxy-
lin and eosin to observe under a light microscope (Leica
DMS5500 B).

Western blotting analysis

RLE-6TN cells and rat lung tissues were collected and
lysed with radioimmunoprecipitation assay lysis buffer
(Beyotime, Shanghai, China). The concentrations of pro-
teins were detected by a bicinchoninic acid protein assay kit
(Beyotime). The protein samples were fractionated by 8%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and were transferred to polyvinylidene difluoride membranes
(Bio-Rad, Richmond, CA, USA). Membranes were later
blocked with 5% nonfat milk in TBS-Tween-20 (TBST)
for 1.5 h at room temperature and were blotted with the
appropriate primary antibody (NF-xB, 1:500; glyceralde-
hyde 3-phosphate dehydrogenase [GAPDH], 1:1,000) (Cell
Signaling Technology, Boston, MA, USA) (p-NF-kB, 1:500)
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).
GAPDH was used as a loading control. After being washed
3 times with TBST, the membranes were incubated with a
horseradish peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibody (Beyotime) for 2 h. The proteins were
visualized using enhanced chemiluminescence (Thermo
Fisher Scientific, Waltham, MA, USA).

Statistical analysis

All of the values are expressed as the mean =+ standard error
of mean (n=6). Significant differences between the groups
were determined with GraphPad Prism 5 (Graphpad Software,
San Diego, CA, USA) using a Student's r-test. The dif-
ference was considered to be significant at values of p<<0.05.

Results
Structure of porous Se@SiO,

nanospheres

The structure of porous Se@SiO, nanospheres was detected
by an X-ray diffractometer (XRD) pattern (Figure 1A). Sev-
eral well-defined characteristic peaks, such as (100), (011),
(110) and (012), indicate the hexagonal phase, referenced as
the standard Se phase (JCPDS card no 65-1,876). Moreover,
due to the amorphous silica coating, the XRD pattern of
porous Se@SiO, nanospheres showed a steady increase in
the low angle region. The diameter of homogeneous nano-
spheres was ~55 nm, with many small nanoparticles (<5 nm)
interspersed from the center to the surface (Figure 1B). The
porous Se@SiO, nanospheres formed porous structures after
being treated with hot water (Figure 1C and D).
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Figure | Identification of the porous Se@SiO, nanospheres.

Notes: (A) XRD pattern of the porous Se@SiO, nanospheres and standard hexagonal phase of selenium (JCPDS and no 65-1,876). (B) TEM of the porous Se@SiO,
nanospheres. (C and D) Low-magnified and medium-magnified images of the porous Se@SiO, nanospheres.

Abbreviations: TEM, transmission electron microscopy; XRD, X-ray diffractometer.

Porous Se@SiO, nanospheres could

reduce production of ROS in vitro

First, we determined an appropriate concentration of porous
Se@SiO, nanospheres to treat RLE-6TN cells. The data
showed that there was no observable change in cell viability
at the concentration of 80 ug/mL (Figure 2A). After PQ
treatment, ROS were significantly increased in the RLE-
6TN cells. ROS were reduced in the PQ + Se@SiO, group
compared with the PQ group (Figure 2B).

MDA, GSH and SOD in rat lung tissues

and plasma

After PQ treatment, the levels of MDA in the rat lung tissues
and plasma were increased. With the addition of porous
Se@SiO, nanospheres, MDA was significantly decreased
in the PQ + Se@SiO, group compared with the PQ group
(Figure 3A). The levels of GSH and SOD in the rat lung
tissues and plasma were reduced in the PQ group compared
with the control group. In the PQ + Se@SiO, group, the levels

of GSH and SOD were markedly increased compared with
those of the PQ group (Figure 3B and C).

Porous Se@SiO, nanospheres could
decrease the degree of PQ-induced ALI

The wet-to-dry weight ratio was significantly increased at
each time point after PQ treatment. The wet-to-dry weight
ratio was reduced after treating with the porous Se@SiO,
nanospheres compared with the PQ group (Figure 4).
In Figure 5, the pathology of the rat lung tissues shows that
the normal structure of the lung tissues was damaged, and
edema was present in the PQ group. These manifestations
were markedly alleviated after porous Se@SiO, nanosphere
treatment.

