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Abstract: Idiopathic pulmonary fibrosis (IPF) is characterized by fibrotic change in alveolar epithelial
cells and leads to the irreversible deterioration of pulmonary function. Transforming growth factor-
beta 1 (TGF-β1)-induced epithelial-mesenchymal transition (EMT) in type 2 lung epithelial cells
contributes to excessive collagen deposition and plays an important role in IPF. Atractylodin (ATL) is
a kind of herbal medicine that has been proven to protect intestinal inflammation and attenuate acute
lung injury. Our study aimed to determine whether EMT played a crucial role in the pathogenesis of
pulmonary fibrosis and whether EMT can be utilized as a therapeutic target by ATL treatment to
mitigate IPF. To address this topic, we took two steps to investigate: 1. Utilization of anin vitro EMT
model by treating alveolar epithelial cells (A549 cells) with TGF-β1 followed by ATL treatment for
elucidating the underlying pathways, including Smad2/3 hyperphosphorylation, mitogen-activated
protein kinase (MAPK) pathway overexpression, Snail and Slug upregulation, and loss of E-cadherin.
Utilization of an in vivo lung injury model by treating bleomycin on mice followed by ATL treatment
to demonstrate the therapeutic effectiveness, such as, less collagen deposition and lower E-cadherin
expression. In conclusion, ATL attenuates TGF-β1-induced EMT in A549 cells and bleomycin-induced
pulmonary fibrosis in mice.

Keywords: idiopathic pulmonary fibrosis; transforming growth factor-beta 1; epithelial-mesenchymal
transition; atractylodin; Smad2/3; MAPK
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is considered a chronic inflammatory disorder that
gradually progresses to irreversible lung tissue fibrosis [1]. The cause of IPF is uncertain,
and the clinical course is unpredictable. It has a poor prognosis with median survival of
2–4 years after diagnosis [2]. The major characteristics of IPF are alveolar structure damage
and flourishing extracellular matrix (ECM) deposition in the basement membrane and
interstitial tissue [3]. The possible mechanisms include abnormal fibroblast proliferation
and transformation, myofibroblast phenoconversion, and epithelial mesenchymal tran-
sition [4,5]. Recruited fibroblasts begin to produce and deposit large amounts of ECM
proteins, including collagen type I and III [6]. Myofibroblasts, α-smooth muscle actin
(α-SMA)-expressing fibroblasts, even possess a greater ability to produce type I collagen
than fibroblasts [7]. In 2014, the U.S. Food and Drug Administration (FDA) recognized
Nintedanib and Pirfenidone for IPF treatment due to slowed decline in forced vital capacity
(FVC) over 1 year, but there was no numerical trend suggesting a mortality benefit [8].
Here, we try to clarify the pathogenesis of IPF and search for natural safe and effective
therapeutic drugs.

Previous studies revealed the correlation between IPF and aberrant epithelial mes-
enchymal transition (EMT) [9], characterized by loss of the epithelial marker E-cadherin
and expression of mesenchymal markers vimentin and fibronectin [10]. Transforming
growth factor-beta 1 (TGF-β1) is one of the most studied fibrogenic cytokines, control-
ling the development and disease progression of organ fibrosis [11], including IPF [12].
TGF-β1-induced EMT in alveolar epithelial cells is mediated through Smad-dependent
or non-Smad pathways [13]. TGF-β1 mainly depends on the canonical Smad signaling
pathway: TGF-β1 induces the phosphorylation of Smad2/3 to form complexes with Smad4,
and translocates into the nucleus to regulate target gene expression [14]. Accumulation of
nuclear Smad complexes can finally induce the expression of transcription factors (Snail,
Slug, ZEB, Twist, and SIP-1) and trigger EMT [15]. On the other hand, TGF-β1 family
ligands can also activate MAPK, PI3K, and RHO cascades as non-Smad signaling path-
ways [16–18]. Therefore, we assumed that EMT might be alleviated via inhibiting TGF-β1
signaling which may subsequently effectively assist the treatment of IPF.

Some natural products have been reported to have various pharmacological activ-
ities, such as antioxidant and anti-inflammatory properties [19]. Atractylodin (ATL), a
polyethylene alkyne extracted from Atractylodis rhizoma, is a traditional herbal medicine
widely used in Korea for gastritis and gastric ulcers [20]. It has been reported to ame-
liorate intestinal inflammation via inhibiting both pro-inflammatory cytokines (TNF-α,
IL-1β, and IL-6) and inflammatory mediators (iNOS and NF-κB) [21]. It also attenuates
lipopolysaccharide-induced acute lung injury by suppressing activation of TLR4-NF-κB
and -MAPK pathway and the NLRP3 inflammasome [22]. However, the effect of ATL on
pulmonary fibrosis has not been previously reported. In this study, we propose the safe
dosage of atractylodin and confirm the anti-EMT pathway via inhibiting TGF-β1/Smad
and MAPK signaling cascades in human alveolar epithelial A549 cells and in mice.

2. Results
2.1. Effect of Atractylodin on Cell Viability of TGF-β1-Induced A549 Cells

To rule out the possibility of atractylodin per se might induce cytotoxicity and thus
interfere the experiments afterwards, we treated A549 cells with various concentrations of
atractylodin between 0 and 100 µM. As shown in Figure 1A, atractylodin had no toxic effect
on A549 cells even at the concentration of 100 µM for 24 h in MTT assays. In Figure 1B, there
was also no decline in cell viability in the presence of TGF-β1 (2 ng/mL). In accordance with
the cellular assays, the results from the computational docking implied that atractylodin
could strongly interact with homodimer of TGF-β1 via a pi-alkyl interaction (Figure 1D,
Supplemental Figure S1). These results indicate that atractylodin and TGF-β1 induced no
cytotoxicity within the concentrations we tested and that atractylodin could potentially
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interact with TGF-β1 to intervene with the physiological functions of TGF-β1, which we
further validate in the later experiments.
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Figure 1. Atractylodin caused neglectable cytotoxicity on A549 cells with or without TGF-β1. (A) 
The molecular structure of atractylodin. (B) The cell viability of A549 cells treated with ATL (0, 25, 
50, 100 μM) for 24 h was determined by MTT assay. (C) The cell viability of A549 cells treated with 
different concentrations of ATL in the presence of TGFβ1 (2 ng/mL) was measured by MTT assay. 
Values represent the mean ± SEM from triplicate samples for each treatment. (D) 3D structure of the 
docking model. Atractylodin is indicated in blue; the homodimer is composed of TGF-β1A (in tan) 
and TGF-β1B (in grey); amino acid residuals interacting with TGF-β1 receptor are labeled in pink 
for Trp30, Trp32, Tyr90 of TGF1-β1A and in orange for Lys60 of TGF-β1B. Values represent the 
mean ± SEM from triplicate samples for each treatment. 
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enchymal phenotype) were found by treating cells with TGF-β1. A549 cells were further 
exposed to 100 μM atractylodin in the presence of TGF-β1, and E-cadherin up-regulation, 
as well as α-SMA and vimentin down-regulation, were identified compared to the group 
with TGF-β1 alone. Quantitative Western blot analysis is illustrated in Figure 2B, where 
these quantitative data were consolidated with the transcriptional expression of type I and 
III collagen. The mRNA levels of type I and III collagen in TGF-β1-treated cells steeply 
increased, and 100 μM atractylodin considerably decreased the mRNA levels of type I in 
a dose-dependent manner (Figure 2C,D). 

