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Abstract

This study aimed to investigate the inhibitory effects of the different concentrations of Tanshinone IIA
(Tan IIA) on the proliferation of human alveolar epithelial cell line A549 and its regulatory mechanism
in epithelial-mesenchymal transition (EMT). The proliferation activity of cells was examined using the
thiazolyl blue tetrazolium bromide (MTT) method. The changes in the expression of epithelial cell
marker protein E-cadherin (E-cad) and interstitial marker protein alpha-smooth muscle actin (α-SMA)
were detected using the cellular immunochemical method. The changes in cell morphology and
ultrastructure were observed under the inverted microscope and transmission electron microscope,
respectively. Western blot analysis was used to detect the expression of E-cad, α-SMA, Smad7, and
Smad3. The MTT assay showed that the cell viability in the transforming growth factor beta 1 (TGF-β1)
induced group was higher than that in the normal group, but the difference was not obvious. However,
the cell viability of the Tan IIA-treated groups obviously decreased compared with the TGF-β1-induced
and normal groups. Meanwhile, the expression of E-cad and Smad7 decreased, and the expression of α-
SMA and Smad3 increased after A549 cells were induced by 5 ng/mL TGF-β1 for 24 h. However, their
expression levels were close to the expression level of the control group after the cells were treated with
Tan IIA for 24 h. In conclusion, the results demonstrated that Tan IIA could inhibit EMT of alveolar
epithelial cells induced by TGF-β1, probably by regulating the expression of TGF-β/Smad pathway
protein. Therefore, Tan IIA might serve as a potential anti-fibrosis drug in treating pulmonary fibrosis.
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Introduction
Air pollution has become highly harmful to human health in
recent years. Pulmonary Fibrosis (PF) is a common chronic
progressive respiratory disease in today's society. PF represents
a group of devastating and largely irreversible disorders
characterized by badly damaged airway, secretion of
inflammatory factors, epithelial-mesenchymal transition
(EMT), apoptosis, oxidative stress, proliferation of lung
fibroblasts, and extracellular matrix over-accumulation [1-3].
EMT refers to the gradual disappearance of epithelial cells and
their transformation into mesenchymal cells with migration
and invasive ability [4,5]. At present, EMT is considered as an
important mechanism for the development of PF; the
transforming growth factor beta 1 (TGF-β1)/Smad signal
transduction pathway also plays an important role. This may
provide guidance for preventing and treating PF [6-12].
However, no direct evidence is available regarding the
relationship between TGF-β1/Smad and EMT during lung
fibrosis.

Salvia miltiorrhiza is a well-known herb in traditional Chinese
medicine reported to promote blood circulation and prevent
blood stasis. Tanshinone is an effective extract of S.
miltiorrhiza. Tanshinone IIA (Tan IIA) is a kind of monomer
with anti-oxidative, anti-inflammatory, anti-tumor, and anti-
atherosclerotic effects [13]. Some recent studies demonstrated
that Tan IIA could inhibit fibrosis in various tissues and organs
via intrinsic and extrinsic pathways [14,15]. These studies
demonstrated that Tan IIA could inhibit fibrosis by
downregulating the expression of TGF-β1 and α-SMA and
partially blocking the TGF-β1/Smad signaling pathway.
However, the relationship between TGF-β1/Smad and EMT
still remains unclear. Meanwhile, few studies were conducted
on the molecular mechanism of Tan IIA inhibiting EMT in PF.
The aim of this study was to investigate the intervention
mechanism of Tan IIA in preventing and treating PF. It was
found that Tan IIA alleviated PF by inhibiting TGF-β/Smad
signaling pathways and EMT in A549 cells stimulated by
TGF-β1.
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Materials and Methods

Drugs and reagents
Human recombinant TGF-β1 was purchased from PeproTech
Company (NJ, USA). Tan IIA was purchased from Shanghai
Biochemical Company (Shanghai, China). Osmic acid, lead,
and uranium were obtained from TedPella Inc, CA, and USA.
Rabbit anti-human polyclonal antibody to E-cad, Smad3/7,
mouse anti-human monoclonal antibody to α-SMA, and goat
anti-rabbit and mouse secondary antibody kit were all supplied
by Boster Biological Technology, Ltd, Wuhan, China.

