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Astragalus polysaccharides attenuate pulmonary fibrosis
by inhibiting the epithelial-mesenchymal transition
and NF-kB pathway activation
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Abstract. Astragalus polysaccharides (APS), the active ingre-
dients isolated from the plant Astragalus, have been reported
to have numerous biological activities, including anti-inflam-
matory and antitumor activities. However, the effect of APS on
pulmonary fibrosis (PF) remains unknown. The present study
aimed to evaluate the protective effect of APS against PF and
to explore its underlying mechanisms by using in vivo and
in vitro models. A mouse in vivo model of bleomycin-induced
PF and an in vitro model of transforming growth factor (1
(TGF-B1)-stimulated human lung epithelial A549 cells were
established. Histopathologic examination and collagen deposi-
tion were investigated by hematoxylin and eosin staining and
Masson staining, and by detecting the hydroxyproline content.
The expression of related genes was analyzed by western
blotting, reverse transcription-quantitative (RT-q) PCR, immu-
nofluorescence and immunohistochemistry. The results from
the in vivo mouse model demonstrated that treatment with
APS could ameliorate collagen deposition and reduce fibrotic
area and hydroxyproline content in the matrix. Furthermore,
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APS significantly inhibited the epithelial-mesenchymal transi-
tion (EMT), as evidenced by an increased level of E-cadherin
and a decreased expression of vimentin and alpha smooth
muscle actin. Furthermore, APS treatment significantly
decreased TGF-B1-induced EMT and NF-«xB pathway activa-
tion in vitro. The results from the present study provided new
insights on PF regression via the anti-fibrotic effects of APS.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progres-
sive, fibrotic interstitial pulmonary disease of unknown
cause, characterized primarily by the excessive deposition
of extracellular matrix (ECM) proteins by activated lung
fibroblasts and myofibroblasts, leading to decreased gas
exchange and impaired pulmonary function (1,2). IPF is
one of the most common idiopathic interstitial pneumonia
and the most common interstitial pulmonary disease,
with an estimated incidence of 50/100,000 worldwide
every year, with a median survival time after diagnosis of
3-5 years (3,4).

IPF commonly occurs in older adults, and the median
survival rate of patients with IPF after diagnosis is very
poor (5,6). Previous studies on IPF reported that some
anti-fibrinolytic components, glucocorticoids, antioxidants
and other therapeutic strategies are effective in the labora-
tory. However, certain drugs, including glucocorticoids and
immunosuppressants, have serious adverse effects and do
not improve the prognosis of patients. At present, there is no
universally accepted treatment for IPF. Although the new
anti-fibrotic drugs pirfenidone and nintedanib can slow down
IPF progression, their effectiveness and long-term safety
remain controversial (7). It is therefore crucial to determine
potential targets in IPF and develop novel treatments for
patients.

Although many traditional Chinese herbs (TCH) have
interesting therapeutic effects in various types of disease (8,9),
only a few TCHs have been reported to have therapeutic effects
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in IPF. The potential roles of certain TCHs in the regulation
of IPF remain unexplored. Astragalus is a plant that has been
used in traditional Chinese medicine for centuries, which is
commonly used to treat certain diseases. Numerous studies
reported that Astragalus could have some immunoregulatory
and antitumor effects (10-13). Recent studies demonstrated
that Astragalus polysaccharides (APS), which are the major
components of Astragalus, also have some antitumor and
anti-fibrotic effects (11,14). However, no study evaluated the
role of APS in PF. The present study aimed to explore the
potential role and underlying mechanism of APS in IPF. To do
s0, a bleomycin (BLM)-induced PF mouse model and in vitro
model of transforming growth factor f1(TGF-f1)-stimulated
human lung epithelial cells were established. Considering the
crucial role of NF-«xB signaling and TGF-f1 activity in PF,
the effect of APS on TGF-p1-induced NF-kB signaling was
also assessed. The results from the present study may provide
novel insights into the underlying mechanism of APS in PF
and allow the development of novel therapeutic options for
patients with IPF.

Materials and methods

Animal model and cell culture. The present study was
approved by the Institutional Animal Care and Use Committee
of Zhejiang University, Hangzhou, China. A total of 30 male
C57BL/6 mice (6-8 weeks old) purchased form Vital River
Laboratory Animal Technology were used in this study. Mice
were anesthetized by intraperitoneal injection of 0.1 ml of
sodium pentobarbital at the dose of 50 mg/kg and received
5 mg/kg BLM (Nippon Kayaku Co., Ltd.) or an equal volume
of sterile saline by intratracheal administration.