Figure 1. Atractylodin caused neglectable cytotoxicity on A549 cells with or without TGF-β1. (A) The
molecular structure of atractylodin. (B) The cell viability of A549 cells treated with ATL (0, 25, 50,
100 µM) for 24 h was determined by MTT assay. (C) The cell viability of A549 cells treated with
different concentrations of ATL in the presence of TGFβ1 (2 ng/mL) was measured by MTT assay.
Values represent the mean ± SEM from triplicate samples for each treatment. (D) 3D structure of
the docking model. Atractylodin is indicated in blue; the homodimer is composed of TGF-β1A (in
tan) and TGF-β1B (in grey); amino acid residuals interacting with TGF-β1 receptor are labeled in
pink for Trp30, Trp32, Tyr90 of TGF1-β1A and in orange for Lys60 of TGF-β1B. Values represent the
mean ± SEM from triplicate samples for each treatment.

2.2. Atractylodin Alleviates TGF-β1-Induced EMT in A549 Cells

Since TGF-β1 has a key role in EMT for fibrosis [15], we referred the previous report
to establish an in vitro EMT model of TGF-β1-treated A549 cells to evaluate the effects
of ATL on EMT change [23]. As illustrated in Figure 2A, decreased protein expression
of E-cadherin (epithelial phenotype) and increased expression of α-SMA and vimentin
(mesenchymal phenotype) were found by treating cells with TGF-β1. A549 cells were
further exposed to 100 µM atractylodin in the presence of TGF-β1, and E-cadherin up-
regulation, as well as α-SMA and vimentin down-regulation, were identified compared to
the group with TGF-β1 alone. Quantitative Western blot analysis is illustrated in Figure 2B,
where these quantitative data were consolidated with the transcriptional expression of
type I and III collagen. The mRNA levels of type I and III collagen in TGF-β1-treated cells
steeply increased, and 100 µM atractylodin considerably decreased the mRNA levels of
type I in a dose-dependent manner (Figure 2C,D).
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Figure 2. Effect of atractylodin stymied on TGF-β1-induced EMT-associated protein expressions in 
A549 cells. A549 cells were pretreated with ATL for 1 h followed by TGF-β1 (2 ng/mL) stimulation 
for an additional 24 h. Cells treated with DMSO were set up as the control groups. (A) Protein ex-
pression levels of N-cadherin, E-cadherin, α-SMA, and vimentin were measured by Western blot 
assay. (B) Quantitation of Western blot signal intensities by ImageJ software. (C) The transcriptional 
expressions of type I collagen and (D) type III collagen were conducted by RT-qPCR. Values repre-
sent the mean ± SEM from triplicate samples for each treatment. (*) p < 0.05 versus TGF-β1 + 0.1% 
DMSO-treated control, as determined by non-parametric Kruskal–Wallis test and all pairwise mul-
tiple comparison procedures (Dunn’s Method). 
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ported that the mRNA expression levels of Snail, Slug, Twist, ZEB1, and ZEB2 were sig-
nificantly increased in TGF-β1-stimulated cells (Figure 3). Treatment with 100 μM at-
ractylodin dramatically inhibited the expression of Snail and Slug mRNA (Figure 3); how-
ever, there was no obvious difference in the expression of Twist, ZEB1 and ZEB2 mRNA 
(Figure 3). These results suggest that Snail and Slug down-regulation might be the key 
mechanism by which atractylodin increases E-cadherin in TGF- β1-induced A549 cells 

Figure 2. Effect of atractylodin stymied on TGF-β1-induced EMT-associated protein expressions in
A549 cells. A549 cells were pretreated with ATL for 1 h followed by TGF-β1 (2 ng/mL) stimulation
for an additional 24 h. Cells treated with DMSO were set up as the control groups. (A) Protein
expression levels of N-cadherin, E-cadherin, α-SMA, and vimentin were measured by Western blot
assay. (B) Quantitation of Western blot signal intensities by ImageJ software. (C) The transcriptional
expressions of type I collagen and (D) type III collagen were conducted by RT-qPCR. Values represent
the mean ± SEM from triplicate samples for each treatment. (*) p < 0.05 versus TGF-β1 + 0.1% DMSO-
treated control, as determined by non-parametric Kruskal–Wallis test and all pairwise multiple
comparison procedures (Dunn’s Method).

2.3. Atractylodin Inhibits EMT-Related Transcription Factor Expression in A549 Cells

Many EMT promoting transcription factors, such as Snail [24,25], Slug [26,27], Twist [28],
ZEB1 [29], and ZEB2 [30], are induced by TGF-β1 and have been proven to suppress E-
cadherin expression [26,27]. To determine the mechanisms by which atractylodin could
inhibit EMT by increasing E-cadherin in TGF- β1-induced A549 cells, we used RT-qPCR to
measure the expression levels of these associated transcription factors. The results reported
that the mRNA expression levels of Snail, Slug, Twist, ZEB1, and ZEB2 were significantly
increased in TGF-β1-stimulated cells (Figure 3). Treatment with 100 µM atractylodin dra-
matically inhibited the expression of Snail and Slug mRNA (Figure 3); however, there was
no obvious difference in the expression of Twist, ZEB1 and ZEB2 mRNA (Figure 3). These
results suggest that Snail and Slug down-regulation might be the key mechanism by which
atractylodin increases E-cadherin in TGF- β1-induced A549 cells.
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PCR was exploited for quantifying the expressional changes of EMT-related transcription factors, 
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were significantly increased (Figure 4A). Additionally, we found atractylodin markedly 
inhibited the phosphorylation of both Smad2 and Smad3, especially at the concentration 
of 100 μM. The ratio of p-Smad2/Smad2 and p-Smad3/Smad3 between different groups 
were compared after quantification of Western blot signals (Figure 4B). These findings 
suggest that atractylodin may inhibit the expression of Snail and Slug through the Smad-
dependent pathway. 

Figure 3. Atractylodin moderately reduced EMT-related transcription factor expression in TGF-β1-
treated A549 cells. A549 cells were pretreated with ATL for 1 h followed by TGF-β1 (2 ng/mL)
stimulation for an additional 24 h. Cells treated with DMSO were set up as the control group. Real-
time PCR was exploited for quantifying the expressional changes of EMT-related transcription factors,
including Snail, Slug, Twist, ZEB1, and ZEB2. Values represent the mean ± SEM from triplicate
samples for each treatment. (*) p < 0.05 versus TGF-β1 + 0.1% DMSO-treated control, as determined by
non-parametric Kruskal–Wallis test and all pairwise multiple comparison procedures (Dunn’s Method).

