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1 | INTRODUCTION

Abstract

The protective functions of thalidomide in paraquat (PQ)-induced injury have been
reported. But the mechanisms remain largely unknown. In this research, a PQ-treated
rat model was established and further treated with thalidomide. Oedema and path-
ological changes, oxidative stress, inflammation, fibrosis and cell apoptosis in rat
lungs were detected. A PQ-treated RLE-6TN cell model was constructed, and the
viability and apoptosis rate of cells were measured. Differentially expressed mi-
croRNAs (miRNAs) after thalidomide administration were screened out. Binding
relationship between miR-141 and histone deacetylase 6 (HDACG6) was validated.
Altered expression of miR-141 and HDAC6 was introduced to identify their involve-
ments in thalidomide-mediated events. Consequently, thalidomide administration
alone exerted no damage to rat lungs; in addition it reduced PQ-induced oedema.
The oxidative stress, inflammation and cell apoptosis in rat lungs were reduced by
thalidomide. In RLE-6TN cells, thalidomide increased cell viability and decreased
apoptosis. miR-141 was responsible for thalidomide-mediated protective events by
targeting HDAC6. Overexpression of HDAC6 blocked the protection of thalido-
mide against PQ-induced injury via activating the IkBa-NF-kB signalling pathway.
Collectively, this study evidenced that thalidomide protects lung tissues from PQ-
induced injury through a miR-141/HDACG6/IkBa-NF-kB axis.
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mortality rate is over 90%.> PQ poisoning through oral, skin
and respiratory tracts contributes to multiple organ failure in-

Paraquat (1,1-dichloro-4,4-bipyridine, PQ) is a widely used
herbicide in agriculture and with extremely potent toxicity
that leads to serious public health problem once misused.’
By accidental or voluntary ingestion, PQ poisoning results
in numerous deaths annually, mainly in developing countries
where PQ is more largely used.” In oral ingestion cases, the

cluding lungs, kidneys, liver and nervous system, in which
the lung is the primary target 0rgan.4’5 This phenomenon was
attributed to high affinity of PQ to alveolar cells.® Therefore,
PQ poisonings usually cause acute lung injury and, ulti-
mately, acute respiratory distress syndrome and death.”
Unfortunately, despite the large volume of studies in the past
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decades, there is no effective regimens for PQ poisoning
treatment, leaving the clinical outcome largely depending on
the degree of exposure.6 Excessive oxidative damage and cell
death caused by the release of superoxide anions in organ-
isms® and inflammation in lung tissues are main contributors
to high severity and mortality, and are also promising targets
for clinal control for PQ-induced lung injury.

Thalidomide was first developed in 1957 and widely
served as a sedative worldwide, but it was banned from the
market soon in 1961 due to its side-effect of teratogenicity.9
Despite this, thalidomide is a well-known immunomodula-
tory compound that has been noted as a potential drug for
autoimmune diseases, ' angiogenesis-related diseases in-
cluding cancer'' and inflammation control.'*" Importantly,
the anti-inflammatory effect of thalidomide in PQ-induced
pulmonary injury has been witnessed in a mouse model.'
However, the molecules involved are largely unstudied yet.
MicroRNAs (miRNAs) are a class of versatile non-coding
RNAs that fulfil diverse functions in cellular behaviours
and biological presentations including oxidative stress and
15 miR-141, which was reported to alleviate
lipopolysaccharide (LPS)-induced inflammation'® in WI-38
fibroblasts, was found significantly upregulated after thalid-
omide treatment in this study. We then speculated that miR-
141 is possibly involved in thalidomide-mediated events. In
addition, histone deacetylase 6 (HDAC6) was identified as a
target transcript of miR-141 in the present work. HDACG6 has
been reported to be closely linked to inflammation and oxida-
tive stress.'”'® But its role in PQ-induced lung injury remains
unclear. Besides, the inhibitor of kappa-B subunit alpha
(IxkBa)-nuclear factor kappa-B (NF-kB) signalling pathway
is well-known to participate in innate immune responses and
inflammation,'® and it is also implicated in the progression
of acute lung injury.20 Collectively, we hypothesized that tha-
lidomide protects lung against PQ-induced injury involving
miR-141, HDACI and the IxkBa-NF-«B signalling.

Animal models are frequently used in basic researches
to study the function of drugs or molecules, and rats are
frequently used as models of PQ-induced lung injury.21’22
Besides, type II rat alveolar epithelial cells (RLE-6TN) are
frequently used for in vitro studies in the toxicity of pQ. >
Compared to the type I alveolar cell, type II cell has the po-
tential of division, proliferation and differentiation into type
I cells, and they can repair the damaged epithelium. Damage
of type II alveolar cells may reduce the surfactant on alve-
oli, leading to lung oedema and respiratory distress, which is
concert with the features of PQ-induced rats. Taken together,
in this study, we used Wistar rats and RLE-6TN cells to es-
tablish PQ-induced models in vivo and in vitro, respectively,
to determine the effects of PQ and thalidomide, and the po-
tentially involved molecules in lung injury. The oedema in
rat lung tissues was determined according to the ratio of wet
to dry (W/D) weight. Haematoxylin and eosin (HE) staining

inflammation.
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was performed to observe the pathological changes. Enzyme-
linked immunosorbent assay (ELISA), reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and
Western blot assays were used to determine the expression
of different molecules and cytokines, while apoptosis and
viability of cells was detected by flow cytometry and Cell
Counting Kit-8 (CCK-8) method.