Porous Se@SiO, nanospheres inhibited

PQ-induced inflammation
Next, we detected the levels of IL-1p and TNF-c in the cell
supernatants, the rat lung tissues and the plasma samples.
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Figure 2 Porous Se@SiO, nanospheres reduced PQ-induced ROS in vitro.
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Notes: (A) The influence of porous Se@SiO, nanospheres on the viability of RLE-6TN cells was detected by a Cell Counting Kit-8. *»<<0.05, versus control group.
(B) Changes in ROS levels in RLE-6TN cells after treatment with PQ or PQ + Se@SiO,.
Abbreviations: PQ, paraquat; RLE-6TN, rat type |l alveolar cells; ROS, reactive oxygen species.

IL-1p and TNF-c levels were increased in the cell super-
natants of the PQ group compared with those of the control
group (Figure 6A). Additionally, the expression levels of
IL-1B and TNF-o were reduced in the PQ + Se@SiO, group
compared with the PQ group. In the rat lung tissues and
plasma, IL-1B and TNF-o levels also increased after PQ
treatment at each time point. Additionally, the porous Se@
SiO, nanospheres decreased the expression of IL-1f and
TNF-o in the PQ + Se@SiO, group compared with the PQ
group (Figure 6B and C).

NF-xB and p-NF-xB levels were reduced
after porous Se@SiO, nanosphere
treatment

As the Western blotting results show, the expression levels
of NF-kB and p-NF-xB were significantly increased in the
PQ group in vitro (Figure 7A) and in vivo (Figure 7B). The
levels of NF-xB and p-NF-kB were reduced in the cells and
rat lung tissues at each time point after porous Se@SiO,
nanosphere treatment.

Discussion
At present, the mechanism of PQ-induced ALI is still not
conclusively known. Most scholars believe that oxidative

stress has an important function in this process. Traditional
antioxidants, such as vitamin C, N-acetylcysteine, and others
for the treatment of PQ poisoning have been used clinically
and have shown an effect.”*?* In this study, we found that
porous Se@SiO, nanospheres could alleviate oxidative
stress and reduce inflammatory cytokine production in PQ-
induced ALL

As a trace element, Se participates in regulating the
activity of GSH.? It has been demonstrated that selenium
supplementation leads to higher GSH peroxidase activity
and less oxidative damage in ALL*** Significant advan-
tages of porous Se@SiO, nanospheres in both economic
terms and stability (room temperature storage) are due to the
SiO,-coated structure. The porous structure gives Se@SiO,
nanospheres the potential to be multifunctional and makes
them slow-releasing. Controlled-release systems play special
roles in disease treatment.?®* Compared with normal Se
nanoparticles, Se in the Se@SiO, nanospheres is limited by
Si0,. Accompanying the entrance of pyrrolidinovalerophe-
none into an aqueous solution, trace amounts of Se can be
released into the solution.?® Due to their controlled-release,
porous Se@SiO, nanospheres may have advantages in bio-
safety and in vivo stability. Thus, SiO,-coated ultra-small Se
particles may help to alleviate PQ-induced ALI.
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Notes: The wet-to-dry weight ratio was calculated by dividing the wet weight by
the dry weight. ¥p<<0.05, versus control group. *p<<0.05, significant change relative
to PQ group.

Abbreviation: PQ, paraquat.

Studies have shown that Se may reduce the expression of
ROS and help combat oxidative stress.’*3? ROS and MDA
levels are known to reflect the degree of peroxidation. GSH
and SOD are main endogenous antioxidants and can effec-
tively remove the O,— and reduce oxidation reactions and
the subsequent acute inflammatory response. When these
antioxidants are imbalanced, there will be airway inflam-
mation, airway hyperresponsiveness and tissue damage,
neutrophil infiltration and ultimately the formation of lung
injury.2%* In our study, the results showed that the levels of
ROS were markedly increased in the PQ group. In the rat
model of PQ poisoning, MDA levels increased and GSH
and SOD levels decreased at each time point. However, the
porous Se@SiO, nanospheres reduced the expression of
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Figure 5 Histological analysis of rat lung tissues.
Note: The rat lung tissues were stained with hematoxylin and eosin.
Abbreviation: PQ, paraquat.

