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BACKGROUND: This study aims to explore the characteristics of the epithelial-to-mesenchymal
transition (EMT) process and its underlying molecular mechanisms in the period of paraquat (PQ)-induced
pulmonary fibrosis (PF).

METHODS: Picrosirius red staining and collagen volume fraction were utilized to evaluate the
pathological changes of PQ-induced PF in rats. Immunohistochemistry, Western blot, and real-time reverse
transcriptase-polymerase chain reaction (RT-PCR) were used to measure the protein and gene expression of
EMT markers, EMT-associated transcription factors, and regulators of EMT-related pathways, respectively.

RESULTS: The collagen deposition in the alveolar septum and increased PF markers were
characteristics of pathological changes in PQ-induced PF, reached a peak on day 14 after PQ poisoning,
and then decreased on day 21. The protein and gene expression of the fibrosis marker, EMT markers,
transcription factors, and regulators of EMT-related signaling pathways significantly increased at different
time points after PQ poisoning compared with corresponding controls (P<0.05), and most of them
reached a peak on day 14, followed by a decrease on day 21. The gene expression of EMT markers was
significantly correlated with PF markers, transcription factors, and regulators of EMT-related signaling
pathways (P<0.05). The mRNA expression of transcription factors was significantly correlated with that of
TGF-B1 and Smad2 (P<0.05 or P<0.01), instead of Wnt2 and -catenin (P>0.05).

CONCLUSIONS: EMT process plays a role in the PQ-induced PF, in which most PF and EMT
markers have a peak phenomenon, and its underlying molecular mechanisms might be determined by
further studies.
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INTRODUCTION

Paraquat (PQ, 1,1'-dimethyl-4,4"-bipyridinium) accounts
for one-third of herbicides used in the world, especially in
developing countries."! PQ poisoning leads to the highest
fatality rate in pesticide poisoning,” and the latter is the most
common reason for suicide in the world.”) PQ poisoning
is often caused by ingestion without intention or with
attempted suicide.”! Because of its low lethal dose (PQ
2040 mg/kg in adults), lack of specific antidotes, and high
mortality (50%—-70%), PQ poisoning has become a focus in

© 2021 World Journal of Emergency Medicine

emergency medicine.
The death from PQ poisoning was attributed to rapidly
progressive respiratory failure induced by extensive and
irreversible pulmonary fibrosis (PF)."* So far, there have
been no specific therapy methods for PQ-induced PF.
Unclear poisoning mechanism may be one of reasons. Thus
clarifying the mechanism for PF process might be helpful to
find an effective treatment strategy for PQ poisoning.
Epithelial-to-mesenchymal transition (EMT) plays a
key role in developing fibrosis in various tissues, such as
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renal interstitium, myocardium, and liver.”'" Its role in
idiopathic PF and bleomycin-induced PF was gradually
recognized.">"”! EMT was found to play a role in PQ-
induced PF in the lung by the generation of myofibroblasts
transited from epithelial cells."*'* During the EMT process,
the gene and protein expression of E-cadherin (E-cad), as a
marker of the epithelial cell, decreased. The epithelial cells
gradually obtained the features of mesenchymal phenotype,
e.g., significantly enhancing expression of a-smooth muscle
actin (a-SMA) protein and fibroblast specific protein-1
(FSP-1) as the markers of mesenchymal cells.""” In vitro
studies"**” showed that the EMT process in PQ-induced
PF was mediated by the transforming growth factor-f1
(TGF-B1), Smad, mitogen-activated protein kinase (MAPK),
and p-catenin. However, few studies''**” focused on the
mechanism of EMT with PQ-induced animal models.
Clinical cases who died from lung fibrosis among PQ-
poisoned patients were often reported,'” indicating that the
period of PQ-induced PF might be a long phase for clinical
treatment. Several studies'' > already focused on EMT
process in PQ-induced PF within an early stage (e.g., three
days). However, the whole EMT process in PQ-induced PF
and its underlying mechanisms have been rarely reported.