APS was obtained from Shanghai Yuanye Bio-Technology
Co., Ltd. and was prepared as described previously (15,16).
Mice were treated with either saline or APS (200 mg/kg/day)
daily through gavage seven days prior to BLM administra-
tion. The day following BLM administration, mice received
200 mg/kg APS daily by gavage until the end of experi-
ment (15). On days 28, six mice per group were anesthetized
with sodium pentobarbital (75 mg/kg) prior to cervical dislo-
cation, and lung tissues were collected and immediately frozen
in liquid nitrogen for further experiments.

The primary human bronchial epithelial cells and the
human lung epithelial cell line A549 were obtained from the
Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences. Cells were cultured in F-12K Medium supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin
and 100 pg/ml streptomycin (all from Gibco; Thermo Fisher
Scientific, Inc.) and placed at 37°C in a humidified incu-
bator containing 5% CO,. A549 cells was treated with
TGF-p1 (10 ng/ml; PeproTech) or 50 pmol/l of the NF-xB
inhibitor pyrrolidine dithiocarbamate (PDTC; cat. no. P8765;
Sigma-Aldrich; Merck KGaA) for 24 h. Cells were cultured
in medium supplemented with 50 mg/ml APS (Shanghai
Yuanye Bio-Technology Co., Ltd.; >98% purity) for 3 days
(APS group) (17).

Hematoxylinand eosin (H&E) staining and Masson's trichrome
staining. Lung tissues from mice were fixed in 4% paraformal-
dehyde for 24 h at 4°C and embedded in paraffin. Sections
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(4-mm thick) were prepared and subsequently stained with
H&E and Masson's trichrome for histopathological examina-
tion. Images were acquired by an experienced pathologist with
an Olympus microscope (magnification, x40). The fibrotic area
was quantified using Image Pro Plus 6.0 (Media Cybernetics,
Inc.).

Measurement of hydroxyproline (HYP) content. The content
in matrix proteins in lung tissues was determined by using
the Hydroxyproline detection kit (cat. no. A030-3; Nanjing
Jiancheng Bioengineering Institute) according to the manu-
facturer's instructions. The lung tissues were prepared
for hydrolysis, adjusting the PH value to 6.0-6.8. Double
distilled water was added and tissues were incubated at room
temperature for 20 min. Subsequently, the developing solu-
tion was added to the tissues that were incubated at 37°C for
5 min. Absorbance was read at 550 nm using a microplate
reader. Data were expressed as micrograms (ug) of HYP
per mg of dry lung tissue.

Western blotting, reverse transcription-quantitative (RT-q)
PCR andimmunofluorescence (IF). Western blotting, RT-qPCR
and IF were performed as described previously (18-20). The
primary antibodies for western blotting and IF are provided
in Table SI.

Western blotting was performed as described previ-
ously (18,19). Proteins were extracted from lung tissues and
A549 cells using RIPA lysis buffer at 4°C. Proteins (10 ug)
proteins were separated by 10% SDS-PAGE and transferred
onto polyvinylidene fluoride membranes. Membranes were
blocked with 3% BSA in TBST at room temperature for
60 min. Membranes were incubated with primary anti-
bodies overnight at 4°C and with secondary antibody for
1 h at room temperature. 3-actin was used as a control
and Lamin B1 was used as a nuclear control. Signals were
visualized by using an enhanced chemiluminescence detec-
tion kit (Auragene Technology, Co., Inc.). Densitometric
analysis was performed using Image Pro Plus v 6.0 (Media
Cybernetics, Inc.).

RT-qPCR was performed as described previously (18,19).
Total RNA was extracted from mice lung samples with
TRIzol reagent. The sequences of the primers were as follows:
Collagen-1lal, forward 5-GCCCGAACCCCAAGGAAA
AGAAGC-3, reverse 5-CTGGGAGGCCTCGGTGGACAT
TAG-3'; collagen-3al, forward 5'-GCCCACAGCCTTCTA
CACCT-3', reverse 5-GCCAGGGTCACCATTTCTC-3'; fibro-
nectin, forward 5-GATGTCCGAACAGCTATTTACCA-3,
reverse 5'-CCTTGCGACTTCAGCCACT-3"; and GAPDH,
forward 5-TGCACCACCAACTGCTTAGC-3' and reverse
5-GGCATGGACTGTGGTCATGAG-3". The relative expres-
sion levels were normalized to endogenous control GAPDH
and were expressed as 244%9 (21) using ABI software v2.3
(Applied Biosystems).