2.4. Atractylodin Reduces Smad-Dependent Pathway Activation in A549 Cells

From previous studies, we know that the expression of Snail and Slug are regulated by
Smad-dependent or Smad-independent signaling pathways [15]. To determine the mecha-
nisms, we first investigated the effects of atractylodin on Smad pathway activation. After
A549 cells were exposed to TGF-β1, the levels of phosphorylated Smad2 and Smad3 were
significantly increased (Figure 4A). Additionally, we found atractylodin markedly inhibited
the phosphorylation of both Smad2 and Smad3, especially at the concentration of 100 µM. The
ratio of p-Smad2/Smad2 and p-Smad3/Smad3 between different groups were compared after
quantification of Western blot signals (Figure 4B). These findings suggest that atractylodin
may inhibit the expression of Snail and Slug through the Smad-dependent pathway.
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Quantitation of Western blot signal intensities with ImageJ software. Values represent the mean ± 
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Figure 4. Atractylodin suppressed Smad-dependent pathway activation triggered by TGF-β1 in
A549 cells. A549 cells were pretreated with ATL for 1 h followed by TGF-β1 (2 ng/mL) stimulation
for an additional 6 h. Cells treated with DMSO were set up as the control group. (A) Protein
expression levels of p-Smad2, p-Smad3, Smad2, and Smad3 were measured by Western blot assay.
(B) Quantitation of Western blot signal intensities with ImageJ software. Values represent the
mean ± SEM from triplicate samples for each treatment. (*) p < 0.05 versus TGF-β1 + 0.1% DMSO-
treated control, as determined by non-parametric Kruskal–Wallis test and all pairwise multiple
comparison procedures (Dunn’s Method).

2.5. Atractylodin Suppresses Smad-Independent Pathway Activation in A549 Cells

Next, we wanted to clarify the effect of atractylodin on the Smad-independent path-
way, including the MAPK and PI3K/AKT cascades [18]. Initially, A549 cells were stimu-
lated by TGF-β1, and, using Western blot analysis, the levels of phosphorylated p38, JNK,
ERK, and AKT were significantly increased (Figure 5A). After atractylodin treatment, there
was an obvious decrease in the phosphorylation of p38 and JNK, implying that atractylodin
might also suppress the expression of Snail and Slug in the Smad-independent pathway.
Quantification of Western blot band intensity is demonstrated in Figure 5B.

2.6. Atractylodin Decreases BLM-Induced Pulmonary Fibrosis in Mice

To examine the effect of atractylodin in vivo, we treated mice with intratracheal
instillation of bleomycin daily for 20 consecutive days. When comparing the control group
and BLM-induced pulmonary fibrosis model group, we found that BLM could lead to
overt body weight loss in the first 10 days, and atractylodin could reverse the body weight
change to some extent (Figure 6A). Next, we evaluated the extent of pulmonary fibrosis of
the mice by using the value of Penh, an indicator for lung function and airway resistance.
Baseline Penh values were significantly higher in the BLM-treated model group than in the
vehicle control group (Figure 6B). ATL significantly reduced airway resistance, an indicator
for pulmonary fibrosis, with 100 mg/kg ATL having a better effect than 50 mg/kg ATL.

In the next step, we collected bronchial alveolar lavage fluid to compare inflammatory
cells across these groups. As shown in Figure 6C, the total cell number in the BLM-treated
group was much higher than the control group, and this was reversed after treatment with
ATL. The situation was the same when we examined the differential counts of neutrophils,
lymphocytes, and mononuclear cells separately (Figure 6D). We further explored the effect
of atractylodin on pathological changes in pulmonary fibrosis of mice lung tissues by
H&E staining (Figure 6E). In the control group, the structures of bronchi and alveoli were
complete and clear, with eumorphic epithelial cells and scanty inflammatory cell infiltration
in the lung tissues. In the BLM-treated model group, the alveolar structure was destroyed,
the cytoplasm was loose and vacuolated, and the surrounding parenchyma was infiltrated
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by large amounts of inflammatory cells. Notably, these pathological phenomena were
alleviated by supplementation with atractylodin.
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Figure 5. Atractylodin reduced Smad-independent pathway activated by TGF-β1 in A549 cells.
A549 cells were pretreated with ATL for 1 h followed by TGF-β1 (2 ng/mL) stimulation for an
additional 6 h. Cells treated with DMSO were set up as the control group. (A) Protein expression
levels of phospho- and non-phospho- p38, JNK, ERK, and AKT were measured by Western blot
assay. (B) Quantitation of Western blot signal intensities by ImageJ software. Values represent the
mean ± SEM from triplicate samples for each treatment. (*) p < 0.05 versus TGF-β1 + 0.1% DMSO-
treated control, as determined by non-parametric Kruskal–Wallis test and all pairwise multiple
comparison procedures (Dunn’s Method).

Masson’s trichrome staining was further used to identify collagen deposition in the
lung tissues (Figure 6F). In the mice of the control group, staining clearly showed that
alveolar structure was complete with no obvious fibrous hyperplasia. On the contrary,
abundant blue matrix collagen fibers were deposited in the bronchi, around the vascular
wall, and in the interstitium of lung tissue in the model group, indicating that bleomycin-
induced pulmonary fibrosis in mice was significantly increased. Compared with the
model group, the intervention of atractylodin noticeably attenuated collagen deposition
and normalized alveolar structure. These results indicate that atractylodin delayed the
progression of lung fibrosis by reducing collagen deposition.
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Figure 6. Atractylodin ameliorated BLM-induced pulmonary fibrosis. (A) The body weight changes 
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Figure 6. Atractylodin ameliorated BLM-induced pulmonary fibrosis. (A) The body weight changes
in BLM-treated mice received ATL treatment 0, 50, and 100 mg/kg. (B) The lung function test for
Penh value was performed by plethysmograph on day 21. (C) Numbers of total inflammatory cells
and (D) immune cells of neutrophils, lymphocytes as well as mononuclear cells in BALF were stained
with Wright-Giemsa stain and counted under the microscopy. Data are expressed as mean ± SEM of
five mice in each group. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 versus vehicle-treated BLM model
group (as control group), as determined by non-parametric Kruskal–Wallis test and all pairwise
multiple comparison procedures (Dunn’s Method). (E) Pulmonary pathological changes in tissues
from BLM treated mice with or without ATL treatments were examined followed by H&E staining
(original magnifications, 400×). (F) Collagen deposition in lung tissues was visualized and examined
by Masson’s trichrome staining (original magnifications, 400×).

