Hindawi

BioMed Research International

Volume 2017, Article ID 4652695, 13 pages
https://doi.org/10.1155/2017/4652695

Research Article

Liver X Receptor Agonist TO901317 Attenuates
Paraquat-Induced Acute Lung Injury through Inhibition of
NF-«B and JNK/p38 MAPK Signal Pathways

Xiao Hu, Haitao Shen, Yu Wang, and Min Zhao

Department of Emergency Medicine, Shengjing Hospital of China Medical University, Shenyang 110004, China

Correspondence should be addressed to Min Zhao; zhaom@sj-hospital.org

Received 16 December 2016; Revised 13 February 2017; Accepted 1 March 2017; Published 5 April 2017

Academic Editor: Koichiro Wada

Copyright © 2017 Xiao Hu et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Paraquat (PQ) is a widely used herbicide with extremely high poisoning mortality mostly from acute lung injury (ALI) or
progressive pulmonary fibrosis. Toxicity mechanisms remain unclear, but a redox cycling process that generates reactive oxygen
species (ROS) is involved, as are inflammation and cell apoptosis. We established an ALI mouse model by intraperitoneal injection
of PQ (28 mg/kg) and then investigated the effects of a potent liver X receptor (LXR) agonist, TO901317 (5 or 20 mg/kg), injected
intraperitoneally 30 min after PQ administration. Poisoned mice exhibited severe lung tissue lesions and edema, significant
neutrophilic (PMNs) infiltration, and release of the proinflammatory cytokines tumor necrosis factor-a (TNF-«) and interleukin-
1B (IL-1p3). PQ administration also decreased activity of antioxidases, including superoxide dismutase (SOD), catalase (CAT), and
glutathione S-transferases (GSTs), and increased lipid peroxidation as evaluated by malondialdehyde (MDA) levels. PQ exposure
induced upregulation of the proapoptotic gene Bax and downregulation of the antiapoptotic gene Bcl-2, leading to marked cell
apoptosis in the lung tissues. TO901317 treatment reversed all these effects through inhibition of PQ-induced nuclear factor kappa
B (NF-«B) and JNK/p38 mitogen-activated protein kinase (MAPK) activation. The LXR agonist TO901317 had potent antioxidant,
anti-inflammatory, and antiapoptotic effects against PQ-induced ALIL.

1. Introduction

Paraquat (PQ) is a widely used herbicide with extremely high
poisoning mortality due to high toxicity and lack of effective
therapies. Because it is not expensive and is easy to access,
the prevalence of PQ poisoning has increased dramatically:
numerous fatalities have occurred in the past two decades in
China [1]. Most of these patients died of acute lung injury
(ALI) or progressive pulmonary fibrosis, because PQ tends
to accumulate in lung tissue through the polyamine uptake
system and so the pulmonary concentration becomes much
higher than that in plasma and other organs [2]. The exact
mechanism of PQ toxicity remains unclear, but it is well
recognized that PQ exerts toxic effects through induction
of a redox cycling process that results in the generation of
reactive oxygen species (ROS) [2]. ROS can extract hydrogen
atoms from polyunsaturated fatty acids, thus causing lipid
peroxidation. This process results in structural alterations and

dysfunction of cell membranes, leading to cell damage or
apoptosis [3].

In addition to direct damage to pneumocytes by lipid
peroxidation, ROS can also induce indirect damage though
activation of several transcription factors and initiation of
corresponding downstream biological processes. Nuclear
factor kappa B (NF-«B) is considered a master regulator of
inflammation, having five components: NF-xB1 (p50 and its
precursor pl05), NF-xB2 (p52 and its precursor p100), Rel A
(p65), RelB, and c-Rel. Generally, NF-xB is inactivated in the
cytoplasm by inhibitory proteins of the IxB family, including
IxBa, IxBp, and IxBe [4]. ROS are typical activators of NF-
xB, which can induce degradation of IxB« followed by NF-«B
nuclear translocation and activation of target genes, including
cytokines, chemokines, and adhesion molecules [5]. Accord-
ingly, inflammation is also an important mechanism of PQ
toxicity.
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After PQ exposure, both generation of ROS and activa-
tion of NF-xB can induce apoptosis characterized by nuclear
condensation and DNA fragmentation [6, 7]. Activation of
mitogen-activated protein kinases (MAPKs) may be involved
in the molecular mechanism of PQ-induced apoptosis [8].
MAPKs are protein Ser/Thr kinases that respond to various
stressors and regulate cellular responses. MAPKs are com-
posed of several distinct groups, and the most extensively
studied MAPKs are extracellular signal-regulated kinases
(ERK), c-Jun N-terminal kinases (JNK), and p38 kinases [9].
Both JNK and p38 can be activated by phosphorylation mod-
ification under the stimuli of various cellular stressors, such
as oxidative stress and presence of TNF-«, and then induce
proapoptotic Bax expression while inhibiting antiapoptotic
Bcl-2 expression, thus resulting in activation of the Bax-
mediated mitochondrial apoptosis pathway [10].