Therefore, in this study, PQ-induced animal models
will be used to verify the underlying mechanisms of EMT
process. Both the early and late stages of PF process after PQ
poisoning will be covered for the importance of PQ-induced
delayed PF, which might provide treatment strategies against
PF induced by PQ poisoning.

METHODS

Animals and treatment

Male Sprague-Dawley rats, 4-5 months, weighing
250+45 g (Leicester Company, China) were kept
individually in a room for one week, with room temperature
23.0+0.5 °C, humidity 50.0%=+0.5%, and a 12-hour light
cycle. Standard rat chow and water ad libitum were provided.
The control group (n=60) received saline injection, while
the PQ group (n=60) received intraperitoneal injection (i.p.)
of 20% PQ solution (Syngenta Nantong Crop Protection
Co., Ltd., China) at a dose of 15 mg/kg per rat.*" Rats were
anesthetized with 5% chloral hydrate (300 mg/kg) at 1, 3,
7,10, 14 and 21 days after the PQ treatment. The PF model
during different periods was established through trial tests
based on the pathological examination for the lung using the
picrosirius staining. After euthanized, one piece of the right
lung (400 mg) was frozen in liquid nitrogen and stored at
—80 °C for subsequent assays. Another piece of the right lung
(400 mg) was fixed in 4% paraformaldehyde solution (1:20)
for histological embedding.

Picrosirius red staining

Paraffin sections of the lung tissue specimens were
dewaxed and then added to a 0.1% Sirius red dye solution
(Fluka Chemie Co., Ltd., Switzerland) for 20 minutes. Then,
the sections were treated by the transparency and sealing
process. Under the microscope, the collagen tissue was red,
while the lung tissue was yellow. Collagen volume fraction
(CVF) value was utilized to reflect the degree of pulmonary
interstitial fibrosis. The calculation method was: eight
random fields of view were selected for each section; CVF
was the total area of interstitial fibrosis in each field divided
by the total area of connective tissue and lung tissue.

Immunofluorescence

The EnVision two-step method (Dako, Denmark)
was used to determine the protein expression of epithelial
cell markers (E-cad) and fibroblast markers (a-SMA,
FSP-1). The pretreated sections were incubated with primary
antibodies (E-cad, a-SMA, FSP-1; 1:100; Abcam, UK) for
90 minutes and the EnVision antibody (Dako, Denmark) for
30 minutes at room temperature. Subsequently, the sections
were stained with 4',6-diamidino-2-phenylindole (DAPI)
(Beyotime, China) and hematoxylin and sealed. The Leica
DM2500 positive microscope with the image software
analysis system LAS V3.8 (Leica, Germany) was used to
estimate the positive area of each slide. The ultimate value
was the average value of ten random fields of each slide.

Ribonucleic acid (RNA) isolation and real-time
reverse transcriptase-polymerase chain reaction
(real-time RT-PCR)

We used the Trizol kit (Invitrogen, USA) for total RNA
analysis. The primer pairs (Invitrogen, China) used in real-
time RT-PCR are listed in Table 1. Real-time RT-PCR
was performed with reverse transcription kit (Promega,
USA) and StepOne plus PCR amplification instrument
with StepOne Software Version 1.0 (Applied Biosystems,
USA). At the end of the reaction, the real-time RT-PCR
amplification curve and fusion curve were determined.
According to the mathematical method, the volume of
the target gene was a 2-delta cycle threshold (Ct). In this
formula, Ct was the cycle number of fluorescence that
reached the fluorescence threshold. The expression of genes
in the samples was compared with that of glyceraldehyde
phosphate dehydrogenase (GAPDH), an internal reference,
by the Ct method; three repetitions were performed.

Statistical analysis

All collected data were coded and entered into a dataset
in SPSS version 22.0 (IBM corporation, USA). Analysis
of variance (ANOVA) with repeated measures was used to
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compare the difference of variables at different time points.
The correlation between the expression of EMT markers
and fibrosis markers and regulators of the signaling pathway
was analyzed by Pearson’s coefficient. A priori level of
significance was set at 0.05 (two-tailed analysis).