IF was performed as described previously (18,20). Briefly,
lung tissues and A549 cells were fixed, permeabilized and
incubated for 1 h at 37°C with primary antibody. The appro-
priate Alexa Fluor linked secondary antibody was applied for
30 min at room temperature. Cells were counterstained with
DAPI and images were acquired with a fluorescence micro-
scope.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 331-339, 2020

Collagen

Fibronectin

I

Saline BLM+APS

DAPI

Merged Fibronectin

S5 200

333

B o C * *
o
§25- 61-5' i
= * * =
ézo_ —ir— =)
P 1.0/
§15- E
=t  aaf
%10“ 805“
N5 :
<0 . ! 0.0 : : T
Saline + - - Salin - = =
BLM - + + BLM - + +
APS - - + APS - - +
E —
—_ [}
g o " .
Qg g |
- # e s
% ——r— =
4. o
V4 £ 31
E3_ -
T 3,
1—2_ c
c [}
811_ E"I'
s :
UD T T T U 0 ‘. T T
Saline + - - Saline - -
BLM - + + BLM 5 + +
APS - = - APS - = +
F _
2
D44 * *
{
=z
o 31
E
=
2]
I}
Nallis
£
i
0 v T T
Saline + = =
BLM - # +
APS - - +

Figure 1. APS attenuated BLM-induced pulmonary fibrosis in mice. (A) Histological images showing collagen deposition in lung tissue from mice treated
with saline, BLM, or BLM + APS after hematoxylin and eosin and Masson's stainings. (B and C) Measurement of (B) fibrotic area and (C) HYP content.
(D-F) Reverse transcription quantitative PCR analysis of the expression level of (D) collagen 1al, (E) collagen 3al and (F) fibronectin. (G) Immunohistochemical
analysis of collagen and fibronectin expression. (H) Immunofluorescence analysis of fibronectin expression. ‘P<0.05. APS, Astragalus polysaccharides; BLM,
bleomycin; H&E, hematoxylin and eosin; HYP, hydroxyproline. Data are presented as the means + standard deviation.

Immunohistochemistry (IHC). IHC and subsequent analyses
were performed as described previously (19,20). The primary
antibodies used for IHC are presented in Table SI. Briefly,
formalin-fixed and paraffin embedded mice lung samples were
cut into 5-um-thick sections. Sections were incubated with the
primary antibodies at 4°C overnight. Images were acquired
on an Olympus microscope. The EnVision kit (Dako; Agilent
Technologies, Inc.) was used to detect the signal.

Ethynyl deoxyuridine (EdU) assay. A Click-iT Ethynyl
deoxyuridine Imaging Kit (cat. no. C10086; Invitrogen;
Thermo Fisher Scientific, Inc.) was used for EdU labelling to
assess A549 cell proliferation as previously described (18).

Wound healing assay. The wound healing assay was performed
as described previously (19). A549 cells were cultured in 6-well
plates until they reach 100% confluence. The wound was made
with a 200 ul sterile pipet tip and 1% FBS was added to the
medium.

Statistical analysis. Statistical analyses were performed using
GraphPad Prism software version 5.0 (GraphPad Software,
Inc.) and SPSS version 19.0 (IBM Corp.). Unpaired Student's
t-test was used for comparison between two groups. One-way
ANOVA followed by Student-Newman-Keuls post hoc test
was used for comparison between =3 groups. The data were
presented as the means + standard deviation of three inde-
pendent experiments. P<0.05 was considered to indicate a
statistically significant difference.

Results

APS reduces BLM-induced PF in mice. To evaluate the
effect of APS on PF, a BLM-induced PF mouse model was
established. The establishment of the PF model was verified
by H&E staining and Masson's trichrome assay, and the
results confirmed the collagen deposition (Fig. S1A) and the
increase in fibrotic area (Fig. S1B). Furthermore, the results
from RT-qPCR demonstrated that the expression level of
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Figure 2. APS suppressed BLM-induced epithelial-mesenchymal transition in pulmonary fibrosis in mice. (A-D) Western blotting analysis and relative quanti-
fication levels of E-cadherin, vimentin and a-SMA expression. (E and F) Immunofluorescence analysis of vimentin and a-SMA expression. ‘P<0.05. a-SMA,
alpha smooth muscle actin; APS, Astragalus polysaccharides; BLM, bleomycin.
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Figure 3. APS alleviated TGF-f1-induced lung fibroblast activation. (A and B) Proliferative capacity analysis via EdU assay. (C and D) Wound healing

assay for the assessment of cell migration. APS, Astragalus polysaccharides; TGF-B1, transforming growth factor B1. "P<0.05. Data are presented as the
means + standard deviation.
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Figure 4. APS inhibited TGF-f1-induced epithelial-mesenchymal transition in pulmonary epithelial cells. (A-D) Western blotting analysis and relative quanti-
fication levels of E-cadherin, vimentin and a-SMA expression. (E) Immunofluorescence analysis of vimentin expression. (a-SMA, alpha smooth muscle actin;
APS, Astragalus polysaccharides; TGF-1, transforming growth factor p1. “P<0.05. Data are presented as the means + standard deviation.