Taking into account the mechanisms of PQ toxicity
mentioned above, we believe that effective treatment of PQ
poisoning should be able to reverse all these effects. Liver
X receptors (LXRs) are nuclear receptors (NR) that belong
to the family of ligand-activated transcription factors; there
are two isoforms, LXR& and LXRf. Both can be activated by
natural oxysterols such as 22(R)-hydroxycholesterol, 4,25(S)-
epoxycholesterol, and the synthetic agonist T0901317 [11].
LXRs were initially considered to be important regulators of
cholesterol metabolism and triglyceride synthesis in various
tissues [12, 13]. Recently, much evidence has identified LXRs
as anti-inflammatory transcription factors [14, 15] and phys-
iological regulators of apoptosis and phagocytosis [16-18]. In
addition, it was reported that LXRs increase the activities of
antioxidant enzymes, thereby reducing production of ROS
and protecting against oxidative stress injury [19]. On the
basis of these discoveries, we hypothesized that LXRs may be
potential targets as treatment for PQ poisoning. In this study,
we analyzed the role and possible molecular mechanisms of
LXRs against PQ-induced ALI in mice.

2. Materials and Methods

2.1. Animals. Male wild type C57BL/6] mice (SPF grade,
8-10 weeks old, weighing 18-22 g) were purchased from the
animal facility of China Medical University. All animals were
housed in a comfortable environment (daily light-dark cycle,
20-25°C temperature, 40-60% humidity) and fed with rodent
chow and water ad libitum. All animal experiments were
conducted in compliance with China Medical University’s
Institutional Animal Ethics Committee and Animal Care
Guidelines governing the use of experimental animals.

2.2. Experimental Protocols. A total of 144 mice were divided
into 6 groups of 24 each and were treated as follows: (1) Con-
trol group mice were intraperitoneally injected with 0.1 mL
normal saline solution twice at an interval of 30 min; (2)
T0901317L group mice were intraperitoneally injected with
0.1 mL normal saline solution and T0901317 (5 mg/kg) 30 min
later; (3) T0901317H group mice were intraperitoneally
injected with 0.1mL normal saline solution and T0901317
(20 mg/kg) 30 min later; (4) PQ group mice were intraperi-
toneally injected with PQ (28 mg/kg) and 0.1mL normal
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saline solution 30min later; (5) PQ + T0901317L group
mice were intraperitoneally injected with PQ (28 mg/kg) and
T0901317 (5 mg/kg) 30 min later; (6) PQ + T0901317H group
mice were intraperitoneally injected with PQ (28 mg/kg) and
T0901317 (20 mg/kg) 30 min later.

T0901317 was dissolved in dimethyl sulphoxide to
100mM and diluted with normal saline. The doses of
T0901317 and PQ were based on the results of previous in vivo
studies [20, 21]. At 6,12, 24, and 72 h after PQ administration,
6 mice in each group were sacrificed for testing.

2.3. Lung Wet-to-Dry (W/D) Weight Ratios. Mice were sac-
rificed 72h after PQ exposure and right lower lobes were
excised. Each lung was weighed and then placed in an oven
at 80°C for 48 h to obtain the “dry” weight. The ratio of the
weight of the wet lung to the weight of the dry lung was
calculated to assess tissue edema.

2.4. Histopathology. Mice were sacrificed 72 h after PQ admin-
istration. The lung tissues were fixed in 4% paraformaldehyde
for 48 h at 4°C, dehydrated through a graded ethanol series,
and embedded in paraffin. After dewaxing, samples were sec-
tioned and stained with hematoxylin and eosin according to
established methods and then evaluated by light microscopy
using a semiquantitative scoring method. Lung injury was
graded in a blinded fashion from 0 (normal) to 4 (severe) for
interstitial inflammation, neutrophil infiltration, congestion,
and edema. The total lung injury score was calculated by
adding up the individual scores for each category.

2.5. Bronchoalveolar Lavage Fluid (BALF) Collection and
Cytokine Measurement. At 6, 12, 24, and 72h after PQ
administration, 6 mice in each group were euthanized and
BALF was collected by washing 3 times with 1 mL phosphate
buffered saline (PBS) solution after cannulation of the left
trachea. The collected BALF was centrifuged at 1000g for
10 min. The cell-free supernatant fluid was collected for
measurement of cytokines, including tumor necrosis factor-
a (TNF-«) and interleukin-1 (IL-1p), using enzyme-linked
immunosorbent assay (ELISA) kits (Wuhan Boster Bio-
Engineering Co., Ltd.,, Wuhan, China), according to the
manufacturers’ instructions.

2.6. Measurement of Myeloperoxidase (MPO) Activity. The
activity of MPO in lung tissue was determined by using
an MPO kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) at 6,12, 24, and 72 h after PQ exposure. MPO
activity was determined by measuring the H,0,-dependent
oxidation of 3,3'-dimethoxybenzidine and was expressed as
units/g of protein.

2.7. Measurement of Superoxide Dismutase (SOD), Catalase
(CAT), and Glutathione S-Transferase (GST) Activities. At 6,
12, 24, and 72 h after PQ exposure, lung tissues were homog-
enized in PBS (pH 7.4) to obtain a 10% (w/v) homogenate.
Homogenates were centrifuged at 12000 xg for 30 min at
4°C. Supernatants were assayed for enzymatic activity using
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’ instructions.
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TaBLE 1: Changes of body weight in mice.

Time Weight (g)

(h) Control TO901317L TO901317H PQ PQ + TO901317L PQ + TO901317H

0h 20.4 +0.8 20.3+0.7 19.9 + 0.7 20.1+0.6 20.2+0.8 204 +0.7

72h 21.3+0.9 21.5+0.8 21.2+ 0.6 15.8 +2.1° 175 + 1.8% 18.9 +1.7"*

The values presented are the mean + SD (1 = 6). * P < 0.05 versus control group, *p < 0.05 versus PQ group, and * p < 0.05 versus PQ + TO901317L group.