2 | MATERIAL AND METHODS

2.1 | Ethics statement

All animal experiments were performed with the per-
mission of the Animal Ethics Committee and of Second
People's Hospital of Yunnan Province and in accordance
with the Principles of Laboratory Animal Care. The study
was conducted in accordance with the Basic & Clinical
Pharmacology & Toxicology policy for experimental and
clinical studies.” The usage of drugs was in line with the
Organization for Economic Co-operation and Development
(OECD) guidelines for the Testing of Chemicals. Great at-
tempts were made to minimize the number and suffering of
animals. The animals were housed in clean, comfortable and
safe living conditions, and they were given sufficient water,
food and nutrient substances. On the premise of not affecting
the experimental results, animals were mildly anaesthetized
through inhalation of isoflurane when necessary to relieve
their pain.

2.2 | Animal model establishment

Ninety-five healthy female Wistar rats (250-300 g) ac-
quired from the Experimental Animal Research Center of
Second People's Hospital of Yunnan Province were housed
in a specific pathogen-free animal facility in a standard
12-h dark/light cycle. A rat model with PQ-induced lung
injury was established as previously reported.22 PQ (CAS
No. 1910-42-5,99%) was purchased from Sigma-Aldrich
Chemical Company, while thalidomide (CAS No. 50-35-
1,99%) was acquired from Changzhou Pharmaceutical
Company. The concentration of 50 mg/kg was applied in
this study. This concentration of PQ has been largely re-
ported to induce lung injury.26'29 Thalidomide has been re-
ported to be applied at different doses in multiple diseases.
For instance, 70 mg/kg of thalidomide reduced I-dopa-in-
duced dyskinesia in rats with Parkinson's disease,*® while
100 mg/kg of thalidomide suppressed the graft chronic
rejection in a rat model of kidney tra.nsplantation,31 re-
duced the paclitaxel-induced memorial impairment32 and
reduced the acute lung injury in rats.*® In addition, tha-
lidomide at a dose of 200 mg/kg showed protective roles
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in diabetes-related disorders, and 50 mg/kg was also
found to relieve neuronal pain and spatial memory deficit
in rats.’*¥” Here, we used 60 mg/kg as a moderate concen-
tration for thalidomide administration in rats.

Rats were numbered by weight and randomly allocated
into 9 groups: blank group (n = 10, oral gavage of 1 mL
normal saline solution); control group (n = 10, oral gavage
of 1 mL normal saline solution, followed by oral gavage of
60 mg/kg thalidomide once per day, and 6 days a week for
2 weeks); model group (n = 15, once oral gavage of PQ at
50 mg/kg in 1 mL saline); thalidomide group (n = 10, once
oral gavage of PQ at 50 mg/kg in 1 mL saline, followed
by oral gavage of thalidomide at 60 mg/kg once per day,
and 6 days a week for 2 weeks); delay-thalidomide group
(n = 10, once oral gavage of PQ at 50 mg/kg in 1 mL sa-
line; 72 h later, oral gavage of thalidomide at 60 mg/kg
once per day, and 6 days a week for 2 weeks); negative
control (NC) inhibitor group (n = 10, pre-injection of len-
tiviral vector (LV) of NC inhibitor, followed by PQ and
thalidomide treatments from the second day); miR-141
inhibitor group (n = 10, pre-injection of LV of miR-141
inhibitor, followed by PQ and thalidomide treatments from
the second day); LV-NC group (n = 10, pre-injection of
LV-NC, followed by PQ and thalidomide treatments from
the second day); and LV-HDACG6 group (n = 10, pre-injec-
tion of LV-HDACS6, followed by PQ and thalidomide treat-
ments from the second day). The administration dose of
LV and the controls was 200 pL in each rat at a density of
2 x 10® U/mL. The LV and the control vectors were given
one time per day and constantly for a week. All LV were
purchased from GenePharma Co., Ltd. On the 16th day, the
animals were killed via intraperitoneal injection of over-
dose pentobarbital sodium (200 mg/kg). Animal death was
confirmed in animals by cardiac arrest, a loss of sponta-
neous breath for continuous 3 minutes and loss of blinking
reflex. Thereafter, the lung tissues of rats were collected
for further experiments.

34,35

2.3 | Cell model establishment
Type 1II rat alveolar epithelial cells (RLE-6TN) purchased
from American Type Culture Collection (CRL-2300, ATCC)
were used. The cells were seeded in Roswell Park Memorial
Institute (RPMI)-1640 supplemented with 10% foetal bovine
serum at a density of 1 X 10° cells/mL and cultured at 37°C
with 5% CO, with the medium refreshed every two days.
The cells were passaged at a ratio of 1:3 once the confluence
reaching 80%.

A PQ-treated cell model was constructed as guided by
a previous report.24 In detail, cells were assigned into 10
groups: blank group [cells in 0.8 mL medium were treated
with 1.2 mL phosphate-buffered saline (PBS)]; control

group [cells in 0.8 mL medium were treated with 0.8 mL
PBS and 0.4 mL thalidomide (2.5 mmol/L)]; model group
[cells in 0.8 mL medium were treated with 0.8 mL PBS
and 0.4 mL PQ (500 pmol/L)]; thalidomide group [cells
were pre-treated with 0.4 mL PBS and 0.4 mL thalidomide
for 2 hours, respectively, and then treated with 0.4 mL PQ
(500 pmol/L)]; NC inhibitor group (cells were pre-trans-
fected with NC inhibitor for 24 hours, followed by the same
treatments in the thalidomide group); miR-141 inhibitor
group (cells were pre-transfected with miR-141 inhibitor
for 24 hours, followed by the same treatments in the tha-
lidomide group); LV-NC group (cells were pre-transfected
with LV-NC for 24 hours, followed by the same treatments
in the thalidomide group); and LV-HDACG6 group (cells
were pre-transfected with LV-HDACG6 for 24 hours, fol-
lowed by the same treatments in the thalidomide group);
dimethyl sulphoxide (DMSO) group (cells were pre-treated
with DMSO for one hour, followed by the same treatments
in the model group), N-acetylcysteine (NAC) group (cells
were pre-treated with NAC for one hour, followed by the
same treatments in the model group). All transfection was
performed using a Lipofectamine 2000 kit (Invitrogen) in
accordance with the kit instructions.