collagen-1lal, collagen-3al and fibronectin was increased in
lung tissues from BLM-treated mice compared with lung
tissues from the saline control group mice (Fig. SIC-E).
Furthermore, results from IHC and IF demonstrated an
increase in the fibrosis-related proteins collagen and fibro-
nectin in the PF mouse model (Fig. SIF and G). These results
confirmed that the BLM-induced PF model was successfully
established.

To explore the potential therapeutic effects of APS in PF,
APS was administered to the BLM-induced PF mouse model
by gavage. The results demonstrated that APS reduced collagen
deposition (Fig. 1A), fibrotic area (Fig. 1B) and HYP content
(Fig. 1C), which all together are indicators of PF. Furthermore,
APS alleviated the BLM-induced up-regulation of collagen-1al
(Fig. 1D), collagen-3al (Fig. 1E) and fibronectin (Fig. 1F) at the
mRNA level. In addition, the results from IHC and IF demon-
strated that APS inhibited the BLM-induced upregulation of
collagen and fibronectin (Fig. 1G and 1H, respectively). These
findings suggested that APS may attenuate BLM-induced PF.

APS inhibits BLM-induced EMT in mice with PF. To explore
the occurrence of EMT during PF, the expression of the
epithelial marker E-cadherin and of the mesenchymal markers
vimentin and alpha smooth muscle actin (a-SMA) were deter-
mined by western blotting or IF. The results from western
blotting (Fig. 2A-D) and IF (Fig. 2E and F) demonstrated that
BLM treatment significantly reduced E-cadherin expression
and upregulated the expression of vimentin and a-SMA in lung
tissues. These data suggested that epithelial cells decreased

and myofibroblasts increased during PF. However, the results
from western blotting and IF demonstrated that treatment with
APS could reverse BLM-induced EMT, along with a decrease
in vimentin and a-SMA expression and an increase in the
E-cadherin expression (Fig. 2A-D, E and F).

APS decreases TGF-f1-induced fibrogenesis in pulmonary
epithelial cells. The proliferation and differentiation of
fibroblasts serve crucial roles in PF, and can promote extra-
cellular matrix (ECM) deposition and aggravate therefore
fibrosis. The results from the present study demonstrated
that TGF-B1 promoted the proliferation (Fig. 3A and B) and
migratory ability (Fig. 3C and D) of pulmonary epithelial cells
in vitro, whereas these effects were nearly completely reversed
following treatment with APS. EMT is commonly known to
be induced by TGF-p1 (22,23). The results from western blot-
ting indicated that TGF-f1 could upregulate the expression of
a-SMA and vimentin and reduce the expression of E-cadherin
in A549 cells (Fig. 4A-D). However, cell treatment with APS
reversed these changes. The results from IF demonstrated that
TGF-B1 could increase vimentin expression in A549 cells
(Fig. 4E).

APS inhibits TGF-f1-induced NF-xB pathway activation
in pulmonary epithelial cells. Considering the essential role
of TGF-B1 activity and NF-«xB signaling in PF, the effect of
APS on TGF-f1-induced NF-xB signaling was evaluated
in the present study. Cell treatment with TGF-f1 increased
the nuclear translocation of p65 (Fig. SA and B) and the
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Figure 5. APS and PDTC decreased TGF-f1-induced NF-kB pathway activation in pulmonary epithelial cells. (A-D) Western blotting analysis and relative
quantification levels of p65 and P-IkBa expression following APS and TGF-f1 treatment. (E-H) Western blotting analysis and relative quantification levels
of E-cadherin, vimentin and a-SMA expression following PDTC and TGF-f1 treatment. (I) Immunofluorescence analysis of vimentin expression following
PDTC and TGF-f1 treatment. (a-SMA, alpha smooth muscle actin; APS, Astragalus polysaccharides; P, phopho; PDTC, pyrrolidine dithiocarbamate; TGF-f1,
transforming growth factor 31. “P<0.05. Data are presented as the means + standard deviation.