2.8. Malondialdehyde (MDA) Measurement. At 6,12, 24, and
72 h after PQ exposure, lipid peroxidation was evaluated by
determining the MDA level, using a kit for measurement by
the thiobarbituric acid (TBA) method (Nanjing Jiancheng
Bioengineering Institute, China), according to the manufac-
turer’s instructions.

2.9. Western Blot Analysis. At 72h after PQ exposure, lung
tissues were harvested and homogenized and then pro-
cessed using a Nuclear and Cytosolic Protein Extraction
Kit (Beyotime Institute of Biotechnology) according to the
manufacturer’s instructions. Protein concentrations were
determined using a BCA protein assay kit (Beyotime Institute
of Biotechnology) and samples containing equal amounts of
protein were subjected to a 12% sodium dodecyl sulphate
polyacrylamide gel (SDS-PAGE). Subsequently, proteins were
transferred onto polyvinylidene difluoride membranes and
incubated at 4°C overnight with primary antibodies (all
from Abcam, Cambridge, UK, except as noted) specific
for ABCAI (1:500), NF-xBp65 (1:400), IxB-a (1:1000),
phosphor-p38 (1:1000 CST, Danvers, MA, USA), phosphor-
JNK (1:1000), Bax (1:2000), and Bcl-2 (1:400). After wash-
ing, the membrane was incubated with the secondary anti-
body at room temperature for 1 h. 3-Actin or histone H3 was
used as the loading control. Signals were detected with an
enhanced chemiluminescence system (Amersham Pharma-
cia, NJ, USA) and quantitative analysis was performed using
Gel-Pro-Analyzer 6.3 software.

2.10. Immunohistochemistry. Mice were killed 72 h after PQ
administration and lung tissues were processed for section-
ing as described above. Paraffin-embedded sections were
dewaxed, hydrated, and incubated with 3% H, O, in methanol
to block endogenous peroxidase. After incubation with 2%
(v/v) normal goat serum in PBS for 20 min, the sections were
incubated with primary antibodies specific for NF-«B p65
(1:200) and phosphor-JNK (1:100) (Abcam) and phosphor-
p38 (1:200) (CST) overnight at 4°C. The sections were then
washed with PBS and incubated with secondary antibody at
room temperature for 30 min. Reaction products were labeled
by a horseradish peroxidase-conjugated antibody, visualized
with diaminobenzidine (DAB), and counterstained with
hematoxylin.

2.11. Terminal Deoxynucleotidyl Transferase-Mediated UTP
End Labeling (TUNEL) Assay. TUNEL assays were con-
ducted by using a TUNEL assay kit (In Situ Cell Death
Detection Kit, POD, Roche, Switzerland) according to the
manufacturer’s instructions. Briefly, after pretreatment with
proteinase K, paraffin-embedded sections were dewaxed,

hydrated, and incubated with 3% H,0, in methanol to block
endogenous peroxidase. Next, sections were incubated at
37°C for 1h with a reaction mixture containing terminal
deoxynucleotidyl transferase and biotinylated deoxyuridine
triphosphate (dUTP). After washing with PBS, the sections
were incubated with anti-horseradish peroxidase-conjugated
antibody, visualized with diaminobenzidine, and counter-
stained with hematoxylin.

2.12. Statistical Analyses. The data are expressed as mean +
SD. Statistical analyses were carried out using SPSS 17.0. One-
way ANOVA followed by least significance difference (LSD)
determination was used to compare results of the different
treatment groups. Differences having p values < 0.05 were
considered statistically significant.

3. Results

3.1. Mortality and Changes of Body Weight. No death was
observed in the duration of this experiment. However, diar-
rhea, anorexia, adipsia, and dyspnea were present in the mice
of PQ group resulting in significant weight loss.

As shown in Table 1, there was no significant difference
in body weight among six groups at beginning of the exper-
iment. At 72h after PQ exposure, the body weight of mice
in PQ group significantly declined compared with control
group. TO901317 treatment relieved PQ-induced symptoms
and weight loss in a dose dependent manner.

3.2. Lung W/D Weight Ratios. The lung W/D weight ratios
were assessed to evaluate the degree of pulmonary edema at
72 h after PQ exposure. As shown in Figure 1(a), the ratios in
the PQ group were significantly higher than those in the other
groups. TO901317 treatment attenuated the rise of lung W/D
weight ratios in a dose dependent manner.

3.3. Histopathological Changes in the Lung Tissues. Histo-
pathological changes were determined by HE staining of
lung tissues harvested 72h after PQ exposure. As shown
in Figures 1(b) and 1(c), the control and TO901317L and
TO901317H groups exhibited normal pulmonary structure
without obvious differences. PQ exposure induced significant
histological lesions, including alveolar hemorrhage, alveolar
wall thickening, interstitial edema, cellular infiltration, and
even structural collapse, compared to the control group.
However, T0901317 treatment significantly attenuated those
PQ-induced histological lesions in a dose dependent manner.

3.4. Expression of ABCAI in Lung Tissues. To evaluate the
activation of LXRs, we determined the expression of LXRs
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FIGURE 1. Effects of TO901317 on lung W/D ratio and histopathological changes in lung tissues. The lung W/D ratio (a) and lung histological
evaluation (b, ¢, HE staining, 200x) were determined 72h after PQ administration. TO901317L: TO901317 at the low dose of 5mg/kg;
TO901317H: TO901317 at the high dose of 20 mg/kg. The values presented are the mean + SD (1 = 6). * P < 0.05 versus PQ group. p < 0.05

versus PQ + TO901317L group.

target gene ABCA1 by Western blot analysis. As shown in
Figures 2(a) and 2(b), TO901317 significantly increased the
expression of ABCAl regardless of the PQ treatment in a dose
dependent manner. This result indicates that the LXRs were
effectively activated in lung tissues of mice.

