'." frontiers

in Pharmacology

ORIGINAL RESEARCH
published: 16 December 2020
doi: 10.3389/fphar.2020.584098

OPEN ACCESS

Edited by:
Judit Pongracz,
University of Pécs, Hungary

Reviewed by:

Ruijuan Guan,

First Affiliated Hospital of Guangzhou
Medical University, China

Simona Gurzu,

University of Medicine and Pharmacy
of Targu Mure, Romania

Heran Wang,

Central South University, China

*Correspondence:
Shinan Nie
shn_nie@sina.com
Zhaorui Sun
sunzhr84@163.com

These authors have contributed
equally to this work.

Specialty section:

This article was submitted to
Respiratory Pharmacology,
a section of the journal
Frontiers in Pharmacology

Received: 23 July 2020
Accepted: 20 November 2020
Published: 16 December 2020

Citation:

Gao F, Zhang Y, Yang Z, Wang M,
Zhou Z, Zhang W, Ren Y, Han X,
Wei M, Sun Z and Nie S (2020)
Arctigenin Suppressed Epithelial-
Mesenchymal Transition Through
Wnt3a/B-Catenin Pathway in PQ-
Induced Pulmonary Fibrosis.

Front. Pharmacol. 11:584098.

doi: 10.3389/fohar.2020.584098

Check for
updates

Arctigenin Suppressed
Epithelial-Mesenchymal Transition
Through Wnt3a/$-Catenin Pathway in
PQ-Induced Pulmonary Fibrosis

Fei Gao >®%, Yun Zhang®', Zhizhou Yang? Mengmeng Wang?, Zhiyi Zhou*, Wei Zhang?,
Yi Ren?, Xiaogin Han? Mei Wei? Zhaorui Sun®* and Shinan Nie "?*

" Department of Emergency Medicine, Jinling Clinical College of Nanjing Medical University, Nanjing, China, 2Department of
Emergency Medicine, Jinling Hospital, Medical School of Nanjing University, Nanjing, China, 3Depan‘ment of Emergency
Medicine, Wuxi People’s Hospital Affiliated to Nanjing Medical University, Wuxi, China, “Department of Pathology, Wuxi People’s
Hospital Affiliated to Nanjing Medical University, Wuxi, China

Arctigenin (ATG), a major bioactive substance of Fructus Arctii, counters renal fibrosis;
however, whether it protects against paraquat (PQ)-induced lung fibrosis remains
unknown. The present study was to determine the effect of ATG on PQ-induced lung
fibrosis in a mouse model and the underlying mechanism. Firstly, we found that ATG
suppressed PQ-induced pulmonary fibrosis by blocking the epithelial-mesenchymal
transition (EMT). ATG reduced the expressions of Vimentin and «-SMA (lung fibrosis
markers) induced by PQ and restored the expressions of E-cadherin and Occludin (two
epithelial markers) in vivo and in vitro. Besides, the Wnt3a/g-catenin signaling pathway was
significantly activated in PQ induced pulmonary fibrosis. Further analysis showed that
pretreatment of ATG profoundly abrogated PQ-induced EMT-like phenotypes and
behaviors in A549 cells. The Wnt3a/g-catenin signaling pathway was repressed by
ATG treatment. The overexpression of Wnt3a could weaken the therapeutic effect of
ATG in A549 cells. These findings suggested that ATG could serve as a new therapeutic
candidate to inhibit or even reverse EMT-like changes in alveolar type Il cells during PQ-
induced lung fibrosis, and unraveled that the Wnt3a/p-catenin pathway might be a
mechanistic tool for ATG to control pulmonary fibrosis.

Keywords: paraquat, pulmonary fibrosis, arctigenin, epithelial-mesenchymal transition, Wnt3a/-catenin pathway

INTRODUCTION

Paraquat (PQ) is a fast-acting and non-selective contact herbicide that has been used in more than
120 countries since the 1960s (Dinis-Oliveira R] et al., 2008). Although its use has been banned or
severely restricted, PQ self-poisoning is still frequent. It is reported the number of suicide attempts
did not change after the ban in 2007 in France (Kervégant et al., 2013), and approximately 20% of the
farmers continue to use PQ regardless of the ban in Korea (Bang et al., 2017). The government of
China banned the sale and use of PQ in July 2016; however, there are still sporadic cases of poisoning
by PQ in stock (Chen et al., 2019).