24 | Determination of the ratio of W/D
weight of lung tissues

After euthanasia, the upper right lobes in rat lungs were col-
lected and washed by sterile saline for three times. Then, the
wet weight was confirmed after absorption of the remaining
water using filter papers. The tissues were further dried at
80°C for 48 hours, and then, the dry weight was evaluated.
The ratio of W/D weight of each rat was detected and the
average W/D value in each group was calculated to assess
the lung oedema.

2.5 | HE staining

The lung tissues of each group of rats were collected, fixed
in 10% formalin buffer, embedded in paraffin and cut into
sections (2 pm). The sections were dewaxed and stained with
haematoxylin (H3136) and eosin (232954, Sigma-Aldrich)
for 2 hours, and then observed under a microscope.

The inflammation in lung tissues, according to the HE
staining, was scored by a group-blinded pathologist as pre-
viously described.”® The scoring criteria were as follows:
0 = no inflammation; 1 = mild inflammation with the pres-
ence of inflammatory lesions in the walls of bronchi or blood
vessels, or the alveolar septum; 2 = moderate inflammation
with the presence of patchy or local inflammation in the
walls of bronchi or blood vessels, or the alveolar septum;
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3 = severe inflammation with the presence of diffuse inflam-
matory cells in the walls of bronchi or blood vessels, or the
alveolar septum.

2.6 | Evaluation of oxidative stress injury
ELISA kits purchased from Jiancheng Bioengineering
Institute (Nanjing, Jiangsu, China) were used to determine
the expression of reactive oxygen species (ROS, No. E004-
1-1) and malondialdehyde (MDA, No. A003-2). The mid-
dle lobe of the rat right lung was collected, washed in cold
PBS, sliced and placed in a homogenizer tube. Phosphate
and carbonate isotonic solution (0.05 M) was used as the
homogenate medium. The tissues were fully grinded,
and then, the homogenate was centrifuged at 1000 g for
10-15 min to collect the supernatant. The corresponding
reagents were prepared as per the Kkit's instructions, and
the relative expression of ROS and MDA was determined
by chemiluminescence and thiobarbituric acid methods,
respectively.

2.7 | Western blot analysis

Total protein from tissues or cells was extracted using the ra-
dio-immunoprecipitation assay (RIPA) lysis buffer contain-
ing proteinase inhibitor (Solarbio Science & Technology Co.
Ltd.). Protein concentration was determined using a Pierce™
bicinchoninic acid kit (No. 23227, Thermo Fisher Scientific).
Then, the protein samples were run on sodium dodecyl sul-
phate polyacrylamide gel electrophoresis and transferred
on polyvinylidene fluoride membranes (EMD Millipore).
Next, the membranes were blocked in 5% non-fat milk and
incubated with the primary antibodies (see below) at 4°C
overnight, and then with the corresponding secondary anti-
bodies at room temperature for 2 hours. After that, the mem-
branes were soaked in enhanced chemiluminescence reagent
(WBKLS0100, EMD) in the dark and developed after light
exposure. The protein bands were analysed, and the ratio of
grey value of target bands to internal control band (GAPDH)
was calculated as the relative protein expression. Three in-
dependent experiments were performed. The primary anti-
bodies were B-cell lymphoma-2 (Bcl-2, 1:1000, MABS8272,
rndsystems), Bcl-2-associated X (Bax, 1:1000, #2772,
Cell Signaling Technology), interleukin-6 (IL-6, 1:1000,
ab208113, Abcam Inc), tumour necrosis factor-o (TNF-
a, 1:1000, ab6671, Abcam), basic fibroblast growth fac-
tor (bFGF, 1:1000, sc-365106, Santa Cruz Biotechnology),
GAPDH (1:10 000, ab181602, Abcam), IxkBa (1:1000,
#4814, CST), plkBa (Ser32/36, 1:1000, #9246, CST), NF-
kB-p65 (1:1000, #6956, CST) and pNF-kB p65 (Ser536,
1:1000, #3033, CST), while the secondary antibodies used
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were goat anti-rabbit immunoglobulin G (IgG) H&L (HRP)
(1:10 000, ab6721, Abcam) and goat anti-mouse IgG H&L
(HRP, 1:10 000, ab205719, Abcam).

2.8 | CCK-8 method

A total of 2 x 10° exponentially growing RLE-6TN cells
were evenly seeded on a 96-well plate (96 pL per well). The
plate was placed in the incubator for cell adherence. Next,
each well was loaded with 10 mL. CCK-8 solution (C0037,
Beyotime Biotechnology Co., Ltd.) for another 2-hour incu-
bation at 37°C with 5% CO,. Then the optical density (OD)
value of each well was determined at 450 nm.