3.5. Inflammatory Cytokine Release. ELISAs were performed
to analyze the levels of TNF-« and IL-1 in the lung tissues
at 6, 12, 24, and 72h after PQ administration. As shown
in Figures 3(a) and 3(b), IL-18 and TNF-« levels in the
PQ group were dramatically increased compared to those
in the control group. The increases of TNF-a and IL-1§
were markedly attenuated, in a dose dependent manner, by
T0901317 treatment.

3.6. MPO Activity. As shown in Figure 3(c), PQ admin-
istration resulted in a dramatic increase in MPO activity,
an indicator of the degree of infiltration of PMNs [22].
However, compared with the PQ group, T0901317 treatment
significantly reduced MPO activity, in a dose dependent
manner.

3.7. Lipid Peroxidation and Antioxidant Enzyme Activities.
We measured MDA levels and antioxidant enzyme activities
to evaluate the antioxidant capacity of lung tissues. As shown
in Figure 4(a), the MDA level, an indicator of lipid peroxida-
tion, was significantly increased in the PQ group. Treatment
with T0901317 attenuated the PQ-induced increase in MDA
levels, in a dose dependent manner.
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FIGURE 2: The expression of ABCAI in lung tissues. We collected the lung tissues to perform Western blot to evaluate the expression of ABCAl
at 72 h after PQ administration. TO901317L: TO901317 at the low dose of 5 mg/kg; TO901317H: TO901317 at the high dose of 20 mg/kg. The
values presented are the mean + SD (1 = 6). * P < 0.05 versus control group, “ P < 0.05 versus TO901317L group, * P < 0.05 versus PQ group,

and * p < 0.05 versus PQ + TO901317L group.

Alterations of antioxidant capacity were evaluated by
antioxidant enzyme activities in lung tissues. Compared with
the control group, PQ administration resulted in a significant
decrease in antioxidant enzyme activities, including those of
SOD, CAT, and GSTs. However, T0901317 treatment counter-
acted these effects, in a dose dependent manner (Figures 4(b),
4(c), and 4(d)).

3.8. NF-kB Activation and IxkB-a Expression. We evaluated
NF-xBp65 and IkB-« expression to investigate the possible
cellular mechanisms whereby T0901317 treatment attenuates
PQ-induced ALI. As shown in Figures 5(a)-5(f), PQ expo-
sure induced a significant increase of NF-«B p65 expression
in nuclear extracts and a marked decrease of IxB-a expression
in cytoplasm, in comparison with the control group. This
phenomenon indicated that PQ induced degradation of IxB-
«, and thus NF-xB p65 was released and transferred to the
nucleus, resulting in activation of the downstream proinflam-
matory gene. However, this effect was significantly inhibited
by treatment with T0901317, in a dose dependent manner.

3.9. JNK and p38 MAPK Expression. The activation of JNK
and p38 MAPK was assessed to further investigate the cellular
mechanisms by which T0901317 treatment may attenuate PQ-
induced ALI. As shown in Figures 6(a)-6(h), PQ administra-
tion caused a significant increase in phosphorylation of JNK
and p38 MAPK in the lung tissues, compared with the control
group. Treatment with T0901317 significantly inhibited the
activation of JNK and p38 MAPK in a dose dependent
manner, compared to the PQ group.

3.10. Apoptosis in the Lung Tissues. TUNEL-like staining was
performed to evaluate apoptosis in the lung tissues. As shown
in Figures 7(e) and 7(f), the PQ group exhibited greatly
increased positive staining, indicating apoptosis, compared
with that observed in the control group. However, T0901317
treatment significantly inhibited PQ-induced apoptosis in the
lung tissues.

3.11. Bax and Bcl-2 Expression. To estimate the apoptotic
signal transduction, we assessed the expression of Bax and
Bcl-2 by Western blot. As shown in Figures 7(a)-7(d), PQ
administration significantly upregulated Bax expression and
downregulated Bcl-2 expression in the lung tissues. However,
T0901317 treatment significantly prevented PQ-induced reg-
ulation of the apoptotic signal transduction.

4. Discussion

It has been shown in many previous studies [23, 24] that PQ
can be actively transported against a marked concentration
gradient and accumulated into type I and type II alveolar
epithelial cells through the polyamine uptake system. Accu-
mulation of PQ induces significant damage and destruction
to the pulmonary epithelium, followed by dysfunction of gas
exchange and lack of surfactant, resulting in histopathological
alterations, such as alveolitis, and clinical manifestations,
including ALI and ARDS [2]. Endothelium damage also plays
an important role in the pathophysiological process of PQ
toxicity. Damaged pulmonary capillary endothelium may be
a key factor contributing to the production of pulmonary
hemorrhage, proteinaceous edema, and the infiltration of
inflammatory cells into the interstitium and alveoli [25,
26]. In accordance with these observations, we found that
PQ exposure induced significant alveolitis characterized by
alveolar hemorrhage, alveolar wall thickening, alveolar and
interstitial edema, inflammatory cell infiltration, and even
structural collapse. As a consequence of increased capil-
lary permeability resulting from PQ-induced endothelium
damage, the BALF protein concentration was significantly
increased in the PQ group. Protein leakage further aggravated
pulmonary edema, as evidenced by the higher W/D weight
ratios in the PQ group compared to those of the control
group. The PQ-induced increase of capillary permeability
also resulted in significant inflammatory cell infiltration
accompanied by a marked increase of the proinflammatory
cytokines TNF-« and IL-18. It is noteworthy that T0901317
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FIGURE 3: Effects of TO901317 on inflammatory cytokine release and MPO activity. BALF and lung tissues were collected after PQ
administration for 6, 12, 24, and 72 h to analyze IL-18 (a), TNF-« (b), and MPO activity (c). TO901317L: TO901317 at the low dose of 5 mg/kg;
TO901317H: TO901317 at the high dose of 20 mg/kg. The values presented are the mean + SD (1 = 6). * P < 0.05 versus PQ group. *p < 0.05