2.7. Atractylodin Down-Regulates BLM-Induced EMT in Mice Lung Tissues

To determine if BLM treatment would induce EMT in the lungs, E-cadherin expression
levels were measured by qRT-PCR and Western blot analysis. We found a significant down-
regulation of both E-cadherin mRNA and protein expression in BLM-induced pulmonary
tissues compared with the control group (Figure 7A,B). Notably, 100 mg/kg atractylodin
treatment reversed the increasing expression of N-cadherin and decreasing expression
of E-cadherin in BLM stimulation. In addition, the mRNA and protein expression of
mesenchymal markers, α-SMA and vimentin, were also elevated by BLM and suppressed
by 100 mg/kg atractylodin. The quantitation of Western blot signal intensities of these
biomarkers is shown in Figure 7C. These results represent the therapeutic effects of atracty-
lodin with BLM-induced EMT in mice pulmonary tissues.
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Figure 7. Atractylodin reduced BLM-induced EMT in mice pulmonary tissues. Lung tissue ho-
mogenates were collected on day 21 from each group of mice. (A) Relative mRNA expression levels
of E-cadherin, α-SMA, and vimentin were measured with real-time PCR. (B) Protein expression
levels of N-cadherin, E-cadherin, α-SMA, and vimentin were assessed with Western blot assay.
(C) Quantitation of Western blot signal intensities by ImageJ software. Data are expressed as mean
± SEM of five mice in each group. (*) p < 0.05, and (**) p < 0.01 versus vehicle-treated BLM model
group (as control group), as determined by non-parametric Kruskal–Wallis test and all pairwise
multiple comparison procedures (Dunn’s Method).

3. Discussion

Fibrotic change after alveolar epithelial cell injury is the major factor leading to the ir-
reversible deterioration in IPF patients [31]. Therefore, all possible anti-fibrotic mechanisms
were investigated to advance IPF therapy [32]. During the process of pulmonary fibrosis,
activated type II alveolar epithelial cells undergo EMT and transform into fibroblasts and
myofibroblasts [9]. In an experimental fibrosis model, approximately one-third of the lung
fibroblasts derived from the lung epithelial cells underwent EMT 2 weeks after bleomycin
administration [33]. In this study, we sought to confirm that atractylodin possesses effective
therapeutic effects to lower pulmonary fibrotic change via alleviating TGF-β1-mediated
epithelial-mesenchymal transition.

Transforming growth factor-beta 1 (TGF-β1), a fibrogenic cytokine, can stimulate EMT
in pulmonary fibrosis [13]. The in vitro model that epithelial to mesenchymal transition is
triggered by TGF-β1 in A549 cells and in vivo BLM-treated in mouse pulmonary tissues
was evaluated for ATL effects by observing the expression levels of EMT-related biomarkers.
Our results confirmed that TGF-β1 decreased the expression of the epithelial-specific
biomarker E-cadherin and elevated expression levels of mesenchymal biomarkers N-
cadherin, α-SMA, and vimentin and indicated that, ATL can attenuate such decreasing
shifts, suggesting that ATL might reverse the undesired changes of EMT. We also noted
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that ATL reduced type I collagen transcript production (Figure 2), suggesting that this
reversed effects by ATL appeared to involve transcriptional and translational steps.

The most critical hallmark of EMT is the downregulation of E-cadherin [34], which
is mediated by its transcriptional repression through the binding of EMT-activating tran-
scription factors (Snail, Slug, ZEB, Twist, and SIP-1) to E-boxes present in the E-cadherin
promoter [35,36]. In our study, ATL 100 µM was found to repress the mRNA expression of
both Snail and Slug, implying ATL suppressed EMT by down-regulation of Snail and Slug
transcription factors.

The EMT processes induced by TGF-β1 can be classified into Smad-dependent and
Smad-independent pathways [13]. In the canonical Smad-dependent pathway, TGF-β1
binds to the type II (TβRII) and type I (TβRI) receptors on the cell membrane, where
TβRII phosphorylates TβRI. This induces the phosphorylation of Smad2 and Smad3,
forming a heterocomplex with the Co-Smad Smad4, and finally translocates into the
nucleus to cooperate with DNA-binding transcription factors to regulate the expression
of transcription factors (Snail, Slug, ZEB, Twist, and SIP-1) [37]. In A549 cells exposed to
TGF-β1, phosphorylated Smad2 and Smad3 were significantly increased. ATL treatment
reduced the level of TGF-β1-stimulated Smad2 and Smad3 phosphorylation, indicating
the capacity of ATL to inhibit the TGF-β1/Smad-dependent signaling pathway. As for the
Smad-independent pathway, TGF-β1 activates the MAPK, PI3K/AKT, and RHO/ROCK
cascades to regulate the expression of transcription factors related to EMT in a manner
independent of Smad, resulting in the loss of E-cadherin [18,26]. Our present study shows
that ATL inhibits the activation of P38, JNK, and ERK, suggesting that ATL might also
down-regulate Snail and Slug via a Smad-independent pathway.

In regards of any other potential targets/pathways that might be recognized or ex-
ploited by ATL, heat shock protein (Hsp) family could be the next candidate, which is
responsible for correctly folding and stabilizing proteins [38]. Increasing evidence has
implied the correlation of Hsp90 and IPF by presenting the evidence of up-regulation
of Hsp90 expression and activation of its ATPase function, facilitating matrix metallo-
proteinase activity, integrin expression, and epithelial-to-mesenchymal transition, all of
which are involved in promoting the progress of fibrosis [39–42]. Additionally, Hsp90
facilitated the protein stability and folding of TGF-β receptors (TβRI and TβRII) and Src
kinase, associated with the pro-fibrosis [43]. Despite lack of direct evidence in this study,
we speculate that Hsp90 could be a potential target for suppression of IPF and one of the
underlying mechanisms for ATL. What we found here was that ATL profoundly reduced
the TGF-β-induced EMT accumulation (Figure 2) but whether Hsp90 inhibition can achieve
similar results or whether Hsp90 can be affected by ATL require further investigation.

Previously, researchers focused on the protective effects of ATL on acute lung injury
induced by lipopolysaccharide through Toll-like receptor 4 pathway, demonstrating that
ATL is capable of harmonizing the inflammatory status via inhibiting IL-6, TNF-α, and
IL-1β cytokine productions toward Th1 response [22]. Our previous work has further
indicated that ATL could shift the Th1 to Th2 immunity and modulate dendritic cell
functions [44]. This current study literally puts one more piece of the puzzle into the
whole picture regarding the benefits and effectiveness of ATL on both acute and chronic
pulmonary diseases, although detailed mechanisms of action desperately require to be
elucidated.