ROS in vitro. MDA levels decreased, and GSH and SOD
levels increased after porous Se@SiO, nanosphere treatment
compared with the PQ group. These data indicated that the
porous Se@SiO, nanospheres could alleviate PQ-induced
oxidative stress in ALIL

NF-kB is a primary factor that regulates the cytokine
network, and its activation could cause imbalances in the
regulation of this network. NF-xB must be phosphorylated
to be trafficked into the nucleus to activate the expression
of inflammatory factors. p-NF-xB can initiate transcription
and expression of many inflammatory cytokines (IL-1p,
TNF-a, IL-6) and then form an “inflammatory cascade” to
initiate pulmonary inflammation.** In this study, we observed
that the expression levels of NF-kB, p-NF-«B, IL-13 and
TNF-o were significantly increased in the PQ-poisoned rats
and in RLE-6TN cells. Additionally, these indicators were
reduced upon treatment with porous Se@SiO, nanospheres
compared with the PQ group. NF-kB is an oxidative stress-
sensitive transcription factor that can be activated by oxygen
free radicals as a second messenger. TNF-o. and IL-1J3 are
thought of as important inflammatory mediators in the early
stages of acute lung injury. TNF-a can trigger the synthesis

of leukotriene and prostaglandin E2, stimulate the infiltra-
tion of granulocytes into the lungs, and cause lung injury.>
IL-1p regulates the activity of helper T lymphocytes, the
accumulation of chemotactic granulocytes, macrophages
and lymphocytes, and mediates alveolar inflammation.*
TNF-a can also activate neutrophils to mediate the alveo-
lar inflammatory response by synergizing with IL-1p. Our
research showed that the wet-to-dry weight ratio of the
rat lung tissues was reduced and lung tissue damage was
significantly alleviated after porous Se@SiO, nanosphere
treatment. Thus, these results indicated that porous Se@SiO,
nanospheres may reduce PQ-induced inflammation by sup-
pressing ROS.

As Se has multiple functions in addition to its role as
an antioxidant, we speculated that the porous Se@SiO,
nanospheres may also prevent PQ-induced ALI by modu-
lating cell apoptosis, proliferation, or by regulating immune
cells.’”** In our research, we found that the porous Se@SiO,
nanospheres could alleviate PQ-induced ALI by suppressing
oxidative stress. However, the appropriate dose of porous
Se@SiO, nanospheres, the optimal method of drug-delivery,
the distribution of porous Se@SiO, nanospheres and the
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by ELISA. *p<<0.05, versus control group. *p<<0.05, versus PQ group.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; IL-1 [3, interleukin-IB; PQ, paraquat; RLE-6TN, rat type Il alveolar cells; TNF-o, tumor necrosis factor-c.

A B Rat lung tissues
RLE-6TN 24 h 48 h 72h
PQ + PQ - + + + + + +
Control PQ  Se@sio, Se@Si0, - - + - + - +
NF-xB — - NF-xB
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Figure 7 Level of NF-kB and p-NF-B after porous Se@SiO, nanospheres treatment.

Notes: (A and B) The expression levels of NF-kB and p-NF-kB protein in the RLE-6TN cells and rat lung tissues were determined by Western blotting. *p<<0.05, versus
control group. #p<<0.05, significant change relative to PQ group.

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NF-xB, nuclear factor-kB; p-NF-xB, phosphorylated NF-«kB; PQ, paraquat; RLE-6TN, rat type Il
alveolar cells.

7150 submit your manuscript International Journal of Nanomedicine 2017:12
Dove:


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Se@SiO, nanospheres attenuate PQ-induced ALI

efficacy of this treatment compared with other traditional
antioxidative drugs need to be further researched.

Conclusions

In this study, we confirmed that porous Se@SiO, nano-
spheres could suppress oxidative stress in PQ-induced
ALI. Additionally, this treatment could also reduce NF-xB
and inflammatory cytokines (IL-1B and TNF-c), possibly
by inhibiting ROS. This study demonstrates that porous
Se@SiO, nanospheres may be a therapeutic method in future
treatments for PQ poisoning.
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