versus PQ + TO901317L group.

treatment attenuated all these biochemical and histopatho-
logical parameters of PQ toxicity in a dose dependent man-
ner, which suggests that LXR activation may be a potential
target as a new treatment of PQ poisoning. However, what is
the mechanism by which T0901317 confers potent protection
against PQ-induced ALI?

As mentioned above, ROS generation and lipid peroxida-
tion play an important role in the pathogenesis of PQ poison-
ing. LXR activation has been reported to effectively inhibit the
generation of ROS and lipid peroxidation under various stress
conditions [27, 28]. In this study, we measured MDA levels
to evaluate the magnitude of PQ-induced lipid peroxidation.
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FIGURE 4: Effects of T0901317 on lipid peroxidation and antioxidant enzymes activities. The lung tissues were collected and homogenized
to measure MDA (a) level and the activities of CAT (b), GSTs (c), and SOD (d) at 6, 12, 24, and 72 h after PQ administration. TO901317L:
TO901317 at the low dose of 5 mg/kg; TO901317H: TO901317 at the high dose of 20 mg/kg. The values presented are the mean + SD (n = 6).

* P < 0.05 versus PQ group. *p < 0.05 versus PQ + TO901317L group.

PQ exposure caused an obvious rise in MDA levels, while
T0901317 treatment significantly alleviated this rise. This
effect was also confirmed indirectly by the amelioration of
antioxidant enzyme activities. The PQ-induced decline in the
activities of antioxidant enzymes, including SOD, CAT, and
GSTs, was significantly attenuated by T0901317 treatment, ina
dose dependent manner. However, the precise mechanism by

which LXRs inhibit PQ-induced generation of ROS remains
unclear, and future studies are necessary. Furthermore, we
cannot exclude the possibility that LXR-mediated remission
of inflammation was indirectly associated with the regulation
of oxidative stress.

According to the previous literature, LXR-mediated
remission of inflammation is mainly due to the suppression
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TO901317 at the dose of 20 mg/kg. The values presented are the mean + SD (n = 5). *P < 0.05 versus PQ group. “p < 0.05 versus PQ +
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of NF-«B activation [29, 30]. A similar result was observed in transendothelial migration and recruitment of PMNs into
our work. T0901317 treatment reversed PQ-induced degra-  lung tissue [31, 32]. In this study, we determined the activity
dation of IxB-a and nuclear translocation of NF-xB p65  of MPO to estimate the degree of infiltration of PMNs. Con-
in the lung tissues. As important target genes of NF-xB,  sistent with NF-«xB expression, T0901317 treatment obviously
adhesion molecules and chemokines play significant rolesin ~ inhibited the PQ-induced increase of MPO activity in the
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FIGURE 6: Effect of T0901317 on JNK/p38 MAPKs signal pathway in lung tissues of mice. Lung tissues were collected after PQ administration

for 72h to determine the expression of p-p38 (a, b, ¢, d) and p-JNK (e, f, g, h) by Western blot and immunohistochemistry. TO901317L:

TO901317 at the dose of 5 mg/kg; TO901317H: TO901317 at the dose of 20 mg/kg. The values presented are the mean + SD (n = 5). *P < 0.05

versus PQ group; *p < 0.05 versus PQ + TO901317L group.
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values presented are the mean + SD (n = 5). * P < 0.05 versus PQ group;

lung tissues. This effect was also evidenced by histopatholog-
ical analysis. Cytokines are another set of important target
genes of NF-kB, as evidenced by the predominance of TNF-
a and IL-18 in the early stage of inflammation [33]. The
release of TNF-« and IL-1f leads to secondary inflammatory

*p < 0.05 versus PQ + TO901317L group.

cascades that increase levels of ROS, cytokines, and adhesion
molecules, resulting in further damage to lung tissue [34].
In this study, a similar pattern of the inhibitory effect of
T0901317 was observed when TNF-« and IL-13 levels were
measured. Considering that TNF-« and IL-18 induce the
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production of ROS, we infer that LXRs regulate oxidative
stress at least partially through the inhibition of NF-xB
expression.