Lacking effective therapies, PQ poisoning ends up a mortality rate as high as 60%-80% (Weng
et al., 2013; Zyoud, 2018). Respiratory failure is a predominant cause of PQ-induced death, because
PQ, once ingested, accumulates in the lung through the polyamine uptake system (Dinis-Oliveira R]
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et al., 2008). Acute lung injury (ALI) arises, characterized by
severe hypoxia, edema and dysfunction at the respiratory level.
Subsequently, ALI progresses to pulmonary fibrosis, causing
permanent loss of lung tissue (Sun and Chen, 2016). However,
the mechanism through which PQ induces pulmonary fibrosis
has not been totally elucidated.

A common feature of pulmonary fibrosis is excessive
proliferation of fibroblasts around the air sacs of the lungs
(Barkauskas and Noble, 2014). The contribution of epithelial
cells to the pool of fibroblasts and myofibroblasts in fibrotic
mouse lungs remains controversial, as evidenced by some studies
showing no contribution (Yamada et al., 2008; Rock et al., 2011)
and others showing major contribution (Tanjore et al., 2009).
Recent single cell sequencing studies showed that epithelial shape
changed and the expression of SNAIl, Vimentin and planar
polarity genes increased, indicating a partial EMT-like
phenotype in epithelial cells of pulmonary fibrosis patients (Xu
et al., 2016). These epithelial cells may activate lung fibroblasts to
increase matrix deposition (Habiel et al., 2018). Previous studies
also demonstrated that EMT played an important role in lung
fibrosis induced by PQ (Yamada et al., 2015; Li et al., 2017b), and
reversing EMT cytotype attenuated this pulmonary fibrosis
(Chen et al., 2018a).

The molecular mechanisms implicated in pulmonary fibrosis
and EMT have been well studied (Chanda et al., 2019). TGF-g,
Wnt, hedgehog, Notch, and fibroblast growth factor (FGF)
signaling pathways are associated with the development of
lung fibrosis. Wnt proteins bind to Frizzled (cell surface
receptors) and inactivates GSK-3gby phosphorylating GSK-3p,
which further fails the phosphorylation of p-catenin. This process
leads to the accumulation of hypophosphorylated -catenin in the
cytoplasm and subsequent translocation to the nucleus, where it
regulates target gene expression (Hlsken and Behrens, 2000).
Canonical Wnt signaling regulates a diverse set of genes,
including matrix metalloproteinases (MMPs) (Wu et al., 2007),
cell-cycle regulators (Davidson and Niehrs, 2010), oncogenes
(Zhan et al,, 2017), and angiogenic growth factors (Qu et al,,
2014). Recent studies showed that Wnt signaling played key roles
in regulating EMT and pulmonary fibrosis.

Arctigenin (ATG), a lignan-derived compound, is the main
element of Fructus Arctii (Gao et al.,, 2018). Over several
decades, the therapeutic effects of ATG have been
extensively studied in both in vitro and in vivo models of
inflammation (Tsai et al., 2011; Hyam et al., 2013), infection
(Tsaietal, 2011), malignant tumor (Han et al., 2016; Xu et al.,
2017), metabolic disorders (Zhong et al., 2019), and central
nervous system dysfunctions (Zhu et al., 2013). Recent studies
showed that ATG could reverse TGF-pl-triggered renal
tubular EMT-like phenotypic changes in vitro (Li et al,
2015), and suppress renal interstitial fibrosis in a rat model
of obstructive nephropathy (Li et al., 2017a). In addition, ATG
also repressed TGF-p-induced EMT in human lung cancer cells
(Xu et al,, 2017). Based on these, we hypothesized that ATG
could attenuate PQ-induced EMT and pulmonary fibrosis.
Therefore, we designed this study to evaluate how ATG
protects against PQ-induced pulmonary fibrosis.