2.9 | ROS elimination experiments

ROS scavenger NAC (CAS No. 616-91-1, purity >98%) was
acquired from MedChemExpress. The RLE-6TN cells were
pre-treated with 5 mmol/L. NAC for 1 h followed by PQ ex-
posure, and then, the cytotoxicity in cells was determined by
the CCK-8 assay. Cells pre-treated with DMSO were set as
control.

210 | Flow cytometry

An Annexin V fluorescein isothiocyanate (FITC)/propidium
iodide (PI) kit (V13242, Thermo Fisher Scientific) was used
for apoptosis measurement. The 1X Annexin binding buffer
was prepared as per the kit protocol. Cells after transfec-
tion were collected using the PI stock solution and washed
with cold PBS. Next, the cells were centrifuged to discard
the supernatant, and resuspended in the 1X Annexin bind-
ing buffer, followed by the treatment of annexin V FITC and
PI working solutions. After a 15-minute incubation at room
temperature, the cells were further mixed with the binding
buffer on ice. The apoptosis of cells was analysed using the
Cell-Quest software (Becton Dickinson) and a flow cytom-
eter (FACSCalibur, BD).

2.11 | miRNA microarray analysis

SurePrint Rat miRNA Microarrays purchased from Agilent
Technologies were used. In brief, total RNA from tissues was
collected using a miRNeasy FFPE Kit (Qiagen, GmbH) or a
Recover All Total Nucleic Acid Isolation Kit (Thermo Fisher
Scientific). The RNA quality was examined using the Agilent
2100 Bioanalyzer Eukaryote Total RNA Nano or Pico assay.
Next, the RNA was labelled, hybridized and washed, and the
microarray chips were scanned as per the protocol manuals.
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The differentially expressed miRNAs between the model and
thalidomide groups were screened.

212 | RT-qPCR

Total RNA from tissues or cells was extracted using the
TRIzol reagent (Invitrogen) and transcribed into comple-
mentary DNA (cDNA) using a Reverse Transcription Kit
(N0.4374966, Invitrogen). Next, real-time qPCR was per-
formed using a Universal SYBR Green Master (Vazyme
Biotech) on an ABI 7500 Real-Time qPCR System according
to the protocols. Table 1 lists the primer sequences in which
5S and GAPDH served as the internal references. Relative
gene expression was determined using the 2724CT method
with three independent experiments carried out.

2.13 | RNA immunoprecipitation
(RIP) analysis

A Magna RIP Kit (17-710, Merck Millipore) was applied.
In brief, the RLE-6TN cells were harvested and lysed in RIP
lysis buffer. After that, 100 pL cell extract was cultivated
with RIP buffer supplemented with magnetic beads conju-
gated with rat anti-Ago2 with anti-IgG served as NC. The
protein was detached by proteinase K, and then, the precipi-
tated RNA was purified and collected for RT-qPCR to evalu-
ate the HDAC6 and miR-141 expression in precipitates.

2.14 | Dual-luciferase reporter gene assay

The 293T cells (CRL-11268, ATCC) used for transfection
were incubated in 24-well plates. The binding site between
miR-141 and HDAC6 was predicted on StarBase (http://starb

TABLE 1 Primer sequences in RT-qPCR
Gene Primer sequence (5'-3")
miR-141 F: TCCATCTTCCAGTGCAGTGT
R: GAACATGTCTGCGTATCTC
HDAC6 F: GCACGCTGTCTCATCCTACCT
R:
CCCGAGTTTTCATCTTTTCTGTGTG
58 F: TGGGTTCATTTCTGGGTCTT
R:
GGATGGGAGACCGCCTGGGAATAC
GAPDH F: TCTCTGCTCCTCCCTGTTC

R: ACACCGACCTTCACCATCT

Abbreviations: F, forward; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HDACS, histone deacetylase 6; R, reverse; RT-qPCR, reverse
transcription quantitative polymerase chain reaction.

ase.sysu.edu.cn/). Subsequently, the cDNA fragment con-
taining the putative miR-141 binding site was amplified and
inserted into pGL3 vectors to construct HDAC6 wild-type
(WT) vector. The corresponding HDAC6 mutant type (MT)
vector was constructed using a Fast Change Site-Directed
Mutagenesis Kit (Agilent, Roseville City, CA, USA). The
constructed WT and MT vectors were co-transfected using
either miR-141 mimic or mimic control into 293T cells.
Forty-eight hours later, the relative luciferase activity was
examined on a luciferase reporter gene assay (Promega).

2.15 | Statistical analysis

SPSS 22.0 (IBM Corp.) was used for data analysis. Data
were collected from at least three independent experiments
and presented as mean =+ standard error of the mean (SEM).
Measurement data were compared using the unpaired ¢ test
(for 2 groups) and one-way or two-way analysis of variance
(ANOVA) followed by Tukey's multiple comparison test
(for more than 2 groups). p values were obtained from two-
tailed tests, and P < .05 was considered to show statistical
significance.