Instruments
The instruments used in the study included inverted phase
contrast microscope (Olympus, Japan), microplate reader
(Thermo, MA, USA), ultrathin slicing machine and semi-
automatic rotary slicer (Leica company, Germany), and
transmission electron microscope (JEM-1400, JEOL, Japan).

Cell culture and grouping
The human alveolar epithelial cell line A549 was provided by
KeyGen Biotechnology Co., Ltd (Nanjing, China), and grown
in RPMI 1640 medium (Beijing Solarbio Science &
Technology Co., Ltd., China) supplemented with 10% fetal
bovine serum (Gibco, NY, USA), and the cells were incubated
at 37°C in a humidified atmosphere with 5% CO2. The study
comprised normal control group, TGF-β1-induced group, and
groups treated with different doses of Tan IIA. The normal
control group was treated with the same volumes of culture
medium, and the TGF-β1-induced group was treated with 5
ng/mL TGF-β1 for 24 h [16,17]. In the groups treated with
different doses of Tan IIA, A549 cells were stimulated first
with 5 ng/mL TGF-β1 for 24 h and then different
concentrations of Tan IIA (50, 100, 150 μg/mL) were added to
the corresponding groups.

Table 1. Effects of Tan IIA on the proliferation of A549 cells (n=3, x ̅ ± s).

Group 12 h 24 h 36 h 48 h

Normal control group 0.540 ± 0.006 0.596 ± 0.015 0.685 ± 0.042 0.776 ± 0.022

TGF-β1-induced group 0.563 ± 0.010* 0.596 ± 0.001* 0.703 ± 0.005* 0.822 ± 0.020*

Tan IIA, 50 μg/mL 0.492 ± 0.013# 0.530 ± 0.011# 0.609 ± 0.009# 0.659 ± 0.014#

Tan IIA, 100 μg/mL 0.439 ± 0.010# 0.472 ± 0.008# 0.578 ± 0.009# 0.609 ± 0.009#

Tan IIA, 150 μg/mL 0.404 ± 0.004# 0.445 ± 0.006# 0.518 ± 0.022# 0.537 ± 0.025#

Compared with the normal control group, *P>0.05; compared with the TGF-β1-induced group, #P<0.05.

MTT to detect the inhibitory effect of Tan IIA on
A549 cells
The cells in the logarithmic growth phase were collected and
kept in 96-well plates with 5 × 103 cells/well. Each group
included six wells, four time points (12, 24, 36, and 48 h), and
three plates at each time point. The cells adhered to the wall for
24 h, the old medium was discarded, and different
concentrations of Tan IIA were added to the corresponding
groups. After incubating the cells for 12, 24, 36, and 48 h, 20
μL of MTT (Sigma, USA) was added to each well for 4 h.
Then, 150 μL of dimethyl sulfoxide/well was added to the cells
and shaken for 20 min. The experiment was repeated three
times. The growth curve of A549 cells was plotted according
to the optical density value at 490 nm.

Morphological changes in cells under an inverted
microscope
The morphological changes in A549 cells induced by TGF-β1
and treated with Tan IIA for 24 h, compared with the control
group, were observed using an inverted microscope. The
roundness and radius ratio of cells were calculated referring to
a quantitative analysis method. The roundness is perimeter 2/(4

× π × area). The radius ratio is a ratio between long axis and
short axis [18].