ATG Suppressed PQ-Induced Pulmonary Fibrosis

MATERIALS AND METHODS

Animals

Male C57BL/6 mice (201913212, Changzhou, China) without
pathogens were purchased from the CAVENS Lab Animal Co.
Ltd. and maintained under controlled conditions (indoor
temperature of 22 + 1°C and 50-60% humidity) and a 12-h
dark/light cycle. The mice were fed with standard laboratory
chow and water. The study was approved by the Institutional
Animal Care and Use Committee of Wuxi People’s Hospital
Afflicted to Nanjing Medical University.

Reagents

Arctigenin was obtained from Nanjing Zelang Medical
Technology Co. Ltd. (Nanjing, China). Paraquat dichloride
was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies against the following proteins were used: Occludin,
a-SMA, Wnt3a, p-Catenin, GSK-3p, P-GSK-3p, p-actin (Abcam,

United States). Cytokeratin 18(Proteintech group Inc,
United States), E-cadherin, Vimentin (Cell Signaling
Technology, Beverly, MA, United States), Horseradish

peroxidase (HRP)-conjugated goat anti-mouse and goat anti-
rabbit IgG were obtained from Santa Cruz Biotechnogy (Santa
Cruz, CA, United States). HYP kit (Nanjing Jiancheng
Bioengineering Institute) Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were provided by Gibco
(Rockville, MD, United States). All other chemicals and reagents
in this study were of analytical grade.

Induction of Pulmonary Fibrosis and

Treatment Protocol

Mice were randomly divided into four groups, eight mice per
group: NC group (sterile saline), PQ group (PQ 20 mg/kg),
PQ+ATG low group (PQ 20mgkg + ATG 1mglkg),
PQ+ATG high group (PQ 20mgkg + ATG 3 mg/kg).
Pulmonary fibrosis was induced by single PQ administration
(20 mg/kg, ip) and the analyses were performed 28 days after the
PQ injection. Control animals received sterile saline at day 1. The
ATG was first dissolved in dimethyl sulfoxide (DMSO) and then
diluted in saline, the final volume of DMSO in saline is 2.5%, and
this served as the vehicle. The mice were administered ATG or
vehicle by oral gavage for 28 consecutive days started one day
after PQ injection.

Histopathological Examination

Paraffin-embedded sections of lung tissues (4 um thickness) were
deparaffinized and stained by hematoxylin and eosin (H&E)
using standard methods. The sections were observed and
photographed with a microscope (Olympus) at x40 and x200
magnification. The severity of pulmonary fibrosis in lung sections
stained with Masson’s trichrome stains for collagen was
determined by a histopathologist blinded to the protocol
design. The protein expression in these tissues was then
detected by immunohistochemical staining assay. Hydrated
paraffin sections were incubated in EDTA at 98°C for 20 min
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and then in a blocking solution (5% BSA) for 30 min. The sections
were incubated at 4°C overnight with rabbit monoclonal
antibody against a-SMA (1:500), E-cadherin (1:200), Vimentin
(1:500), Cytokeratin 18 (1:500), and IgG (1:200), followed by
incubation for 1 h with the secondary antibody (1:200) at 37°C in
the dark. Following staining with 3,3'-diaminobenzidine/H,0,
and hematoxylin, sections were cleared and mounted for
observation. The collagen area and expression levels of protein
were analyzed with ImageJ independently by two investigators.

Assessment of Hydroxyproline Content in

the Lung Tissue

Approximately 100 mg of lung tissue samples (stored at —80°C)
were hydrolyzed with 1 mL of hydrolysate and boiled for 15 min.
The HYP contents in the lung tissue were determined using an
HYP kit according to the manufacturer’s instructions. The HYP
content was expressed as yg/mg.

Tissue Immunofluorescence

Hydrated paraffin sections were incubated in EDTA at 98°C for
20 min and then in a blocking solution (5% BSA) for 1h. The
sections were incubated at 4°C overnight with rabbit monoclonal
antibody against a-SMA (1:150), E-cadherin (1:200), followed by
incubation for 1h with goat anti-rabbit FITC and goat anti-
mouse CY3 antibody (1:200) for 50 minat 37°C. The lung
sections were then incubated with DAPI for 10min and
exposed to ProLong Gold Antifade Reagent. The sections were
visualized using a confocal TCS SP8 microscope (Leica
Microsystems, Germany).