Along with effects on oxidant stress and inflammation,
activation of LXRs also contributes to amelioration of PQ-
induced apoptosis. In the present study, we performed TUNEL
assay to assess cell apoptosis in lung tissues. Our results
showed that TO901317 treatment significantly inhibited PQ-
induced apoptosis. Regarding the apoptotic signal pathway,
JNK and p38 MAPK were described as the mediator of PQ-
induced apoptosis [8] mainly through promoting Bax expres-
sion while suppressing Bcl-2 expression [10]. The increased
Bax/Bcl-2 ratio leads to reduction of the mitochondrial trans-
membrane potential and release of proapoptotic protein from
the mitochondria into the cytosol, ultimately resulting in
apoptosis [35]. As already observed in a previous study [36],
PQ exposure caused a significant increase in the expressions
of INK and p38 MAPK, as well as subsequent upregulation of
Bax and downregulation of Bcl-2. The activation of JNK and
P38 MAPK may be associated with PQ-induced oxidant stress
and release of cytokines [9]. TO901317 treatment significantly
reversed PQ-induced activation of JNK and p38 MAPK
and thus inhibited PQ-induced regulation of Bax and Bcl-
2, in a dose dependent manner. This result indicates that
LXRs confer a protective effect against PQ-induced apoptosis
through blockade of the JNK and p38 MAPK signal pathway.
Moreover, it is reported that activation of INK and p38 MAPK
also leads to generation of various cytokines, including IL-18,
TNF-«, IL-8,and IL-6 [37, 38], and upregulation of the NF-xB
signal pathway [39]. This suggests that the anti-inflammatory
effect of LXRs may be achieved partially through inhibition
of the JNK and p38 MAPK signal pathway.

Hypercholesterolemia is well known as a risk factor of
oxidative stress which leads to increase of excess formation
of ROS [40, 41] and diminished endogenous antioxidant
capacity [42, 43]. Since Wang et al. [44] reported that the
plasma levels of cholesterol significantly increased in PQ
poisoned patients in comparison to healthy volunteers, we
hypothesize that PQ toxicity may also be associated with the
changes of cholesterol metabolism. Considerable evidence
indicates that LXRs are crucial regulators of cholesterol
metabolism and play an important role in the pathway of
reverse cholesterol transport, in which excess cholesterol
is transported in high-density lipoprotein (HDL) particles
from peripheral cells to the liver for excretion in bile [45].
Accordingly, this effect may be beneficial in protecting against
PQ toxicity. Although PQ mainly accumulate in the lung
tissues, PQ toxicity is not limited to the lungs and involves
other tissues such as brain, liver, and kidney [46-48]. Both
LXRa« and LXR3 show high expression in these tissues. LXR«
is expressed in liver, spleen, kidney, adipose tissue, and small
intestine, whereas LXRJ3 is ubiquitously expressed [11]. Based
on the results of the present study, we suppose that LXR
activation may also be beneficial in extrapulmonary organs.
However, further studies are necessary to prove it.

In summary, our results clearly demonstrated that treat-
ment with the LXR agonist TO901317 had a significant
protective effect against PQ-induced acute lung injury. This
effect may be due to antioxidative, anti-inflammatory, and

1

antiapoptotic properties effected through inhibition of the
NF-xB and JNK/p38MAPK signal pathways. This study
suggests that drug activation of LXRs may represent a new
therapeutic strategy for treatment of PQ-induced ALIL.

Disclosure

The abstract was included as a poster in 15th International
Scientific Conference of the Asia Pacific Medical Association
of Medical Toxicology 2016.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This study was supported by the National Natural Science
Foundation of China, Grant no. 81171793/H1503.

References

[1] B. L. Zhang, L. Yao, and Y. Ou, “Literature analysis of paraquat
poisoning in China (1991-2008),” Chinese Journal of Critical
Care Medicine, vol. 30, pp. 139-141, 2010.

[2] R. J. Dinis-Oliveira, J. A. Duarte, A. Sdnchez-Navarro, F.
Remido, M. L. Bastos, and E. Carvalho, “Paraquat poisonings:
mechanisms of lung toxicity, clinical features, and treatment,”
Critical Reviews in Toxicology, vol. 38, no. 1, pp. 13-71, 2008.

[3] 1. B. Gawarammana and N. A. Buckley, “Medical management
of paraquat ingestion,” British Journal of Clinical Pharmacology,
vol. 72, no. 5, pp. 745-757, 2011.

[4] A.Majdalawieh and H.-S. Ro, “Regulation of IxBe function and
NF-«B signaling: AEBPI is a novel proinflammatory mediator
in macrophages,” Mediators of Inflammation, vol. 2010, Article
ID 823821, 27 pages, 2010.

[5] A. Rahman and E Fazal, “Blocking NF-kB: an inflammatory
issue,” Proceedings of the American Thoracic Society, vol. 8, no.
6, pp. 497-503, 2011.

[6] C.-L.Huang, C.-C. Chao, Y.-C. Lee et al., “Paraquat induces cell
death through impairing mitochondrial membrane permeabil-
ity Molecular Neurobiology, vol. 53, no. 4, pp. 2169-2188, 2016.

[7] X. Chang, W. Lu, T. Dou et al.,, “Paraquat inhibits cell viability
via enhanced oxidative stress and apoptosis in human neural
progenitor cells,” Chemico-Biological Interactions, vol. 206, no.
2, pp. 248-255, 2013.

[8] Y.-W. Pang, Y.-Q. Sun, W.-]. Sun et al., “Melatonin inhibits
paraquat-induced cell death in bovine preimplantation
embryos,” Journal of Pineal Research, vol. 60, no. 2, pp. 155-166,
2016.

[9] M. Cargnello and P. P. Roux, “Activation and function of
the MAPKSs and their substrates, the MAPK-activated protein
kinases,” Microbiology and Molecular Biology Reviews, vol. 75,
no. 1, pp. 50-83, 2011.