3 | RESULTS
3.1 | Thalidomide protects rats against PQ-
induced lung injury

The rats presented significant poisoning symptoms includ-
ing an increased respiratory rate, mouth breathing and nasal
flaring within 72 hours after PQ exposure, and the food in-
take of rats was notably reduced. Within 14 days, 4 rats in
the model group died, while the rats further administered
with thalidomide were all alive and the respiratory distress
of rats was alleviated. In addition, compared to the timely
treatment of thalidomide, delayed administration of thalido-
mide (72 hours after PQ exposure) led to severe symptoms
in rats, though these rats showed better conditions than those
without thalidomide treatment. Next, the W/D weight ratio
of rat lung was evaluated (Figure 1A). There was no major
difference between rats in the control and blank groups,
but the W/D weight ratio was notably increased in model
rats. Timely thalidomide treatment reduced the PQ-induced
oedema in rat lung tissues, but the alleviating effects of tha-
lidomide were reduced when it was belatedly administered.
These results indicated that thalidomide administration alone
has no effect on oedema changes, while it, especially with
a timely administration, can reduce the oedema induced by
PQ. Thereafter, the lung tissue sections were collected for
HE staining (Figure 1B). The control rats treated with tha-
lidomide alone showed no significant differences compared


http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/

ZHENG ET AL. (Bcp-r 339
Basic & Clinical ¥ Ph Toxicology
A 8 B 4
j=2}
Se *
~ @
o)
8° #
[m]
2 %
&> © ¢
o‘\\'\ @06 S ®
S -60 \a)
> >
& &L
\’b*

C W= Blank B Model
’ s ™ Blank = Thalidomide
=1 Control = Thalidomide % ) )
W= delay-Thalidomide 5 # = Control ™ delay-Thalidomide
. x * 2 il #* B Model
£ 2 # % #y x
c C Qo
£2 o i # g g 2, #
s # ﬁ ¥ < # #x
5= * T & #3 *
x <] *
05 a
2 g 14 0
TQ 2
o O ©
L E
0 bFGF Bax Bcl-2 IL-6 TNF-a
ROS MDA
E
1.5+
£ Zz z
3 3 3 1.0
*
£ 1.0 S £ _‘i#
= % = =
8 8 8 .
2 05| T £ 2 05
5" s 8 s
14 x x
0.0~ 0.0- T
0 100 300 500 700 0 1.5 25 3.5 4.5 5.5 ’ ] .
PQ concentration (mol/L) Thalidomide concentration (mmol/L) Blank  Control  Model Thalidomide
G H
g Blank i Control
oo @ SF3a [
:’9-
1.5
To
50—
. *
23 —~ 40 E 1.0 - —|—
s 8 *
8o e 2 30+ Z
- T T T T T T T TTTm [0} o
10010 q0¢ | q0e 1o+ 100 10r 10 10+ 1o+ © 3 &
Annexin-V-FITC Annexin-V-FITC K] 20 * 2 0.5 —T—
. Model . Thalidomide g 5
qa @ 27 @ o 10 4
<
2] 2] 0— T 0.0 —
- - Blank  Control  Model Thalidomide Blank DMSO NAC
=k a5
2] 2]
S o3 o & ]as
-~ T T ~ T T T

10° 10 102 10° 104 10° 10 10? 10° 10*
Annexin-V-FITC Annexin-V-FITC

to the blank ones, indicating that thalidomide administration
alone, at this concentration, showed little impact on rat lungs.
However, significant lung injury with oedema, ecchymosis
and inflammatory infiltration was observed in model rats, and
the inflammatory score was highest in this group. Again, the
PQ-induced symptoms were relieved by thalidomide, though

there remained a few oedema fluid and inflammatory cells in
rat lungs. The inflammatory score was higher in the delay-
thalidomide group compared to the thalidomide group. In ad-
dition, the ELISA results showed that the levels of ROS and
MDA were notably increased in model rats but reduced in the
thalidomide group. Still, the ROS and MDA levels showed
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FIGURE 1

Thalidomide protects rats against PQ-induced lung injury. (A) W/D weight ratio to reflect oedema in lungs of rats in the blank,

control, model, thalidomide and delay-thalidomide groups (n = 10 in each group); (B) representative images for the histopathological changes in rat

lung tissues detected by HE staining and the inflammatory score determined by a pathologist (n = 10 in each group; one-way ANOVA; *P < .05
vs blank group; *P < .05 vs model group; ®P < .05 vs thalidomide group); (C) levels of ROS and MDA in rat lung tissues determined by ELISA
kits (n = 10 in each group, two-way ANOVA, *P < .05 vs blank group, *P < .05 vs model group); (D) levels of apoptosis-related factors (Bax and

Bcl-2), fibrosis-related factor (bFGF) and inflammatory cytokines (IL-6 and TNF-a) determined by Western blot analysis (n = 10 in each group;

representative images are presented; two-way ANOVA, *P < .05 vs blank group, *P < .05 vs control group); (E) viability of RLE-6TN cells after
different concentrations of thalidomide and PQ treatment determined by the CCK-8 method (one-way ANOVA, *P < .05, **P < .01 vs 0 h), (F)
viability of RLE-6TN cells after thalidomide and PQ treatment determined by the CCK-8 method (one-way ANOVA, *P < .05 vs blank group,
#P < .05 vs model group); (G) representative images for the apoptosis of each group of cells determined by flow cytometry (one-way ANOVA,

#P < .05 vs blank group, *P < .05 vs model group); (H) involvement of ROS in PQ-induced cytotoxicity in cells determined by EOS elimination

assay (one-way ANOVA, #P < .05 vs blank group, *P < .05 vs control group). Data are expressed as mean + SEM from three independent

experiments. The representative images are presented

no major difference between the blank and control groups,
but the levels were higher in the delay-thalidomide group
than that in the thalidomide group (Figure 1C). Western blot
analysis was further performed to determine the levels of ap-
optosis-related factors Bax and Bcl-2, the pro-inflammatory
cytokines IL-6 and TNF-a, and the fibrosis-related factor
bFGF in rat lung tissues. It was found that the levels of Bax,
IL-6, TNF-a and bFGF were increased in model rats, while
these changes were blocked by the further administration of
thalidomide. An early administration of thalidomide showed
better effects than a late one (Figure 1D). Collectively, these
results indicated that thalidomide alone has no significant im-
pact on lung damage in rats, while it reduces the PQ-induced
cell apoptosis, inflammation and fibrosis in rat lung tissues.
To reduce the pain in animals, timely thalidomide adminis-
tration was introduced in rats in the subsequent experiments.