RESULTS
PF induced by PQ

Picrosirius red staining showed that the collagen
deposition was observed in the alveolar septum in the first
week, and reached a peak on day 14, then decreased on
day 21 (Figure 1A). The CVF value, which represented the
extent of collagen deposition, began to increase on day 3 and
reached a peak in the second week, then decreased on day
21 after treatment. There were significant differences in CVF
between the PQ group and the control group from day 3 to
day 21 (P<0.05, Figure 1B).

PQ-induced EMT changes in epithelial cells and
mesenchymal cells in lung tissues

Positive staining of a-SMA and FSP-1 (as markers of
the myofibroblast phenotype derived from epithelial cells via
EMT) and weak staining of E-cad (an epithelial cell marker)
were found in lung tissues by the immunofluorescent staining
(Figures 2A—C). Figures 2D and 2E illustrated that the
immunofluorescent semi-quantification levels of FSP-1 and
a-SMA in the PQ group gradually rose on day 3, and then
decreased on day 21, which were significantly different from
those in the control group from day 3 to day 21 (P<0.05).

The immunofluorescent semi-quantification results
showed that the protein expression of E-cad in the PQ group
significantly decreased from day 3 to day 21, compared with
that in the control group (P<0.05, Figure 2F).

Table 1. Sequences of the primers used in real-time RT-PCR

Target gene Primer sequence Length of the
product (bp)

E-cadherin  F: GGGTTGTCTCAGCCAATGTT 206
R: CACCAACACACCCAGCATAG

o-SMA F: AGCCAGTCGCCATCAGGAAC 242
R: CCGGAGCCATTGTCACACAC

FSP-1 F: AGGCAACGAGGGTGACAAGTTC 194
R: CATCATGGCAATGCAGGACAG

Slug (snail2) F: GCACTGTGATGCCCAGGCTA 215
R: CCTTGCCACAGATCTTGCAGAC

Twist F: ACCCTCACACCTCTGCATTC 208
R: CAGTTTGATCCCAGCGTTTT

TGF-B1 F: ATACGCCTGAGTGGCTGTCT 225
R: TGGGACTGATCCCATTGATT

Smad2 F: CCAGGTCTCTTGATGGTCGT 241
R: TCTCCACCCTCTGGTAGTGG

Smad7 F: 5’TCCTGCTGTGCAAAGTGTTC3’ 188
R: TCTGGACAGTCTGCAGTTGG3’

Wnt2 F: GTGTGACAATGTGCCAGGTC 182
R: GTGGTCTCTGTCCAGGGTGT

fB-catenin F: GCCAGTGGATTCCGTACTGT 183
R: GAGCTTGCTTTCCTGATTGC

GAPDH F: AGACAGCCGCATCTTCTTGT 207

R: CTTGCCGTGGGTAGAGTCAT
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Figures 3A—C showed the Western blot photos of FSP-1,
a-SMA, and E-cad in the PQ group. Figures 3D-E displayed
that the protein expression levels of FSP-1 and a-SMA were
significantly elevated from day 10 to day 21, compared with
those in the control group (P<0.05). There was remarkable
downregulation of E-cad expression from day 10 to day 21
compared with that in the control group (P<0.05, Figure 3F).

The mRNA expression levels of FSP-1 in the PQ group
began to rise on day 7 and declined on day 21 and had
significant differences compared with those in the control
group from day 7 to day 21 (P<0.05, Figure 3G). Figure
3H demonstrated that the gene expression level of a-SMA
started to ascend on day 7 and descend on day 21. There
were significant differences in a-SMA gene expression
between the PQ group and the control group from day 7 to
day 21 (P<0.05). The E-cad gene expression was remarkably
downregulated in the PQ group from day 10 to day 21,
compared with that in the control group (P<0.05, Figure 31).