Cell Culture and Treatment

Human Alveolar Epithelial Cell Line (A549 Cells) were obtained
from FDCC (Shanghai, China). A549 cells were cultured in
DMEM supplemented with 10% FBS. The cells were plated
onto 96-well (for CCK-8 assay), 24-well (for immunostaining),
and 6-well plates (for migration assay and western blot). The cells
were treated with PQ and/or different concentrations of ATG as
described in the figure legends.

Cell Counting Kit-8 Assay

Cell proliferation was measured using the method described
previously elsewhere (Wang et al., 2018). In brief, the cells
were grown onto 96-well culture dishes with media containing
different concentrations of PQ or ATG for different times. 20 uL
CCK-8 solution was added into each well (containing 200 uL
medium), and further cultured for 2 h at 37°C. The absorbance of
each group at 450 nm was detected (n = 4) using an absorbance
microplate reader. This absorbance is directly proportional to the
number of living cells.

Migration Assay

To measure cell migration, A549 cells were plated onto a 6-well
plate. A wound healing assay was then performed by scratching
the cell layer after PQ treatment with or without ATG for 48 h.
The cell migration was observed after 24h of scratching.
Distances between the two edges of the scratch were measured

ATG Suppressed PQ-Induced Pulmonary Fibrosis

and normalized to the control cells treated with medium only for
calculating the relative distances.

Immunostaining for Cells

The A549 cells were washed for three times with PBS and fixed in
4% neutral buffered formaldehyde for 10 minat room
temperature. The cells were blocked in 5% bovine serum
albumin (BSA) for 60 minat room temperature and then
incubated with E-cadherin (1:200) or Vimentin (1:200)
antibody at 4°C overnight, followed by incubation for 1h with
FITC-conjugated secondary antibody in the dark. For nuclear
staining, DAPI solution was maintained for 5 min. Finally, the
fluorescence signals were observed under a fluorescence
microscope (Nikon 80i, Japan). For staining F-actin, cells were
washed with PBS and fixed in 3.7% formaldehyde for 10 min at
room temperature. After permeabilization with 0.1% Triton X-
100 in PBS for 5 min, the cells were stained for 60 min with
F-actin before a final wash in PBS.

Western-Blot Analysis

Total protein from the mouse lung tissue samples and A549
cells from each group were collected and extracted using RIPA
lysis buffer supplemented with PMSF (Beyotime). The protein
was quantified with BCA protein assay kits with BSA as the
standard. A total of 50 mg of protein from each sample were
separated by 10% SDS-PAGE and transferred onto the PVDF
membrane (Millipore, Bedford, MA, United States). After
being blocked with 5% non-fat dried milk in TBST for 2h
at room temperature, membranes were incubated overnight at
4°C with rabbit monoclonal antibody against Vimentin (1:
1,000), Occludin (1:1,000), E-cadherin (1:1,000), Wnt3a (1:
1,000), p-catenin (1:5,000), GSK-3p (1:5,000), pGSK-3p (1:
10,000), p-actin (1:2,000). Subsequently, membranes were
incubated for 1h at room temperature with a 1:4,000
dilution of secondary HRP-conjugated anti-rabbit or anti-
mouse IgG. The immune complexes were detected using
ECL reagents. All experiments were repeated for at least
three times. The protein expression levels were quantified
by Image] software.

Construction and Transfection of

Expression Plasmids

Whnt3a overexpression plasmid was constructed by inserting
Wnt3a cDNA clone into a cytomegalovirus pCMV6-XL5
vector (OriGene  Technologies, Rockville, MD,
United States); the resulting plasmid was called pCMV6-
XL5-Wnt3a. A549 cells were seeded in 6-well plates at a
density of 3 x 10°cells/well and transfected at
approximately 50% confluence with pCMV6-XL5-Wnt3a in
Opti-MEM solution (Gibco) mixed with transfection reagent
MegaTran 1.0 (OriGene) at a ratio of 1:3. After incubation for
24 h, the extent of Wnt3a upregulation due to the transfection
was assessed by Western blotting analysis. Cells were
pretreated with DMSO or ATG and then stimulated with
PQ for 48h as described above. Cultures were then
analyzed by Western blotting as described above.