The functions of PQ and thalidomide on cells were eval-
uated as well. In a pre-experiment, we treated the RLE-6TN
cells with different doses of PQ (0-700 pmol/L) and thalid-
omide (0-5.5 mmol/L), and then, the viability of cells was
determined by the CCK-8 assay (Figure 1E). As expected,
PQ suppressed the viability of cells. A dose of 500 pmol/L
PQ reduced the cell viability by half. In terms of thalido-
mide, it was found that a low concentration of thalidomide
had little effect on the viability of cells. But when the con-
centration of thalidomide exceeded 2.5 mmol/L, the viabil-
ity of cells started to decrease. Therefore, 500 pmol/L of PQ
and 2.5 mmol/L of thalidomide were used to treat the cells
in in vitro experiments. According to the CCK-8 method
(Figure 1F), it was found that the viability of cells between
the blank (PBS treatment) and control (thalidomide admin-
istration) groups had no major difference, but that was no-
tably decreased in the model group while increased in the
thalidomide group. Likewise, a flow cytometry was used to
measure apoptosis in cells (Figure 1G), which identified an
increase in cell apoptosis in the model group, while this in-
crease was blocked by thalidomide treatment. Again, there
was little difference in cell apoptosis between the blank and
control groups.

An ROS elimination experiment was further performed
to examine the relevance between oxidative stress and the
PQ-induced damage in cells. The RLE-6TN cells were pre-
treated with NAC (5 mM) or DMSO for an hour and then
exposed to PQ, and cells without any treatment were set as
blank control. The CCK-8 assay found that elimination of
ROS notably reduced the toxicity of PQ in cells (Figure 1H).
Collectively, these results suggested that administration of
thalidomide alone has no impact on lung injury or cell dam-
age, but it can protect rat lungs and RLE-6TN cells from PQ-
induced damage.

3.2 | miR-141 upregulation is responsible
for the protection of thalidomide against PQ-
induced lung injury

Following the findings above, we further probed the possible
molecules involved. A miRNA microarray was performed
using the lung tissues from three rats in the model and thalid-
omide groups. The top 10 differentially expressed miRNAs
are presented in Figure 2A. miR-141, identified as the mostly
changed one, was selected as the subject of this study.
Thereafter, miR-141 expression in lung tissues of each
group of rats was determined. The RT-qPCR results showed
that compared to the blank group, miR-141 expression was
increased in the control group while decreased in the model
and thalidomide groups (Figure 2B), indicating miR-141 was
reduced by PQ treatment while increased following inde-
pendent thalidomide treatment. Thereafter, the miR-141 in-
hibitor or the NC inhibitor was delivered into rats before the
original PQ and thalidomide co-treatment. It was found that
the W/D weight ratio of rat lungs was increased after miR-
141 inhibitor administration (Figure 2C). The RT-qPCR re-
sult identified a successful downregulation of miR-141 after
miR-141 inhibitor administration (Figure 2D), indicating the
miR-141 inhibition blocked the reducing roles of thalidomide
against PQ-induced lung oedema. Again, according to the
HE staining results (Figure 2E), an aggravation in oedema
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FIGURE 2 miR-141 upregulation is responsible for the protection of thalidomide against PQ-induced lung injury. (A) differentially expressed
miRNAs between the rat lung tissues from the model group and the thalidomide group screened using microarray analysis (n = 3 in each group);
(B) miR-141 expression in lung tissues from each group of rats determined by RT-qPCR (n = 10 in each group; one-way ANOVA, *P < .05); (C)
W/D weight ratio in rat lung tissues following miR-141 inhibitor treatment (n = 10 in each group, unpaired t test,* P < .05 vs NC inhibitor); (D)
miR-141 expression following miR-141 inhibitor or the NC treatment determined by RT-qPCR (n = 10 in each group, unpaired ¢ test,*P < .05,
miR-141 inhibitor vs NC inhibitor); (E) representative images for the histopathological changes in rat lung tissues detected by HE staining and

the inflammatory score determined by a pathologist (n = 10 in each group; unpaired 7 test,*P < .05 vs NC inhibitor); (F) levels of ROS and MDA
in rat lung tissues after miR-141 inhibitor or NC treatment determined by ELISA kits (n = 10 in each group; two-way ANOVA, *P < .05 vs NC
inhibitor); (G) levels of apoptosis-related factors (Bax and Bcl-2), fibrosis-related factor (bFGF), inflammatory cytokines (IL-6 and TNF-a) after
miR-141 inhibitor or NC treatment determined by western blot analysis (n = 10 in each group, two-way ANOVA, *P < .05 vs NC inhibitor group);
(H) viability of RLE-6TN cells after miR-141 inhibitor or NC treatment determined by CCK-8 treatment (unpaired ¢ test, *P < .05 vs NC inhibitor
group); (I) apoptosis rate of each group of cells determined by flow cytometry (unpaired 7 test, *P < .05 vs NC inhibitor). Data are expressed as

mean + SEM from three independent experiments. The representative images are presented

and in inflammatory infiltration was observed in lung tissues
after miR-141 inhibitor transfection, and the inflammatory
score was increased. The ELISA results (Figure 2F) fur-
ther revealed an increase in ROS and MDA expression after
miR-141 inhibitor administration. Also, downregulation of
miR-141 decreased the expression of Bcl-2 while increased
the levels of Bax, bFGF, IL-6 and TNF-«a in rat lung tissues
(Figure 2G). These results implicated that downregulation of
miR-141 blocks the protective effects of thalidomide on PQ-
induced lung damage.