Elevated expression of slug and twist mMRNA
The mRNA expression of the EMT-associated

transcription factor slug regulating the migration of epithelial
A

il s

Y o, 1\
rl. g S
o X s L\. Y h

oy

B 504 ... PQ group
- - - Control group i
o:\°: 40+ .
o
=}
2 304 T
Lg . "/ N
E 20 A {7 %
B t
& - - S
= 104 ‘%’”" '({9"““ -
3 % ’
0 T T !

T T 1
1 3 7 10 14 21

N _days , ,
Figure 1. The picrosirius red staining of collagen in rat lung sections
of the PQ group (A) and collagen volume fraction (B) at different time

points after PQ injection (15 mg/kg) or saline. Compared with the
control group, "P<0.05.
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cells, rose on day 10 and reached a peak on day 14, then
declined on day 21. Significantly elevated expression was
found in the PQ group compared with the control group on
day 10 and day 14 (P<0.05, Figure 4A). Gene expression of
transcription factor twist began to gradually increase from
day 3 to day 14, and decreased on day 21 (Figure 4B). There
were significant differences in the twist gene expression
between the two groups from day 7 to day 21 (P<0.05).

Gene expression of regulators in the TGF-p1-
Smad signaling pathway

Increased mRNA levels of TGF-B1 and Smad2 were
observed in the PQ group compared with those in the control
group from day 7 to day 21 and from day 10 to day 21,
respectively (P<0.05). The mRNA levels of TGF-B1 and
Smad2 began to increase on day 7 and day 10, respectively,
and both peaked on day 14 and decreased on day 21 after PQ
poisoning (Figures 4C-D). No significant differences were
found in the Smad7 mRNA levels at different time points in

either the PQ group or the control group (P>0.05).

Gene expression of regulators of the Wnt2-f3-
catenin signaling pathway

The expression of Wnt2 mRNA and -catenin mRNA
was increased in the PQ group compared with that in the
control group (P<0.05). In the PQ group, the expression
of Wnt2 mRNA and B-catenin mRNA suddenly increased
on day 10 and day 14, respectively, and peaked on day 21
(P<0.05, Figures 4E-F).

Correlation analysis between observation indices

The protein expression levels of FSP-1 (y=0.947) and
a-SMA (y=0.829) were positively correlated with CVF,
while the expression of E-cad (y= —0.885) was negatively
related with CVF (P<0.05, data not shown).

Table 2 demonstrates that gene expression levels of
EMT-markers (a-SMA and E-cad) were significantly
correlated with those of transcription factors (a-SMA, slug,

Table 2. Correlation analysis of gene expression levels between EMT-markers and regulators of signaling pathway

Parameters 0-SMA E-cadherin Slug Twist TGF-1 Smad2 Wnt2 [B-catenin
a-SMA 1 - - - - - - -
E-cadherin 70.818* 1 . - - - - - -
Slug 0.869 -0.752 1 - - -
Twist 0.922" —0.845" 0.960" 1 - - - -
TGF-B1 0.955" -0.909" 0.822 0.863 1 - - -
Smad2 0.894° -0.818 0.971 0.993 0.971 1 - -
Wnt2 0.869 -0.942 0.521 0.646 0.800 0.601 1 -
B-catenin 0.797 —0.853 0.447 0.579 0.679 0.533 0.959° 1

"P<0.05, "P<0.01.
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Figure 2. Immunofluorescent staining (A—C), proteln relative expression (D F) of FSP-1, a-SMA and E-cadherin in the rat lung tissue at different

time points. Compared with the control group, "P<0.05.
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and twis; E-cad and twist; P<0.05 or P<0.01) and regulators
of signaling pathway (a-SMA, TGF-f1, Smad2, and Wnt2;
E-cad, TGF-B1, Smad2, Wnt2, and B-catenin; P<0.05 or
P<0.01). The mRNA expression of transcription factors
was significantly correlated with that of TGF-B1 and Smad2
(P<0.05 or P<0.01), instead of Wnt2 and B-catenin (both
P>0.05).