expression level of phospho (p-) IkBa (Fig. 5C and D).
Furthermore, APS blocked the NF-kB pathway activation
by TGF-f1 (Fig. SA-D). In addition, PDTC (24) neutral-
ized the TGF-p1-induced increase in E-Cadherin, vimentin
and a-SMA expression by western blot (Fig. SE-H) or IF
(Fig. 5I). Furthermore, TGF-f1 increased the proliferation
(Fig. 6A and B) and migratory ability (Fig. 6C and D) of
pulmonary epithelial cells; however, these effects were
reversed following treatment with PDTC. Taken together,
these findings indicate that the NF-«xB signaling pathway
may serve a crucial role in TGF-B1-induced EMT in A549
cells, and that TGF-B1-induced PF progression may be inhib-
ited by APS via the NF-kB pathway.

Discussion
EMT serves a key role in the occurrence and develop-

ment of PF. During EMT, the expression in epithelial cells
of adherens junction proteins, including E-cadherin, is

decreased whereas the expression of fibroblast markers,
including vimentin and a-SMA, is increased (25,26). One
of the histological characteristics of PF is the ECM depo-
sition. The cytokine TGF-P1 is an important regulator of
fibrogenesis. TGF-P1 activates fibroblasts and transforms
them into myofibroblasts (2,3). Numerous studies reported
that TGF-f1 is a key fibrogenic factor, which can induce
EMT in PF (27). Subsequently, inhibition of EMT through
the TGF-p1 pathway may be considered as a potential thera-
peutic option for IPF.

Previous studies reported the antitumor (28),
anti-diabetic (29), antioxidant and immunomodulatory proper-
ties of APS (30,31). Several studies demonstrated that
Astragalus has strong anti-fibrotic activities (12,15). Astragalus
was found to inhibit the EMT of peritoneal mesothelial cells
by decreasing (3-catenin expression (32). Furthermore, it was
reported that Astragalus has some therapeutic effects on
BLM-induced PF by reducing Jagged1/Notchl expression (33).
Furthermore, Astragalus saponins could reduce liver fibrosis
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Figure 6. PDTC alleviated TGF-f1-induced lung fibroblast activation. (A and B) Proliferative capacity evaluated by the EdU assay. (C and D) Wound-healing
assay to examine cell migration. (PDTC, pyrrolidine dithiocarbamate; TGF-p1, transforming growth factor p1. “P<0.05. Data are presented as the means + stan-

dard deviation.

by decreasing TGF-B1/Smad signaling pathway (34).
Astragaloside IV isolated from Astragalus can reduce the
hyperphosphorylation of forkhead box O3a induced by
TGF-p1/PI3K/Akt and reverse EMT involved in the process of
fibrosis (35). In the present study, APS attenuated BLM-induced
PF and EMT in mice. These results were similar to those from
a previous study demonstrating that APS can inhibit excessive
collagen accumulation in a BLM-induced scleroderma mouse
model (36).

Toll-like receptor 4 (TLR4)/NF-kB pathway activation
is a key mechanism involved in the inflammatory response
observed in pulmonary disease (37,38). NF-kB signaling is
activated by TLR4 via the stimulation of released inflamma-
tory cytokines, which promote the proinflammatory response.
Under normal conditions, NF-«B is isolated in the cytoplasm
and binds to IxB. Once activated, NF-xB translocates to the
nucleus and regulates the production of inflammatory cyto-
kines (39,40).

In the present study, treatment with PDTC alleviated PF
in BLM-treated mice. These findings suggested that NF-kB
may serve an important role in the progression of PF, which
may be reversed by inhibiting NF-kB signaling. A previous
study reported that APS reduces inflammation by inhibiting
the activation of the TLR-4/NF-kB pathway and protects mice
from coxsackievirus B3-induced viral myocarditis (15). In the
present study, APS attenuated BLM-induced PF and EMT in

mice. Furthermore, APS reduced the TGF-p1-induced EMT
and NF-«kB pathway activation in pulmonary epithelial cells.
Taken together, these findings suggested that APS may have an
anti-fibrotic effect by repressing the activation of the NF-kB
signaling pathway, preventing therefore EMT progression and
ameliorating PF.

In conclusion, the present study demonstrated that
APS could alleviate PF in vitro and in vivo and reduce the
TGF-pl-induced NF-kB pathway activation. To the best of
our knowledge, this study was the first to demonstrate the
APS-mediated alleviation of PF in vitro and in vivo. In addi-
tion, this study elucidated some mechanism of action of APS
in PF, suggesting that APS may be considered as a therapeutic
agent to treat IPF.
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