Likewise, miR-141 inhibitor or the control was pre-trans-
fected into RLE-6TN cells prior to PQ and thalidomide treat-
ment. Then, the CCK-8 assay found that the viability of cells
increased by thalidomide was further suppressed by miR-141

inhibitor (Figure 2H). In addition, the anti-apoptotic role of
thalidomide in PQ-induced cells was counteracted by miR-
141 inhibitor (Figure 2I).

3.3 | miR-141 targets HDAC6

Data on Starbase suggested HDAC6 as a potential target of
miR-141 (Figure 3A). HDACS6 has been noted to be closely
linked to oxidative stress in injury progression.17 We then
speculated that HDACS6 is possibly regulated by miR-141
and leads to lung injury development. We then detected
HDACS6 expression in lung tissues of each group of rats
using RT-qPCR. The results identified that compared to the
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FIGURE 4 Thalidomide inhibits PQ-induced activation of the IkBa-NF-«B signalling pathway. Phosphorylation of IkBa and NF-kB p65 in
rat lung tissues determined by Western blot analysis (two-way ANOVA, *P < .05 vs blank group, “P < .05 vs model group). Data are expressed as

mean + SEM from three independent experiments. The representative images are presented

blank group, HDAC6 expression was notably suppressed
in the control group but increased in the thalidomide and
model groups, especially in the latter one. Compared to
the model group, HDACG6 expression was reduced as well
(Figure 3B).

To validate the correlation between miR-141 and HDAC6
expression, miR-141 mimic was administered in RLE-6TN
cells, after which the miR-141 expression was successfully
increased according to RT-qPCR (Figure 3C). Thereafter,

we found HDACG6 expression was notably suppressed by
miR-141 mimic (Figure 3D). A RIP assay was further per-
formed, which found enrichments of miR-141 and HDAC6
in the compounds precipitated by anti-AGO2 (Figure 3E). In
addition, a dual-luciferase assay was conducted, which iden-
tified a decline in luciferase activity in cells co-transfected
with miR-141 mimic and HDAC6-WT vector (Figure 3F),
while cells transfected with MT vector or miR-141 mimic
control showed no changes in luciferase activity.
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3.4 | Thalidomide inhibits PQ-
induced activation of the IkBa-NF-xB
signalling pathway

Phosphorylation of IkBa and NF-kB p65 was meas-
ured through Western blot analysis (Figure 4). No notable

difference was found between the blank and control groups,
while compared to the blank group, the phosphorylation
extents of IkBa and NF-xB p65 in rat lung tissues were in-
creased in the blank and model groups, indicating that PQ
activated the IkBa-NF-kB pathway. Again, though the ac-
tivation of this signalling was increased in the thalidomide
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group as relative to the blank one, the phosphorylation of
IxkBa and NF-kB p65 was significantly reduced when com-
pared to that in the model group.

3.5 | Overexpression of HDAC6 blocks the
protective roles of thalidomide

To further confirm the involvement of HDAC6 downregu-
lation in the protective roles of thalidomide and miR-141,
rescue experiments were performed where rats or cells were
pre-treated with LV-HDACS6 prior to PD and thalidomide
administrations. In rat lung tissues, it was found that the
W/D weight ratio was increased after LV-HDACG6 delivery
(Figure 5A), and a significant increase in HDAC6 expres-
sion was identified according to RT-qPCR (Figure 5B). The
HE staining results presented that the pathological injury in
rat lung tissues was aggravated and the inflammatory score
was increased (Figure 5C). The ELISA results showed the
levels of oxidative stress-related factors ROS and MDA
were increased following HDACG6 upregulation (Figure 5D).
The Western blot analysis results exhibited increased lev-
els of Bax, bFGF, IL-6 and TNF-a while decreased level
of Bcl-2 in lung tissues after LV-HDAC6 administration.
In addition to this, the phosphorylation of IkBa and NF-xB
p65 was increased as well (Figure 5E). In RLE-6TN cells
pre-transfected with LV-HDACS®, it was found that the vi-
ability of cells was decreased upon HDAC6 overexpression
(Figure SF). Correspondingly, apoptosis rate of cells was
increased following HDAC6 upregulation according to the
flow cytometry (Figure 5G).

4 | DISCUSSION

Clinically, there remains no available medical treatment for
PQ poisoning except minimizing its absorption and strug-
gling to prevent organ failure. PQ concentration increases
continuously within the lungs in the first hours following PQ
ingestion in spite of decreasing PQ levels in plasma,6 predis-
posing lung as a major organ at risk following PQ exposure.
The pathological presentations of PQ intoxication are acute
pulmonary injury followed by rapid development of fibrosis
and collagen accumulation.* In this paper, we validated that
thalidomide is capable of alleviating lung injury induced by
PQ by suppressing inflammatory responses, oxidative stress,
fibrosis and cell death with the involvement of upregulation
of miR-141 and downregulation of HDAC6 and the IxkBa-
NF-kB pathway.