[10] C. T. Dinh, S. Goncalves, E. Bas, T. R. Van De Water, and
A. Zine, “Molecular regulation of auditory hair cell death and
approaches to protect sensory receptor cells and/or stimulate
repair following acoustic trauma,” Frontiers in Cellular Neuro-
science, vol. 9, article 96, 2015.



12

(11]

(12]

(13

(14]

[15]

(16]

(17]

(20

(21]

[22]

[24

[25]

(26]

(27]

C. Gabbi, M. Warner, and J.-A. Gustafsson, “Action mechanisms
of Liver X Receptors,” Biochemical and Biophysical Research
Communications, vol. 446, no. 3, pp. 647-650, 2014.

L. Yvan-Charvet, M. Ranalletta, N. Wang et al., “Combined
deficiency of ABCAland ABCGI promotes foam cell accumula-
tion and accelerates atherosclerosis in mice,” Journal of Clinical
Investigation, vol. 117, no. 12, pp. 3900-3908, 2007.

N. Zelcer, C. Hong, R. Boyadjian, and P. Tontonoz, “LXR regu-
lates cholesterol uptake through idol-dependent ubiquitination
of the LDL receptor;” Science, vol. 325, no. 5936, pp. 100-104,
20009.

N. Zelcer and P. Tontonoz, “Liver X receptors as integrators
of metabolic and inflammatory signaling,” Journal of Clinical
Investigation, vol. 116, no. 3, pp. 607-614, 2006.

A. E. Myhre, J. Agren, M. K. Dahle et al., “Liver X receptor is a
key regulator of cytokine release in human monocytes,” Shock,
vol. 29, no. 4, pp. 468-474, 2008.

S. B. Joseph, M. N. Bradley, A. Castrillo et al., “LXR-dependent
gene expression is important for macrophage survival and the
innate immune response,” Cell, vol. 119, no. 2, pp. 299-309, 2004.
A. E Valledor, L.-C. Hsu, S. Ogawa, D. Sawka-Verhelle, M.
Karin, and C. K. Glass, “Activation of liver X receptors and
retinoid X receptors prevents bacterial-induced macrophage
apoptosis,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 101, no. 51, pp. 17813-17818, 2004.
N. A-Gonzalez, S. J. Bensinger, C. Hong et al., “Apoptotic cells
promote their own clearance and immune tolerance through
activation of the nuclear receptor LXR,” Immunity, vol. 31, no.
2, pp. 245-258, 2009.

H. Gong, J. He, J. H. Lee et al., “Activation of the liver X receptor
prevents lipopolysaccharide-induced lung injury,” Journal of
Biological Chemistry, vol. 284, no. 44, pp. 30113-30121, 2009.

C. Crisafulli, E. Mazzon, L. Paterniti, M. Galuppo, P. Bramanti,
and S. Cuzzocrea, “Effects of Liver X receptor agonist treatment
on signal transduction pathways in acute lung inflammation,”
Respiratory Research, vol. 11, article 19, 2010.

J. Qian, Y. Ye, L. Lv, C. Zhu, and S. Ye, “FTY720 atten-
uates paraquat-induced lung injury in mice,” International
Immunopharmacology, vol. 21, no. 2, pp. 426-431, 2014.

P. P. Bradley, D. A. Priebat, R. D. Christensen, and G. Rothstein,
“Measurement of cutaneous inflammation: estimation of neu-
trophil content with an enzyme marker;” Journal of Investigative
Dermatology, vol. 78, no. 3, pp. 206-209, 1982.

C. P. L. Lewis, W. M. Haschek, I. Wyatt, G. M. Cohen, and L.
L. Smith, “The accumulation of cystamine and its metabolism
to taurine in rat lung slices,” Biochemical Pharmacology, vol. 38,
no. 3, pp. 481-488, 1989.

I. Wyatt, A. R. Soames, M. F. Clay, and L. L. Smith, “The accu-
mulation and localisation of putrescine, spermidine, spermine
and paraquat in the rat lung. In vitro and in vivo studies;
Biochemical Pharmacology, vol. 37, no. 10, pp. 1909-1918, 1988.
G. S. Vijeyaratnam and B. Corrin, “Experimental paraquat
poisoning: a histo-logical and electron-optical study of the
changes in the lung,” The Journal of Pathology, vol. 103, no. 2,
pp. 123-129, 1971.

B. I. Sykes, I. E. H. Purchase, and L. L. Smith, “Pulmonary
ultrastructure after oral and intravenous dosage of paraquat to
rats,” The Journal of Pathology, vol. 121, no. 4, pp. 233-241,1977.
Y. Wang, C. Li, K. Cheng et al., “Activation of liver X receptor
improves viability of adipose-derived mesenchymal stem cells
to attenuate myocardial ischemia injury through TLR4/NF-«xB

(31]

(32]

(33]

(34]

(35]

(38]

[41]

(42]

BioMed Research International

and Keap-1/Nrf-2 signaling pathways,” Antioxidants and Redox
Signaling, vol. 21, no. 18, pp. 2543-2557, 2014.

Q. He, J. Pu, A. Yuan et al., “Activation of liver-X-receptor « but
not liver-X-receptor f3 protects against myocardial ischemia/
reperfusion injury,” Circulation: Heart Failure, vol. 7, no. 6, pp.
1032-1041, 2014.

H. Yang, S. Zheng, Y. Qiu et al., “Activation of liver X receptor
alleviates ocular inflammation in experimental autoimmune
uveitis,” Investigative Ophthalmology and Visual Science, vol. 55,
no. 4, pp. 2795-2804, 2014.