Frontiers in Pharmacology | www.frontiersin.org

December 2020 | Volume 11 | Article 584098


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Gao et al.

ATG Suppressed PQ-Induced Pulmonary Fibrosis

25 -
20
< 15 #
s
3 10 id
. ] \
o 3 & s
$ < N S
0 &
o o
] &

FIGURE 1 | ATG suppressed PQ-induced pulmonary fibrosis in mice. Puimonary fibrosis was induced by PQ (20 mg/kg, ip) and the analyses were performed

28 days after PQ injection. Mice in PQ + ATGlow and PQ + ATGhigh groups were administered with 1 or 3 mg/kg ATG, respectively, by oral gavage for 28 consecutive
days. NC mice received sterile saline at day 1 and vehicle by oral gavage for 28 days. (A) H&E staining of the mice lung. Compared with NC group, the lung tissue in PQ
group showed obvious interstitial inflammation, macrophages infiltration, severe interstitial fibrosis. ATG (1 and 3 mg/kg) caused noticeably alleviated pathological

lung lesions produced by PQ. Black arrows showed macrophages infiltration, and yellow arrows showed interstitial fibrosis. (B,C) Masson’s trichrome staining of the
mice lung. The collagen area and expression levels of protein were analyzed with Imaged. *“p < 0.01 versus NC group; #* <0.01 versus PQ-treated group. (D)
Assessment of hydroxyproline (HYP) content in lung tissue. *p < 0.01 versus NC group; <0.01 versus PQ-treated group.
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Statistical Analysis

Data were expressed as the mean + standard deviation (SD).
Using SPSS 19.0 software (Chicago, IL, United States), the data
were initially subjected to one-way analysis of variance
(ANOVA) for multiple comparisons, then to Dunnett’s test
for selected pairs if appropriate. p < 0.05 was considering
statistically significant.

RESULTS

Arctigenin Suppressed PQ-Induced

Pulmonary Fibrosis in Mice

To investigate whether ATG can suppress pulmonary fibrosis in
vivo, histological changes in the lung were examined using H&E
staining (Figure 1A). Twenty-eight days after the administration
of PQ, the lung tissues showed obvious interstitial inflammation,
macrophages infiltration, severe interstitial fibrosis. Treatment
with ATG (1 and 3 mg/kg) caused noticeable alleviation in
pathological lung lesions. The sections of the control group
showed structural integrity, without evidence of inflammation
or fibrosis. Masson’s trichrome stains showed PQ induced lung
fibrosis, and ATG treatment significantly decreased the fibrosis
(Figures 1B, C). To validate the effect of ATG, we evaluated lung

fibrosis by measuring the HYP content in lungs as an index of
collagen accumulation. As expected, the ATG low and ATG high
groups significantly inhibited the increased HYP levels compared
with the PQ group (Figure 1D).

Arctigenin Decreased PQ-Induced
Epithelial-Mesenchymal Transition in the

Lungs of Mice Model

To investigate whether ATG improved the lung fibrosis by
restraining EMT, we labeled Vimentin, a-SMA, E-cadherin
and Cytokeratin 18 in paraffin sections of lung tissue by
immunohistochemical staining. The results showed that the
expressions of Vimentin and «-SMA in PQ group were
significantly increased; meanwhile, the expressions of
E-cadherin and Cytokeratin 18 were reduced. Both changes
were significantly reversed by ATG treatment (Figure 2A). To
confirm our results, the expression levels of the Vimentin,
E-cadherin and Occludin in the lung tissues of mice were
evaluated by Western blot. The results showed that compared
to NC group, the protein levels of E-cadherin and Occludin were
decreased, while that of Vimentin was significantly increased in
PQ group. Notably, these changes were reversed in ATG
treatment groups, which indicated that ATG decreased PQ-
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FIGURE 2 | ATG decreased PQ-induced EMT in mouse lung. (A) The locations and expressions of E-cadherin, Cytokeratin 18, a-SMA and Vimentin were
determined by immunohistochemical staining in the lung sections. **o < 0.01 versus NC group; <0.01 versus PQ-treated group. (B) The expressions of Vimentin,
E-cadherin, Occludin, Wnt3a, p-Catenin, GSK-3p and pGSK-3p in the lung tissue of mice were evaluated by Western blot. f-actin served as an internal control. Data
were presented as mean + SD of three independent experiments. *p < 0.01 versus NC group; p < 0.01 versus PQ-treated group.