Though the anti-inflammatory role of thalidomide in
PQ-induced pulmonary injury has been noted in a mouse
model by ameliorating the biochemical and histological
presentations and the secretion of inflammatory factors,'*

the implicated mechanisms are too complicated to be fully
figured out. To validate the role of thalidomide, animal and
cell models treated by PQ and thalidomide were developed.
Consequently, thalidomide was found to reduce lung oedema,
oxidative stress (decreased ROS and MDA), inflammatory
infiltration, fibrosis (bFGF) cell apoptosis (decreased Bax/
Bcl-2) and production of inflammatory cytokines (IL-6 and
TNF-a) in rat lung tissues. Among these changes, oxidative
stress is a major consequence of PQ poisoning and a pre-
dominant cause for the subsequent alveolar epithelial cell
destruction, inflammatory cell infiltration to the interstitial
and alveolar spaces, and the pulmonary inflammatory and
fibrosis.®*® Similar trends were found in a rat model with
acute pancreatitis-associated lung injury, where the research-
ers found that thalidomide reduced adhesion molecules by
reducing oxidative stress.*? Likewise, the anti-inflammatory
effect of thalidomide was also found in influenza A (HINT1)
virus-induced pulmonary injury in mice by reducing the se-
cretion of pro-inflammatory cytokines.41 In addition, bGFG
is the mostly studied fibrosis-related factor,“z’43 and PQ has
been reported to enhance bGFG expression and promote fi-
brosis in rat lungs,44 while thalidomide has been reported
to inhibit bFGF expression in rats,” which was partially in
line with our findings. Moreover, considering the teratoge-
nicity9 and potential side-effects of thalidomide, specifically,
rats and cells were treated with thalidomide alone, and it was
found that alone administration of thalidomide did not affect
the lungs and cells.

Aberrant expression of miRNAs is closely associated
with inflammatory responses including lung injury develop-
ment.***® A miRNA microarray analysis was applied to ex-
plore the potential molecules involved in the events mediated
by thalidomide. miR-141 was identified as the mostly signifi-
cantly upregulated miRNA after thalidomide treatment. Based
on this finding, artificial downregulation of miR-141 was
pre-introduced in rat and cell models before thalidomide and
PQ treatments. It was found that the protective effects of tha-
lidomide against PQ were blocked upon miR-141 downregu-
lation, indicating miR-141 upregulation is responsible for the
alleviating roles of thalidomide in lung injury. In a pneumo-
nia cell model induced by LPS, upregulation of miR-141 was
found to suppress cell apoptosis and inflammation response
but to promote viability of MRC-5 cells.” Interestingly, a
similar trend was found in another LPS-induced inflamma-
tory model in WI-38 fibroblasts where miR-141 reduced in-
flammation through upregulation of NOX2.'® miRNAs are
well-known to primarily induce degradation of target mRNAs
by direct binding. Here, we identified HDAC6 as a target of
miR-141. HDACS6 inhibition has been suggested to reduce ox-
idative stress level to protect against rhabdomyolysis-induced
kidney injury.SO Again, in an LPS-induced acute lung injury
model, inhibition of HDAC6 was reported to block activa-
tion of the inflammatory signalling and caspase-1."" Here,
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and inactivate the IkBa-NF-kB signalling
pathway, reducing inflammatory cytokine
secretion (IL-6 and TNF-a), oxidative stress
(ROS and MDA), fibrosis (bFGF), and cell
apoptosis (Bax/Bcl-2) in lung tissues in a rat
model with PQ-induced lung injury

to check whether HDACG6 inhibition participates in the me-
diation by thalidomide-miR-141, another rescue experiment
was carried out, where we found overexpression of HDAC6
blocks the alleviating roles of thalidomide in PQ-treated cells
and rats. In addition, thalidomide was found to reduce phos-
phorylation of IxkBa and NF-xB p65 in our experiments. Still,
the activation of this signalling pathway is recovered follow-
ing LV-HDACS transfection. Activation of the NF-xB family
of transcription factors, which is mainly regulated by the IxkB
kinases and the phosphorylation and degradation of IkBa, is
of major importance in the orchestration of the inflamma-
tory responses.”>>* More relevantly, thalidomide was noted
to mitigate acute pancreatitis-associated lung injury through
suppressing TNF-o induced by NF-kB.” The promoting role
of HDACS in inflammation and oxidative stress was reported
involving the mitogen-activated protein kinase/NF-kB signal-
ling pathway.SG’57 Here, we report a similar molecule involved
in thalidomide-initiated protection against PQ-induced lung
injury, where thalidomide suppresses the IkBa-NF-kB signal-
ling pathway through miR-141-mediated downregulation of
HDACG.

To sum up, this study evidenced by both in vivo and in
vitro experiments that thalidomide alleviates PQ-induced
lung injury through suppressing inflammation, oxidative
stress and cell death with the involvement of miR-141 up-
regulation and the following HDAC6 downregulation and
IkBa-NF-xB inactivation (Figure 6). These findings may
provide a better understanding of the molecular mechanisms
in the anti-oxidative and anti-inflammatory effects of tha-
lidomide. However, thalidomide is a multi-potent chemical
with other functions such as induction of monocyte apopto-
sis”® and anti-angiogenic property.59 Though we found that
administration of thalidomide alone did not affect the patho-
logical changes in rats and the cells, its potential function
on monocytes was not concerned. Also, due to the time and
funding limits, the relevance of the anti-angiogenetic role of

Oral gavage of Thalidomide

A rat model exposed to paraquat

thalidomide to the fibrotic and injury processes of PQ was
not discussed in this study. We would like to address these
issues in future studies. We hope more studies will be carried
out in the future to offer new ideas for lung injury treatment.
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