4. Material and Methods
4.1. Cell Viability Assay

Cell viability was determined with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) assay. Briefly, A549 cells (adenocarci-
nomic human lung alveolar type II epithelial cells) were seeded at 1 × 105 cells/mL per
well in 96-well plates and cultured overnight at 37 ◦C. Cells were pre-treated with ATL
(0–100 uM) for 2 h and then subjected to treatment in the absence or presence of TGF-β1
(2 ng/mL, Sigma-Aldrich St. Louis, MO, USA, cat NO. T7039) for 24 h. The vehicle control
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group was treated with 0.1% DMSO solvent (Sigma-Aldrich, St. Louis, MO, USA). Follow-
ing cell treatment, the cells were incubated with 10 µL of 500 µg/mL MTT solution for 4 h
at 37 ◦C. The formazan crystals were dissolved in 150 µL of DMSO, and the absorbance
was measured at 570 nm using a microplate reader (TECAN, Durham, NC, USA). The
percentage of cell viability is calculated using the following formula:

Cell viability (%) = * 100 %

4.2. Western Blot Assay

A549 cells and lung tissues were lysed on ice in RIPA buffer containing 1% pro-
tease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and phosphatase inhibitor
(Roche, Mannheim, Germany). The bicinchoninic acid assay (Cat# BC03-500, Visual pro-
tein, Taipei City, Taiwan) was used for protein quantification. Subsequently, an equal
protein content (40 µg) from each sample was separated by 10% SDS–PAGE and trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA).
The membranes were blocked with BlockPRO™ Protein-Free Blocking Buffer for 1.5 h
at room temperature, and then incubated with specific primary antibodies, E-cadherin
(clone EP700Y, 1:1000, Epitomics, Burlingame, CA, USA), α-SMA (Cat#ab5694, 1:1000,
Abcam, Cambridge, MA, USA), vimentin (Cat# GTX100619, 1:1000, GeneTex Inc, Texas,
USA), p-p38 (clone 3D7, 1:1000, Cell Signaling Technology, Danvers, MA, USA), p38 (clone
D13EE1, 1:1000, Cell Signaling Technology, Danvers, MA, USA), p-JNK (clone 81E11, 1:1000,
Cell Signaling Technology, Danvers, MA, USA), JNK (Cat# 9252, 1:1000, Cell Signaling
Technology, Danvers, MA, USA), p-ERK (clone E-4, 1:1000, Santa Cruz Biotechnology,
CA, USA), ERK (clone H-72, 1:1000, Santa Cruz Biotechnology, CA, USA), p-AKT (Ser473)
(clone D9E, 1:1000, Cell Signaling Technology, Danvers, MA, USA), AKT (clone C67E7,
1:1000, Cell Signaling Technology, Danvers, MA, USA), p-SMAD2 (Ser465/467) (clone
138D4, 1:1000, Cell Signaling Technology, Danvers, MA, USA), SMAD2 (clone D43B4,
1:1000, Cell Signaling Technology, Danvers, MA, USA), p-SMAD3 (Ser465/Ser467) (clone
E8F3R, 1:1000, Cell Signaling Technology, Danvers, MA, USA), SMAD3 (clone C67H9,
1:1000, Cell Signaling Technology, Danvers, MA, USA), and GAPDH (Cat# ab8245, 1:5000,
Abcam, Cambridge, MA, USA), at 4 ◦C. After incubation overnight, the membranes were
washed with TBS-T, and then incubated with the horseradish peroxidase (HRP)-conjugated
corresponding secondary antibody (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) (1:10,000 dilution) for 1 h at room temperature. Immunoblots were detected
using a LumiFlash™ Ultima Chemiluminescent substrate, HRP system (Visual protein,
Taipei City, Taiwan; LF08–500) and visualized using a Hansor Luminescence Image System
(Taichung, Taiwan). The band intensity was quantified with the ImageJ 1.47 program from
the National Institutes of Health (NIH) (Bethesda, MD, USA).

4.3. Quantitative Real-Time PCR

Total RNA was purified from A549 cells or pulmonary tissues using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA). Total of 2 µg total RNA
was reverse transcribed with the use of Moloney murine leukemia virus (M-MLV) reverse
transcriptase, 5X reaction buffer, dNTPs and oligo (dT) 15 primers (Promega Corporation,
Madison, WI, USA). To detect the gene expression of type I collagen, type III collagen,
Snail, Slug, Twist, ZEB1 and ZEB2, E-cadherin (mouse), vimentin (mouse), and α-SMA
(mouse), the following primers were used as shown in supplemental Table S1. Then, quan-
titative real-time PCR was performed using StepOneTM Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). The gene expression level in samples was normalized
against GAPDH, and the expression level was calculated using the delta delta threshold
cycle (2−∆∆Ct) method.

4.4. Animal Care and Experimental Procedures

C57B/6 male mice (6 weeks old; 20 ± 3 g) were purchased from the National Lab-
oratory Animal Center (Taipei, Taiwan). The animals were reared under conventional
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conditions: temperature-controlled room (22 ± 2 ◦C) with 70% humidity under a 12 h
light/dark cycle and were allowed free access to food and water at the specific pathogen-
free facility of National Chung Hsing University (Taichung, Taiwan). All procedures using
animals were reviewed and approved (9 August 2021) by the Institutional Animal Care and
Use Committee (approval number: IACUC 110-065) of National Chung Hsing University
(NCHU), and the study protocols were approved by the Committee on Animal Research
and Care in NCHU. The mice were randomly assigned to four experimental groups (n = 5):
(1) control group, (2) bleomycin (BLM) pulmonary fibrosis model group (BLM + vehicle),
(3) BLM + ATL 50 mg/kg group, (4) BLM + ATL 100 mg/kg group. To establish a pul-
monary fibrosis (PF) model, the mice were given BLM (2 mg/kg, volume 20 µL/20 g body
weight) dissolved in sterile PBS by intratracheal instillation. Mice receiving PBS without
BLM were included as a control group. Mice received ATL (50 or 100 mg/kg per day
through intraperitoneal injection) starting from one day after intratracheal instillation of
BLM, for 20 consecutive days. The concentration of ATL was decided by referencing a
previous report [22,45]. On day 21, mice were sacrificed with 50% CO2 until they were
unconscious and experienced cardiac arrest. The left lung was ligated, and the right lung
was gently washed three times with 0.5 mL PBS. The total number of leukocytes in the
collected bronchoalveolar lavage fluid (BALF) was counted. The total cells in BALF were
centrifuged and stained with Wright-Giemsa stain. We quantified the total number of
each cell type on the slides by counting a total of 200 cells/slide. The bottom of the left
lower lobe was fixed in 10% formalin for histological examination. The lung tissues were
collected and stored at −80 ◦C for further experiments.

4.5. Measurement of Airway Hyperresponsiveness

Airway hyperresponsiveness was measured at day 20 by using the Buxco FinePointe
(Buxco Electronics, Troy, NY, USA) to observe mice responding to increasing amounts
of aerosolized methacholine-induced airflow obstruction in conscious unrestrained mice
placed in whole-body plethysmography (Buxco, Sharon, CT, USA). Pulmonary resistance
was evaluated and expressed as an enhanced pause (Penh). Mice were challenged with
methacholine aerosol in increasing concentrations from 12.5 to 50 mg/mL in PBS with an
ultrasonic nebulizer. Data on lung resistance were continuously collected, and mean values
were selected to express changes in airway function.

4.6. Histopathological and Immunohistochemical Examination

On day 21, the mice were sacrificed, and lung tissues were collected and fixed in 10%
formalin and then embedded in paraffin. Each section (5 µm) of tissue was stained with
hematoxylin and eosin (H&E) for microscopic evaluation of peribronchial cell counts and
the severity of the infiltration of inflammatory cells. Masson’s trichrome staining (Abcam,
Cambridge, UK) was used to detect collagen fiber deposition in lung tissues following the
manufacturer’s instructions. The collagen fibers were stained blue, the nuclei were stained
black, and the background was stained red.