H.-J. Kim, K.-A. Yoon, H.-J. Yoon et al., “Liver X receptor
activation inhibits osteoclastogenesis by suppressing NF-xB
activity and c-Fos induction and prevents inflammatory bone
loss in mice,” Journal of Leukocyte Biology, vol. 94, no. 1, pp. 99—
107, 2013.

T. A. Springer, “Traffic signals for lymphocyte recirculation and
leukocyte emigration: the multistep paradigm,” Cell, vol. 76, no.
2, pp. 301-314, 1994.

A. Rahman and E Fazal, “Hug tightly and say goodbye: role of
endothelial ICAM-1 in leukocyte transmigration,” Antioxidants
and Redox Signaling, vol. 11, no. 4, pp. 823-839, 2009.

H. E. Merry, P. Phelan, M. Doaks, M. Zhao, and M. S.
Mulligan, “Functional roles of tumor necrosis factor-alpha and
interleukin 1-beta in hypoxia and reoxygenation,” Annals of
Thoracic Surgery, vol. 99, no. 4, pp. 1200-1205, 2015.

M. Bhatia and S. Moochhala, “Role of inflammatory mediators
in the pathophysiology of acute respiratory distress syndrome;’
Journal of Pathology, vol. 202, no. 2, pp. 145-156, 2004.

T. Kuwana, M. R. Mackey, G. Perkins et al., “Bid, Bax, and

lipids cooperate to form supramolecular openings in the outer
mitochondrial membrane,” Cell, vol. 111, no. 3, pp. 331-342, 2002.

E. N. Mangano, D. Litteljohn, R. So et al., “Interferon-y plays
arole in paraquat-induced neurodegeneration involving oxida-
tive and proinflammatory pathways,” Neurobiology of Aging, vol.
33, no. 7, pp. 1411-1426, 2012.

E. Hitti, T. Iakovleva, M. Brook et al., “Mitogen-activated pro-
tein kinase-activated protein kinase 2 regulates tumor necrosis
factor mRNA stability and translation mainly by altering triste-
traprolin expression, stability, and binding to adenine/uridine-
rich element,” Molecular and Cellular Biology, vol. 26, no. 6, pp.
2399-2407, 2006.

C. Patil, X. Zhu, C. Rossa Jr., Y. J. Kim, and K. L. Kirkwood, “p38
MAPK regulates IL-13 induced IL-6 expression through mRNA
stability in osteoblasts,” Immunological Investigations, vol. 33,
no. 2, pp. 213-233, 2004.

J. C. Lee, J. T. Laydon, P. C. McDonnell et al., “A protein
kinase involved in the regulation of inflammatory cytokine
biosynthesis,” Nature, vol. 372, no. 6508, pp. 739-746, 1994.

T. Csont, E. Bereczki, P. Bencsik et al., “Hypercholesterolemia
increases myocardial oxidative and nitrosative stress thereby
leading to cardiac dysfunction in apoB-100 transgenic mice,”
Cardiovascular Research, vol. 76, no. 1, pp. 100-109, 2007.

Z. V. Varga, K. Kupai, G. Szucs et al, “MicroRNA-25-
dependent up-regulation of NADPH oxidase 4 (NOX4) medi-
ates hypercholesterolemia-induced oxidative/nitrative stress
and subsequent dysfunction in the heart,” Journal of Molecular
and Cellular Cardiology, vol. 62, pp. 111-121, 2013.

A. M. Abbas and H. E Sakr, “Simvastatin and vitamin e effects
on cardiac and hepatic oxidative stress in rats fed on high fat
diet,” Journal of Physiology and Biochemistry, vol. 69, no. 4, pp.
737-750, 2013.



BioMed Research International

[43]

(48]

K. S. McCommis, A. M. McGee, M. Harold Laughlin, D.
K. Bowles, and C. P. Baines, “Hypercholesterolemia increases
mitochondrial oxidative stress and enhances the MPT response
in the porcine myocardium: beneficial effects of chronic exer-
cise;” American Journal of Physiology—Regulatory Integrative
and Comparative Physiology, vol. 301, no. 5, pp. R1250-R1258,
2011.

X. Wang, M. Zhang, J. Ma et al, “Metabolic changes in
paraquat poisoned patients and support vector machine model
of discrimination,” Biological and Pharmaceutical Bulletin, vol.
38, no. 3, pp. 470-475, 2015.

N. A-Gonzélez and A. Castrillo, “Liver X receptors as regu-
lators of macrophage inflammatory and metabolic pathways,”
Biochimica et Biophysica Acta, vol. 1812, no. 8, pp. 982-994, 2011.
M. E. Nunes, T. E. Miiller, M. M. Braga et al., “Chronic treat-
ment with paraquat induces brain injury, changes in antioxi-
dant defenses system, and modulates behavioral functions in
zebrafish,” Molecular Neurobiology, pp. 1-10, 2016.

Q. Shi, X. Song, J. Fu et al., “Artificial sweetener neohesperidin
dihydrochalcone showed antioxidative, anti-inflammatory and
anti-apoptosis effects against paraquat-induced liver injury in
mice,” International Immunopharmacology, vol. 29, no. 2, pp.
722-729, 2015.

D. Tan, Y. Wang, B. Bai, X. Yang, and ]. Han, “Betanin
attenuates oxidative stress and inflammatory reaction in kidney
of paraquat-treated rat,” Food and Chemical Toxicology, vol. 78,
pp. 141-146, 2015.

13