Ultrastructural changes in cells under a transmission
electron microscope
For transmission electron microscopy analysis, the cells were
fixed in 4% cold glutaraldehyde at 4°C for 4 h, collected, and
centrifuged for 5 min (1000 rpm). Then, they were rinsed with
phosphate-buffered saline (PBS), fixed with 1% osmium
tetroxide for 1.5 h, dehydrated, and embedded in epoxy resin
(37°C for 12 h, 45°C for 12 h, and 60°C for 24-48 h). Ultrathin
sections were double stained with lead citrate for 5 min and
uranyl acetate for 25 min and then examined under a
JEM-1400 transmission electron microscope at the
magnification of 12,000X.

Expressions of E-cad and α-SMA detected by cell
immunochemistry
The cells were fixed with 4% paraformaldehyde at room
temperature for 30 min and stained according to the
immunocytochemical kit instructions. The presence of brown
particles in the cytoplasm or on the cell membrane was
regarded as positive expression. All images were analyzed
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using image analysis software (Image-Pro Plus7.0, Media
Cybernetics, MD, USA), and the integrated optical density
(IOD) of positive cells was calculated.

Expressions of E-cad, α-SMA, Smad7, and Smad3
analyzed by Western blot
The cells cultured for 24 h were rinsed twice with ice-cold PBS
and harvested. The total protein of cells was extracted, and its
concentration was determined using the bicinchoninic acid
method. Samples containing equal amounts of proteins (25 µg)
were loaded and analyzed by Western blot. Briefly, the proteins
were separated by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto a
polyvinylidene fluoride membrane. The membrane was rinsed
with Tris-buffered saline Tween 20 (TBST, 20 mM Tris-HCl,
pH 7.6, 150 mM NaCl, and 0.05% Tween 20) for 5 min,
incubated with blocking buffer (5% non-fat dry milk at 4°C
overnight or for at least 1 h at room temperature), and then
incubated with appropriate primary antibodies (1:2000) on a
shaker at room temperature for 2-4 h. The membrane was
washed with TBST five times (6 min each time), followed by
incubation with horseradish peroxidase-linked secondary
antibody (1:2000) at room temperature for 1 h. After the
membranes were washed again under the same conditions, all
protein bands were detected using the chemiluminescence
detection system.

Figure 1. Effects of Tan IIA on the proliferation of A549 cells.

Statistical analysis
SPSS17.0 software package was used for data analysis. The
datum consistent with the normal distribution was described
with the mean ± standard deviation and statistically compared
using the one-way analysis of variance test. Significance was
defined as P<0.05.

Results

Effect of Tan IIA on the proliferation of A549 cells
The MTT method was used to assess whether different
concentrations of Tan IIA had an inhibitory effect on the
proliferation of A549 cells. The results showed that the

proliferative activity of A549 cells increased in the TGF-β1-
induced group, but the difference was not significant compared
with the normal control group (P>0.05). However, the
proliferation of cells treated with different concentrations of
Tan IIA for 12-48 h was suppressed obviously (Table 1).
Meanwhile, the inhibition rate gradually decreased with the
administration of Tan IIA dose (50-150 μg/mL). On the
contrary, the inhibition rate gradually increased with the
extension of time (12-48 h) at the same dose. It demonstrated
that the growth of cells was obviously inhibited in both dose-
and time-dependent manners (P<0.05) (Figure 1).

Morphological changes in cells were observed under
an inverted microscope
The A549 cells in the control group were found to be circular,
polygonal, or cobble shaped under an inverted microscope. The
cells were closely connected. When A549 cells were induced
by TGF-β1 for 24 h, the cell morphology changed into
long spindle-shaped cells. However, the morphological
changes in cells treated with Tan IIA were gradually close to
those in the normal control group. The cells became shorter,
were rounder than those in the TGF-β1-induced group, and
even restored the cobble shape. On the contrary, the reduction
in cell number indicated that Tan IIA could inhibit the
proliferation of cells (Figure 2). The quantitative analysis
results show the roundness and radius ratio of cells in TGF-β1-
induced group had statistical significance (P<0.05) compared
with the normal control group. Moreover, the difference
between Tan IIA-treated and TGF-β1-induced groups was also
statistically significant (P<0.05) (Figure 3). The radius ratio
measurement for Tan IIA treatment group shows concentration
dependence, however the roundness measurement does not
exhibit such a trend. This may be related to the random
selection of interest areas in the analysis.