4.7. Molecular Docking

The structure of TGF-β1 homodimer was cleaved from PDB:3KFD (doi:10.1074/
jbc.M109.079921), an interaction model for TGF-β1 homodimer and TGF-β receptor (type I
and type II). Molecular docking was performed between the structure of atractylodin (Pub-
Chem CID: 5321047) and TGF-β1 homodimer via Autodock Vina (doi:10.1002/jcc.21334).
The docking model was visualized by UCSF Chimera 1.15 (https://doi.org/10.1002/jcc.20
084). The demonstration of interactions among ligands and nearby amino acid residuals
was achieved by Discovery studio visualizer version v21.1.0.20298 (BIOVIA, San Diego,
CA, USA).

doi:10.1002/jcc.21334
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
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4.8. Statistical Analysis

These are presented as the mean ± standard error of the mean (SEM). Each experiment
was carried out at least three times independently. The statistical significance of differences
between the groups were investigated using non-parametric Kruskal–Wallis test and all
pairwise multiple comparison procedures (Dunn’s Method) with GraphPad Prism v9.0
software (GraphPad Software, Inc., San Diego, CA, USA). p < 0.05 was considered to
indicate a statistically significant difference.

5. Conclusions

In vivo and in vitro experiments confirmed that atractylodin influenced TGF-β1-
mediated EMT by down-regulating the expression of the transcription factors Snail and
Slug via both Smad and non-Smad pathways. The results provide a rationale for exploit-
ing the atractylodin’s inhibitory activity on excessive collagen deposition in lung cells
and a possibility that ATL may serve as a tool for those who dedicate to investigate the
EMT-related pathogenesis in various diseases, such as IPF in the further.
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Author Contributions: Conceptualization, K.-W.C., S.-H.L. and C.-C.L.; methodology, I.A., K.-W.C.,
S.-C.L. and Y.-C.L.; software, X.Z., S.-C.L. and C.-C.L., validation, K.-W.C. and C.-C.L.; formal analysis,
S.-C.L. and C.-H.L.; investigation, K.-W.C. and C.-C.L.; resources, S.-H.L. and C.-C.L.; data curation,
K.-W.C. and C.-C.L.; writing—original draft preparation, K.-W.C., S.-C.L. and C.-C.L.; writing—
review and editing, I.A., X.Z., S.-C.L. and C.-C.L.; visualization, S.-C.L. and C.-C.L.; supervision,
C.-C.L.; project administration, C.-C.L.; funding acquisition, S.-H.L. and C.-C.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the iEGG and Animal Biotechnology Center
from the Feature Areas Research Center Program within the framework of the Higher Education
Sprout Project by the Taiwan Ministry of Education (MOE-110-S-0023-E) and supported by the
China Medical University Hospital (DMR-109-011) and National Chung-Hsing University/Tungs’
Taichung MetroHarbor Hospital (TTMHH-NCHULS110001); Tungs’ Taichung MetroHarbor Hospital
(TTMHH-R1100048) and Changhua Christian Hospital (109-CCH-IRP-089).

Institutional Review Board Statement: The animal study protocol (IACUC, NO.110-065) was ap-
proved by the Institutional Animal Care and Use Committee, National Chung Hsing University,
Tai-Chung, Taiwan.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. King, T.E.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378, 1949–1961. [CrossRef]
2. Ley, B.; Collard, H.R.; King, T.E., Jr. Clinical course and prediction of survival in idiopathic pulmonary fibrosis. Am. J. Respir. Crit.

Care Med. 2011, 183, 431–440. [CrossRef]
3. Cheresh, P.; Kim, S.-J.; Tulasiram, S.; Kamp, D.W. Oxidative stress and pulmonary fibrosis. Biochim. Et Biophys. Acta (BBA) Mol.

Basis Dis. 2013, 1832, 1028–1040. [CrossRef]
4. Hinz, B.; McCulloch, C.A.; Coelho, N.M. Mechanical regulation of myofibroblast phenoconversion and collagen contraction. Exp.

Cell Res. 2019, 379, 119–128. [CrossRef]
5. Richeldi, L.; Collard, H.R.; Jones, M.G. Idiopathic pulmonary fibrosis. Lancet 2017, 389, 1941–1952. [CrossRef]
6. Schultz, G.S.; Wysocki, A. Interactions between extracellular matrix and growth factors in wound healing. Wound Repair Regen.

2009, 17, 153–162. [CrossRef]
7. Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195–4200. [CrossRef]
8. Karimi-Shah, B.A.; Chowdhury, B.A. Forced Vital Capacity in Idiopathic Pulmonary Fibrosis—FDA Review of Pirfenidone and

Nintedanib. N. Engl. J. Med. 2015, 372, 1189–1191. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms222011152/s1
https://www.mdpi.com/article/10.3390/ijms222011152/s1
http://doi.org/10.1016/S0140-6736(11)60052-4
http://doi.org/10.1164/rccm.201006-0894CI
http://doi.org/10.1016/j.bbadis.2012.11.021
http://doi.org/10.1016/j.yexcr.2019.03.027
http://doi.org/10.1016/S0140-6736(17)30866-8
http://doi.org/10.1111/j.1524-475X.2009.00466.x
http://doi.org/10.1242/jcs.023820
http://doi.org/10.1056/NEJMp1500526
http://www.ncbi.nlm.nih.gov/pubmed/25806913


Int. J. Mol. Sci. 2021, 22, 11152 14 of 15

9. Milara, J.; Navarro, R.; Juan, G.; Peiró, T.; Serrano, A.; Ramón, M.; Morcillo, E.; Cortijo, J. Sphingosine-1-phosphate is increased
in patients with idiopathic pulmonary fibrosis and mediates epithelial to mesenchymal transition. Thorax 2012, 67, 147–156.
[CrossRef] [PubMed]

10. Tian, S.-L.; Yang, Y.; Liu, X.-L.; Xu, Q.-B. Emodin attenuates bleomycin-induced pulmonary fibrosis via anti-inflammatory and
anti-oxidative activities in rats. Med. Sci. Monit. Int. Med. J. Exp. Clin. Res. 2018, 24, 1–10. [CrossRef] [PubMed]

11. Frangogiannis, N.G. Transforming growth factor–β in tissue fibrosis. J. Exp. Med. 2020, 217, e20190103. [CrossRef]
12. Xaubet, A.; Marin-Arguedas, A.; Lario, S.; Ancochea, J.; Morell, F.; Ruiz-Manzano, J.; Rodriguez-Becerra, E.; Rodriguez-Arias,

J.M.; Inigo, P.; Sanz, S. Transforming growth factor-β1 gene polymorphisms are associated with disease progression in idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2003, 168, 431–435. [CrossRef]

13. Fernandez, I.E.; Eickelberg, O. The impact of TGF-β on lung fibrosis: From targeting to biomarkers. Proc. Am. Thorac. Soc. 2012, 9,
111–116. [CrossRef] [PubMed]

14. Miyazono, K. TGF-β signaling by Smad proteins. Cytokine Growth Factor Rev. 2000, 11, 15–22. [CrossRef]
15. Ma, J.; Sanchez-Duffhues, G.; Goumans, M.-J.; ten Dijke, P. TGF-β-Induced Endothelial to Mesenchymal Transition in Disease

and Tissue Engineering. Front. Cell Dev. Biol. 2020, 8, 260. [CrossRef] [PubMed]
16. Li, X.; Ma, L.; Huang, K.; Wei, Y.; Long, S.; Liu, Q.; Zhang, D.; Wu, S.; Wang, W.; Yang, G. Regorafenib-Attenuated, Bleomycin-

Induced Pulmonary Fibrosis by Inhibiting the TGF-β1 Signaling Pathway. Int. J. Mol. Sci. 2021, 22, 1985. [CrossRef] [PubMed]
17. Sisto, M.; Ribatti, D.; Lisi, S. SMADS-Mediate Molecular Mechanisms in Sjögren’s Syndrome. Int. J. Mol. Sci. 2021, 22, 3203.