induced EMT in mice (Figure 2B). Since previous studies showed =~ EMT depending on Wnt3a. Subsequently, we examined the
that PQ poisoning promotes EMT by activating Wnt signal  protein levels of Wnt3a, p-Catenin, GSK-3p and pGSK-3p in
pathway, we hypothesized that ATG regulated PQ-induced  lung tissues by Western blot. The results indicated that the
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FIGURE 3 | Tissue immunofluorescence. The expressions of E-cadherin and a-SMA in mice lung were analyzed by immunofluorescence.

protein levels of Wnt3a, g-Catenin and pGSK-3p were increased
significantly in PQ group, compared to those in the control group.
ATG decreased the expressions of Wnt3a, g-Catenin and pGSK-
3p in the mice model, indicating that ATG could inhibit the
activation of Wnt signaling induced by PQ (Figure 2B). Tissue
immunofluorescence was performed to validate the effect of
ATG. As shown in Figure 3, the expression of a-SMA in PQ
group was significantly increased, while the expression of
E-cadherin was reduced. Both changes were significantly
reversed by ATG treatment.

Arctigenin Reversed the Progression of
PQ-Induced Epithelial-Mesenchymal

Transition and Down-Regulated Wnt3a
Signaling Pathway in Alveolar Epithelial

Cells

Cell counting kit-8 (CCK8) was applied to measure the
cytotoxicity of PQ on A549 cells at concentration of 0, 50,
100 uM for 24, 48 and 72 h, respectively. The results showed
100 M PQ could inhibit the proliferation of A549 cells
(Figure 4A). Thus, to confirm the suppressive role of ATG
during EMT, A549 cells were treated with PQ (50 uM) to
induce EMT in vitro. To determine the tolerated dose of ATG
on A549 cells, the CCK-8 assay was conducted to detect the
maximum toxicity of ATG in the A549 cell line. The results
indicated that the maximal concentration of ATG (200 uM) did
not cause any cytotoxicity in A549 cells (Figure 4B). We selected
two doses (100 and 200 uM) of ATG for further experiments.
A549 cells were pre-treated with ATG. Two hours later, the cells

were co-incubated with 50 uM PQ for 72 h. To demonstrate PQ-
induced EMT phenotype and the effects of ATG on EMT in vitro,
F-actin was stained by immunostaining. As shown in Figure 4C,
the cytoskeleton changed after PQ treatment, while pretreatment
of ATG noticeably reversed the EMT cytotype. The normal
cytoskeleton is comparatively small with many bulges on the
edge. After PQ administration, the cytoskeleton became larger
and the edge turned smooth. The cytoskeleton shrank and well-
defined bulges appeared on the edge after low-concentration
ATG was given. While after high-concentration ATG
treatment, the size of the cytoskeleton was like that of NC,
and multiple bulges appeared on the edge. EMT markers were
further detected by Western Blot. We observed a prominent
decrease in E-cadherin and Occludin expression, and a significant
increase in Vimentin expression in PQ-treated A549 cells.
However, pretreatment of ATG noticeably reversed the EMT
cytotype in a dose-dependent manner (Figure 4D). The protein
levels of Wnt3a, g-Catenin, GSK-3p and pGSK-3p in A549 cells
were also investigated by Western blot, the results of which were
in consistent with in-vivo experiment. Expressions of Wnt3a,
p-Catenin and pGSK-3p were increased prominently in PQ-
treated cells. However, ATG inhibited Wnt3a, p-Catenin and
pGSK-3p expressions (Figure 4D). Since cell migration and
invasion increased dramatically following EMT, we examined
the effects of PQ, with and without ATG pre-treatment, on the
behavior of A549 cells with wound healing assays. The widths of
wounds were measured at the beginning of the assay and 24 h
after wounding. The results showed that the mobility of A549
cells had increased significantly in PQ group, and then reduce by
ATG (Figure 4E).
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FIGURE 4 | ATG reversed PQ-induced EMT in A549 cells. (A) Cell counting kit-8 (CCK8) was applied to measure the cytotoxicity of PQ on A549 cells at
concentration of 0, 50, 100 uM for 24, 48, and 72 h, respectively. Values were represented as the means + SD, *p < 0.05, versus O uM, n = 4. (B) Effect of ATG on cell
proliferation was determined using CCK8 assay. A459 cells were treated with ATG at concentrations of 0, 25, 50, and 100 pM for 24, 48, and 72 h, respectively. Values
were represented as the means + SD, n = 4. (C) Phalloidin immunofluorescence was performed to show the effect of ATG on EMT in-vitro. (D) A549 cells were pre-
treated with ATG (100 and 200 uM). Two hours later, the cells were co-incubated with 50 uM PQ for 48 h. The expression of Vimentin, E-cadherin, Occludin, Wnt3a,
(Continued)
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FIGURE 4 | 3-Catenin, GSK-3p and P-GSK-3p in A549 cells were evaluated by Western blot. B-actin served as an internal control. Data were presented as mean + SD of
three independent experiments. **p < 0.01 versus NC group; p < 0.01 versus PQ-treated control group. (E) After A549 cells were treated with PQ with or without different
doses of ATG for 72 h, confluent epithelial monolayers were wounded and incubated with serum-free DMSO. At 24 h after wounding, cell migration was assessed using