Figure 2. Comparison of cell morphology of A549 cells treated with
different concentrations of Tan IIA and TGF-β1 for 24 h examined
under an inverted microscope (100X). (A) Normal control group; (B)
5 ng/mL TGF-β1-induced group; (C) 50 μg/mL Tan IIA group; (D)
100 μg/mL Tan IIA group; (E) 150 μg/mL Tan IIA group.
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Figure 3. Effects of Tan IIA on the roundness and radius ratio of
A549 cells. (A) Normal control group; (B) 5 ng/mL TGF-β1-induced
group; (C) 50 μg/mL Tan IIA group; (D) 100 μg/mL Tan IIA group;
(E) 150 μg/mL Tan IIA group. Compared with the normal control
group, *P<0.05; compared with the TGF-β1-induced group,
#P<0.05.

Ultrastructural changes in the cells were observed
under a transmission electron microscope
The ultrastructural changes in A549 cells induced by TGF-β1
and treated with Tan IIA were observed using a transmission
electron microscope (Figure 4). The A549 cells in the normal
control group were characterized by clearly visible lamellar
bodies (also known as osmium bodies; lamellar or concentric)
and many villi on the cell surface (Figure 4A). The
ultrastructural changes in the cells in the TGF-β1-induced
group included degeneration and swelling of lamellar bodies,
vacuolization in the cytoplasm, shrinkage and fragmentation of
the nucleus, decreased number of microvilli, increased rough
endoplasmic reticulum, and expansion of mitochondria (Figure
4B). Interestingly, the lamellar body and surface microvilli
increased obviously in the cells treated with Tan IIA for 24 h
compared with the TGF-β1-induced group.

Expressions of E-cad and α-SMA detected by cell
immunochemistry
The epithelial marker protein E-cad was mainly expressed in
the cell membrane and partially in the cytoplasm in the normal
control group; the interstitial cell marker α-SMA was mainly
expressed in the cytoplasm. The expression of E-cad in the
A549 cells in the TGF-β1 induced group significantly
decreased compared with the normal control group. However,

the expression of α-SMA significantly increased. Many brown
granules were uniformly distributed in the cytoplasm. The IOD
values of E-cad and α-SMA were detected using Image-Pro
Plus7.0 (Media Cybernetics). The expression of E-cad and α-
SMA in the TGF-β1 induced group had statistical significance
(P<0.05) compared with the control group, as shown in Table 2
and Figure 5.

Figure 4. Representative transmission electron microscope images of
the ultrastructure of cells (lead and uranium double staining,
12,000X). (A) Normal control group; (B) 5 ng/mL TGF-β1-induced
group; (C) 50 μg/mL Tan IIA group; (D) 100 μg/mL Tan IIA group;
(E) 150 μg/mL Tan IIA group. Lamellar bodies (→), microvilli (←),
mitochondria (↓), rough endoplasmic reticulum (↑).

Table 2. Expression of E-cad and α-SMA in cells induced by TGF-β1
for 24 h (x ± s).

Group N E-cad α-SMA

Normal control group 5 35.950 ± 1.836 11.404 ± 0.995

TGF-β1-induced group 5 3.319 ± 0.241* 48.318 ± 1.819*

Compared with the normal control group, *P<0.05.