[CrossRef]
18. Varga, J.; Abraham, D. Systemic sclerosis: A prototypic multisystem fibrotic disorder. J. Clin. Investig. 2007, 117, 557–567.

[CrossRef]
19. Cao, W.; Hu, C.; Wu, L.; Xu, L.; Jiang, W. Rosmarinic acid inhibits inflammation and angiogenesis of hepatocellular carcinoma by

suppression of NF-κB signaling in H22 tumor-bearing mice. J. Pharmacol. Sci. 2016, 132, 131–137. [CrossRef]
20. Chae, H.-S.; Kim, Y.-M.; Chin, Y.-W. Atractylodin inhibits interleukin-6 by blocking NPM-ALK activation and MAPKs in HMC-1.

Molecules 2016, 21, 1169. [CrossRef]
21. Yu, C.; Xiong, Y.; Chen, D.; Li, Y.; Xu, B.; Lin, Y.; Tang, Z.; Jiang, C.; Wang, L. Ameliorative effects of atractylodin on intestinal

inflammation and co-occurring dysmotility in both constipation and diarrhea prominent rats. Korean J. Physiol. Pharmacol. Off. J.
Korean Physiol. Soc. Korean Soc. Pharmacol. 2017, 21, 1026147. [CrossRef]

22. Tang, F.; Fan, K.; Wang, K.; Bian, C. Atractylodin attenuates lipopolysaccharide-induced acute lung injury by inhibiting NLRP3
inflammasome and TLR4 pathways. J. Pharmacol. Sci. 2018, 136, 203–211. [CrossRef]

23. Tirino, V.; Camerlingo, R.; Bifulco, K.; Irollo, E.; Montella, R.; Paino, F.; Sessa, G.; Carriero, M.-V.; Normanno, N.; Rocco, G.; et al.
TGF-beta1 exposure induces epithelial to mesenchymal transition both in CSCs and non-CSCs of the A549 cell line, leading to an
increase of migration ability in the CD133+ A549 cell fraction. Cell Death Dis. 2013, 4, e620. [CrossRef]

24. Cano, A.; Pérez-Moreno, M.A.; Rodrigo, I.; Locascio, A.; Blanco, M.J.; del Barrio, M.G.; Portillo, F.; Nieto, M.A. The transcription
factor snail controls epithelial-mesenchymal transitions by repressing E-cadherin expression. Nat. Cell Biol. 2000, 2, 76–83.
[CrossRef]

25. Batlle, E.; Sancho, E.; Francí, C.; Domínguez, D.; Monfar, M.; Baulida, J.; De Herreros, A.G. The transcription factor snail is a
repressor of E-cadherin gene expression in epithelial tumour cells. Nat. Cell Biol. 2000, 2, 84–89. [CrossRef]

26. Bolós, V.; Peinado, H.; Pérez-Moreno, M.A.; Fraga, M.F.; Esteller, M.; Cano, A. The transcription factor Slug represses E-cadherin
expression and induces epithelial to mesenchymal transitions: A comparison with Snail and E47 repressors. J. Cell Sci. 2003, 116,
499–511. [CrossRef] [PubMed]

27. Choi, J.; Park, S.Y.; Joo, C.-K. Transforming growth factor-β1 represses E-cadherin production via slug expression in lens epithelial
cells. Investig. Ophthalmol. Vis. Sci. 2007, 48, 2708–2718. [CrossRef] [PubMed]

28. Yang, J.; Mani, S.A.; Donaher, J.L.; Ramaswamy, S.; Itzykson, R.A.; Come, C.; Savagner, P.; Gitelman, I.; Richardson, A.; Weinberg,
R.A. Twist, a master regulator of morphogenesis, plays an essential role in tumor metastasis. Cell 2004, 117, 927–939. [CrossRef]

29. Krebs, A.M.; Mitschke, J.; Lasierra Losada, M.; Schmalhofer, O.; Boerries, M.; Busch, H.; Boettcher, M.; Mougiakakos, D.; Reichardt,
W.; Bronsert, P.; et al. The EMT-activator Zeb1 is a key factor for cell plasticity and promotes metastasis in pancreatic cancer. Nat.
Cell Biol. 2017, 19, 518–529. [CrossRef]

30. ComijnJ, B.; Vermassen, P.; Verschueren, K.; van Grunsven, L.; Bruyneel, E.; Mareel, M.; Huylebroeck, D.; van Roy, F. The
two-handed E box binding zinc finger protein SIP1 downregulates E-cadherin and induces invasion. Mol. Cell 2001, 7, 1267–1278.
[CrossRef]

31. Noble, P. Epithelial fibroblast triggering and interactions in pulmonary fibrosis. Eur. Respir. Rev. 2008, 17, 123–129. [CrossRef]
32. Roach, K.M.; Sutcliffe, A.; Matthews, L.; Elliott, G.; Newby, C.; Amrani, Y.; Bradding, P. A model of human lung fibrogenesis for

the assessment of anti-fibrotic strategies in idiopathic pulmonary fibrosis. Sci. Rep. 2018, 8, 342. [CrossRef]
33. Tanjore, H.; Xu, X.C.; Polosukhin, V.V.; Degryse, A.L.; Li, B.; Han, W.; Sherrill, T.P.; Plieth, D.; Neilson, E.G.; Blackwell, T.S.