a microscope equipped with a camera.

Wnt3a Overexpression Rescued the
Inhibitory Effect of Arctigenin on
PQ-Induced EMT-like Phenotypic Changes

in A549 Cells

The experiments described above suggest that ATG inhibits PQ-
induced activation of Wnt3a/p-catenin signaling pathway, as well
as EMT-like phenotypic changes. To provide more direct
evidence, we transfected A549 cells with Wnt3a overexpression
plasmids and then treat them with ATG and PQ. We measured

expression levels of Wnt3a, p-Catenin, GSK-3p, pGSK-3p and the
EMT-like phenotype markers E-cadherin, Occludin and Vimentin
by Western blot. After transfected with Wnt3a overexpression
plasmids, the expression levels of Wnt3a, p-Catenin, pGSK-3p,
E-cadherin, Occludin and Vimentin in cells pretreated with ATG
were almost restored to those in cells treated only with PQ
(Figure 5A). The expressions of E-cadherin and Vimentin were
further analyzed by immunofluorescence (Figure 5B). The results
confirmed the vital role of Wnt3a/g-catenin signaling pathway in
pulmonary fibrogenesis induced by PQ.
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B
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FIGURE 5 | Wnt3a overexpression rescued the inhibitory effect of ATG on PQ-induced EMT-like phenotypic changes in A549 cells. (A) After transfection of Wnt3a

O NC

03 PQ

B PQ+ATG

@l PQ+ATG+Wnt3a

PQ+ATG PQ+ATG +Wnt3a

overexpression plasmids for 24 h, the cells were treated in the presence or absence of PQ (50 uM) or ATG (100 uM) for 48 h. After treatment, whole cell lysates were
immunoblotted with antibodies against vimentin, E-cadherin, Occludin, Wnt3a, p-Catenin, GSK-3p, P-GSK-3p and B -actin. The experiments were repeated for three
times with similar results, and a representative immunoblot was shown for each protein. **p < 0.01 versus NC group; *p < 0.05 versus PQ-treated group, p < 0.01
versus PQ-treated group, $ p < 0.05 versus PQ+ATG group, $$ p < 0.01 versus PQ+ATG group. (B) The expression of E-cadherin and Vimentin were further analyzed by
immunofluorescence.
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DISCUSSION

Despite its high toxicity, PQ has been commonly used as
herbicides, sometimes accidentally or intentionally ingested by
humans. The high mortality of PQ poisoning is attributed to the
lack of effective treatment. Pulmonary fibrosis causes lung tissue
loss and respiratory failure, which is the main pathology after PQ
poisoning. In the present study, we found that PQ could induce
pulmonary fibrosis and EMT through activating Wnt signal
pathway, and ATG, as an active substance of Fructus Arctii,
could attenuate PQ-induced EMT both in vivo and in vitro. The
study was the first one to investigate the effect of ATG on PQ-
induced pulmonary fibrosis.