DISCUSSION

In this study, we explored the characteristics of the whole
EMT process in PQ-induced PF animal models. The CVF, as
a PF marker, significantly elevated from day 3 to day 21 with
a peak on day 14, which indicated that the process of PQ-
induced PF occurred from day 3 to day 21. Among the PF
process, protein and gene expression levels of myofibroblast
phenotype markers showed a significant increase in the
PQ group compared with those in the control group, while
epithelial cell markers (e.g., E-cad) showed a significant
decrease. Moreover, the correlation analysis showed that the
expression levels of EMT-related markers were positively
correlated with PF markers (e.g., CVF), while epithelial cell
marker was negatively correlated with CVF. These findings
indicated that there was an EMT and PF process during the
period from day 3 to day 21, reaching a peak on day 14.
Animal studies showed that PQ treatment led to lung fibrosis
and increased levels of mesenchymal markers (e.g., a-SMA)
at the very early stage within three days”***" or from day
7 to day 28,"**** without characteristic changes of PF and
EMT markers.

The transcription factors (e.g., slug and twist) that
downregulated the levels of tight junction proteins (e.g.,
E-cad) might be involved in the PF and EMT process in
PQ animal models."****" In this study, the EMT markers
and expression levels of slug and twist mRNA increased
significantly from day 3 to day 10, and reached the peak
on day 14, and then decreased on day 21. The expression
levels of transcription factors were significantly correlated
with EMT-related markers (E-cad and a-SMA). Therefore,
transcription factors (slug and twist) might play a role
in processes of PQ-induced PF and EMT. TGF-B1 was
recognized as a profibrotic cytokine that initiated the PF
process by multiple signal pathways, and TGF-1-Smad2
pathway was involved in the PQ-induced EMT process in
animal models.”® In our study, the mRNA expression levels
of TGF-B1 and Smad?2 increased with the EMT markers
in the PQ-induced rat model. Moreover, the expression
levels of TGF-B1 and Smad2 were correlated with those of
EMT-related markers (E-cad and a-SMA) and transcription
factors. Thus, TGF-B1 might participate in the EMT
process of the PQ-induced PF through phosphorylating the

downstream receptor Smad?2 or transcription factors, and
triggering EMT-related mRNA expression. These results
were supported by some studies, which showed that the
anti-TGF-B1 treatment might reverse the developed EMT
in PQ-induced cell models with increased mesenchymal
markers and decreased epithelial cell markers.">*” We
found that the Smad7, as a negative regulatory factor of
the TGF-B1-Smad2 signal transduction pathway,”* did not
participate in the EMT and PF process as no differences
in the Smad7 mRNA expression between the PQ group
and the control group were observed. The reason might be
the slow response of the negative regulatory mechanism.
Therefore, TGF-B1 and Smad2 might be involved in the
EMT and PF process from day 3 to day 21 in PQ-induced
rat models, and the negative regulatory mechanism might
not work within 21 days.

The TGF-B1-B-catenin signaling pathway might
join in the early PF process in PQ-poisoned rats."*
Moreover, the lysyl oxidase (LOX) *" or Wnt1***! could
regulate the PQ-induced EMT by activating B-catenin
that participated in the development of PF process in cell
models. Our study showed that the mRNA expression of
Wnt2 and B-catenin in rat lung dramatically increased
with a peak on day 21 after PQ injection. Correlation
analysis showed a significant correlation between the gene
expression of B-catenin and the Wnt2 and EMT markers.
The correlation between gene expression of regulators of
the Wnt2-B-catenin pathway and transcription factors or
regulators of the TGF-B1-Smad2 pathway was not found.
These findings showed that the Wnt2-B-catenin signaling
pathway might affect the expression of genes and
proteins involved in the EMT process in the PQ rat model
through triggering an extracellular signaling pathway
that was independent on regulating the TGF-B1, Smad2
or transcription factors. Further studies are required to
elucidate the extensive mechanisms of signal pathway in
PQ-induced EMT.

CONCLUSIONS
EMT process plays a role in PF induced by PQ in rats,

most of PF and EMT markers have a peak phenomenon, and
its underlying molecular mechanisms might be determined
by further study.
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