Contribution of epithelial-derived fibroblasts to bleomycin-induced lung fibrosis. Am. J. Respir. Crit. Care Med. 2009, 180, 657–665.
[CrossRef]

34. Yu, H.; Shen, Y.; Hong, J.; Xia, Q.; Zhou, F.; Liu, X. The contribution of TGF-β in Epithelial-Mesenchymal Transition (EMT):
Down-regulation of E-cadherin via snail. Neoplasma 2015, 62, 1–15. [CrossRef]

http://doi.org/10.1136/thoraxjnl-2011-200026
http://www.ncbi.nlm.nih.gov/pubmed/22106015
http://doi.org/10.12659/MSM.905496
http://www.ncbi.nlm.nih.gov/pubmed/29290631
http://doi.org/10.1084/jem.20190103
http://doi.org/10.1164/rccm.200210-1165OC
http://doi.org/10.1513/pats.201203-023AW
http://www.ncbi.nlm.nih.gov/pubmed/22802283
http://doi.org/10.1016/S1359-6101(99)00025-8
http://doi.org/10.3389/fcell.2020.00260
http://www.ncbi.nlm.nih.gov/pubmed/32373613
http://doi.org/10.3390/ijms22041985
http://www.ncbi.nlm.nih.gov/pubmed/33671452
http://doi.org/10.3390/ijms22063203
http://doi.org/10.1172/JCI31139
http://doi.org/10.1016/j.jphs.2016.09.003
http://doi.org/10.3390/molecules21091169
http://doi.org/10.4196/kjpp.2017.21.1.1
http://doi.org/10.1016/j.jphs.2017.11.010
http://doi.org/10.1038/cddis.2013.144
http://doi.org/10.1038/35000025
http://doi.org/10.1038/35000034
http://doi.org/10.1242/jcs.00224
http://www.ncbi.nlm.nih.gov/pubmed/12508111
http://doi.org/10.1167/iovs.06-0639
http://www.ncbi.nlm.nih.gov/pubmed/17525203
http://doi.org/10.1016/j.cell.2004.06.006
http://doi.org/10.1038/ncb3513
http://doi.org/10.1016/S1097-2765(01)00260-X
http://doi.org/10.1183/09059180.00010904
http://doi.org/10.1038/s41598-017-18555-9
http://doi.org/10.1164/rccm.200903-0322OC
http://doi.org/10.4149/neo_2015_002


Int. J. Mol. Sci. 2021, 22, 11152 15 of 15

35. Bhatt, T.; Rizvi, A.; Batta, S.P.R.; Kataria, S.; Jamora, C. Signaling and mechanical roles of E-cadherin. Cell Commun. Adhes. 2013,
20, 189–199. [CrossRef] [PubMed]

36. Kang, E.; Seo, J.; Yoon, H.; Cho, S. The Post-Translational Regulation of Epithelial–Mesenchymal Transition-Inducing Transcription
Factors in Cancer Metastasis. Int. J. Mol. Sci. 2021, 22, 3591. [CrossRef] [PubMed]

37. Huang, F.; Chen, Y.-G. Regulation of TGF-β receptor activity. Cell Biosci. 2012, 2, 9. [CrossRef] [PubMed]
38. Beck, R.; Dejeans, N.; Glorieux, C.; Creton, M.; Delaive, E.; Dieu, M.; Raes, M.; Levêque, P.; Gallez, B.; Depuydt, M.; et al. Hsp90 Is

Cleaved by Reactive Oxygen Species at a Highly Conserved N-Terminal Amino Acid Motif. PLoS ONE 2012, 7, e40795.
39. Bellaye, P.-S.; Wheildon, N.; Shimbori, C.; Upagupta, C.; Kolb, M. Pathogenesis of Pulmonary Fibrosis—The Role of Extracellular

Heat Shock Protein-90 (HSP90) in Myofibroblast Differentiation and Persistence. QJM Int. J. Med. 2016, 109 (Suppl. 1), S1.
40. Sontake, V.; Wang, Y.; Kasam, R.K.; Sinner, D.; Reddy, G.B.; Naren, A.P.; McCormack, F.X.; White, E.S.; Jegga, A.G.; Madala, S.K.

Hsp90 regulation of fibroblast activation in pulmonary fibrosis. JCI Insight 2017, 2, e91454. [CrossRef] [PubMed]
41. Sibinska, Z.; Tian, X.; Korfei, M.; Kojonazarov, B.; Kolb, J.S.; Klepetko, W.; Kosanovic, D.; Wygrecka, M.; Ghofrani, H.A.;

Weissmann, N.; et al. Amplified canonical transforming growth factor-β signaling via heat shock protein 90 in pulmonary fibrosis.
Eur. Respir. J. 2017, 49, 1501941. [CrossRef]

42. Zhang, X.; Zhang, X.; Huang, W.; Ge, X. The role of heat shock proteins in the regulation of fibrotic diseases. Biomed. Pharmacother.
2021, 135, 111067. [CrossRef]

43. Wrighton, K.H.; Lin, X.; Feng, X.F. Critical regulation of TGFbeta signaling by Hsp90. Proc. Natl. Acad. Sci. USA 2008, 105,
9244–9249. [CrossRef] [PubMed]

44. Lin, Y.C.; Yang, C.C.; Lin, C.H.; Hsia, T.C.; Chao, W.C.; Lin, C.C. Atractylodin ameliorates ovalbumin-induced asthma in a mouse
model and exerts immunomodulatory effects on Th2 immunity and dendritic cell function. Mol. Med. Rep. 2020, 22, 4909–4918.
[CrossRef] [PubMed]

45. Lyu, Z.; Ji, X.; Chen, G.; An, B. Atractylodin ameliorates lipopolysaccharide and d-galactosamine-induced acute liver failure via
the suppression of inflammation and oxidative stress. Int. Immunopharmacol. 2019, 72, 348–357. [CrossRef] [PubMed]

http://doi.org/10.3109/15419061.2013.854778
http://www.ncbi.nlm.nih.gov/pubmed/24205986
http://doi.org/10.3390/ijms22073591
http://www.ncbi.nlm.nih.gov/pubmed/33808323
http://doi.org/10.1186/2045-3701-2-9
http://www.ncbi.nlm.nih.gov/pubmed/22420375
http://doi.org/10.1172/jci.insight.91454
http://www.ncbi.nlm.nih.gov/pubmed/28239659
http://doi.org/10.1183/13993003.01941-2015
http://doi.org/10.1016/j.biopha.2020.111067
http://doi.org/10.1073/pnas.0800163105
http://www.ncbi.nlm.nih.gov/pubmed/18591668
http://doi.org/10.3892/mmr.2020.11569
http://www.ncbi.nlm.nih.gov/pubmed/33174031
http://doi.org/10.1016/j.intimp.2019.04.005
http://www.ncbi.nlm.nih.gov/pubmed/31030090

	Introduction 
	Results 
	Effect of Atractylodin on Cell Viability of TGF-1-Induced A549 Cells 
	Atractylodin Alleviates TGF-1-Induced EMT in A549 Cells 
	Atractylodin Inhibits EMT-Related Transcription Factor Expression in A549 Cells 
	Atractylodin Reduces Smad-Dependent Pathway Activation in A549 Cells 
	Atractylodin Suppresses Smad-Independent Pathway Activation in A549 Cells 
	Atractylodin Decreases BLM-Induced Pulmonary Fibrosis in Mice 
	Atractylodin Down-Regulates BLM-Induced EMT in Mice Lung Tissues 

	Discussion 
	Material and Methods 
	Cell Viability Assay 
	Western Blot Assay 
	Quantitative Real-Time PCR 
	Animal Care and Experimental Procedures 
	Measurement of Airway Hyperresponsiveness 
	Histopathological and Immunohistochemical Examination 
	Molecular Docking 
	Statistical Analysis 

	Conclusions 
	References