EMT is a biological process during which epithelial cells lose
their epithelial cell characteristics and gain mesenchymal
characteristics. EMT is involved in many different pathologic
and physiologic processes, including embryogenesis, tissue repair
and carcinoma (Gurzu et al, 2019). During the EMT, the
expression of the epithelial marker E-cadherin is silenced,
while the expression of mesenchymal markers, including
vimentin and matrix metalloproteinase, is increased, leading to
disappeared cell-cell contacts, increased cell migratory behavior
and excessive extracellular matrix production. Previous studies
showed EMT played an important role in the pathogenesis of
pulmonary fibrosis (Han et al., 2015; Yamada et al., 2015; Jolly
et al., 2018). In this study, we investigated the EMT in PQ-
induced lung fibrosis, and whether ATG could attenuate
pulmonary fibrosis by alleviating EMT progress. The HE
staining and Masson staining studies confirmed that PQ
administration induced lung fibrosis in male C57BL/6 mice,
which was then significantly alleviated by ATG. The in vivo
study showed the expression of epithelial marker E-cadherin,
Occludin and CK18 was significantly decreased, while that of

Vimentin and «-SMA, as a mesenchymal marker, was significantly
increased in the lung tissues of PQ-treated mice. The in vitro study
showed a decrease in E-cadherin and Occludin and an increase in
Vimentin in PQ-treated A549 cells. While ATG reversed EMT in a
dose-dependent manner both in vivo and in vitro.

Whnt/p-catenin signaling has been demonstrated to
function in pulmonary fibrosis. Previous studies showed
Wnt signaling playing key roles in epithelial cell
proliferation, EMT, myofibroblast differentiation, and
collagen synthesis (Burgy and Konigshoff, 2018; Chen
et al, 2018b). In the present study, we found that the
expressions of Wnt3a, p-catenin, WISP1 were increased in
the mouse model of PQ-induced pulmonary fibrosis, and ATG
administration suppressed the activation of Wnt signaling.
Furthermore, an in vitro experiment was performed to clarify
whether Wnt/p-catenin was involved in PQ-induced EMT in
A549 cells. The results revealed that Wnt/p-catenin signaling
was activated and the EMT was induced in PQ-treated A549
cells, and ATG treatment reversed the activation of Wnt/
p-catenin signaling in vitro as well. The results demonstrated
that Wnt/g-catenin signaling was activated in PQ-induce
EMT, and inhibited by ATG treatment.

In Wnt family, 19 types of glycoproteins regulate
mammalian embryonic development and regenerative
responses to injury in postnatal life (Nusse and Clevers,
2017). Wnt3a represents one of the classical “canonical”
Wnt ligands that trigger p-catenin signaling. It has been
showed that Wnt3a was significantly upregulated in
experimental and human idiopathic pulmonary fibrosis
(Aumiller et al., 2013). In the present study, both in vivo
and in vitro studies showed Wnt3a was significantly
upregulated in PQ-induced EMT, and then suppressed by
ATG. The in vitro study showed Wnt3a discounted the effect
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of ATG on EMT in Alveolar Epithelial Cell. The result suggested that
ATG attenuated PQ-induced EMT by blocking the activation of
Wnt3a/p-catenin signaling pathway.

Nevertheless, the present study has several limitations. Firstly, we
did not examine the effects of Wnt3a overexpression in mice. In
addition, we did not determine the most effective dose and safe dose
range of ATG. Previous studies showed the least observed adverse
effect was induced by 12 mg/kg daily ATG exposure for successive
28 days in rats (Tan et al,, 2018). In the present study, no mortality
and obvious clinical signs of ATG-related toxicity were observed in
animals treated with ATG (3 mg/kg/d) alone during the study
period (28 days, data shown in Supplementary Figure S1),
suggesting that ATG may be safe to treat PQ-induced fibrosis.

In conclusion, ATG treatment could attenuate PQ-induced
pulmonary fibrosis in male C57BL/6 mice. Meanwhile, ATG
could block PQ-induced EMT both in vivo and in vitro, likely
via regulating Wnt3a/p-catenin signaling pathway. These findings
might guide to explore the therapeutic potential of ATG in
pulmonary fibrosis after PQ poisoning.
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