Expressions of E-cad, α-SMA, Smad7, and Smad3
analyzed by Western blot
Western blot was performed to analyze the proteins associated
with fibrosis to characterize the molecular changes in Tan IIA-
treated A549 cells. The expression of epithelial cell marker
protein E-cad decreased, whereas the expression of interstitial
cell marker α-SMA increased (P<0.05) when the A549 cells
were treated with TGF-β1 5 ng/mL for 24 h, compared with
the normal control group (Table 3 and Figure 6). The
expression of proteins was close to that in the normal control
group after the intervention of Tan IIA for 24 h, with a dose-
effect relationship. The difference between the experimental
and normal control groups was statistically significant
(P<0.05). Moreover, the difference between Tan IIA-treated
and TGF-β1-induced groups was also statistically significant
(P<0.05). Meanwhile, the expression of signaling pathway
protein Smad7 in A549 cells induced by 5 ng/mL TGF-β1 for
24 h decreased, but the expression of Smad3 increased
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(P<0.05), compared with the normal control group. The
expression level of protein was similar to that in the normal
control group after the intervention of Tan IIA for 24 h. The
difference between the experimental and normal control groups
was statistically significant (P<0.05). Moreover, the difference
between Tan IIA-treated and TGF-β1-induced groups was also
statistically significant (P<0.05) (Table 4 and Figure 7).

Figure 5. Expression of E-cad and α-SMA was detected by cell
immunochemistry after the cells were induced by 5 ng/mL TGF-β1 for
24 h (400X). (A) Expression of E-cad in the normal control group;
(B) expression of E-cad in the TGF-β1-induced group; (C) expression
of α-SMA in the normal control group; (D) expression of α-SMA in
the TGF-β1 induced group.

Table 3. Expression of E-cad and α-SMA in cells induced by TGF-β1
and treated with Tan IIA for 24 h (x̅ ± s).

Group N E-cad α-SMA

Normal control group 3 0.647 ± 0.009 0.395 ± 0.010

TGF-β1-induced group 3 0.378 ± 0.004* 0.717 ± 0.006*

Tan IIA, 50 μg/mL 3 0.435 ± 0.006*# 0.677 ± 0.011*#

Tan IIA, 100 μg/mL 3 0.520 ± 0.007*# 0.566 ± 0.010*#

Tan IIA, 150 μg/mL 3 0.574 ± 0.010*# 0.449 ± 0.028*#

Compared with the normal control group, *P<0.05; compared with the TGF-β1-
induced group, #P<0.05.

Discussion
S. miltiorrhiza, also known as Dan-shen in Chinese, is a typical
herb known for promoting blood circulation and detumescence,
cooling blood, nourishing blood, and regulating menstrual
function [19]. It comprises both fat-soluble and water-soluble
components. Tanshinone is a fat-soluble abietane-type
diterpenoid compound and is mainly extracted from the root of
S. miltiorrhiza. As one of the effective extraction monomers,
Tan IIA has a wide range of pharmacological actions. Many
studies have shown that Tan IIA plays a key role in scavenging
oxygen free radicals, protecting nerves, and exerting anti-
atherosclerosis, anti-tumor, and anti-fibrosis effects [20,21].
The present study found that the morphology of A549 cells

stimulated by 5 ng/mL TGF-β1 for 24 h obviously changed.
The cells were significantly elongated and spindle shaped
similar to fibroblasts, with an extended gap between cells.
However, the shape of the cells in the normal control group
was polygonal and paving stone-like. At the same time,
transmission electron microscopy showed osmiophilic lamellar
body degeneration, swelling, vacuolar changes, reduction in
the number of microvilli, increase in rough endoplasmic
reticulum, mitochondrial swelling, and increase in
euchromatin. This indicated EMT in A549 cells induced by
TGF-β1 for 24 h.

Figure 6. Western blot was used to detect the expression of E-cad and
α-SMA in A549 cells treated with Tan IIA for 24 h. (A) Normal
control group; (B) 5 ng/mL TGF-β1-induced group; (C) 50 μg/mL
Tan IIA group; (D) 100 μg/mL Tan IIA group; (E) 150 μg/mL Tan IIA
group.

Table 4. Expression of Smad3 and Smad7 in cells induced by TGF-β1
and treated with Tan IIA for 24 h (x̅ ± s).

Group N Smad3 Smad7

Normal control group 3 0.308 ± 0.010 0.626 ± 0.012

TGF-β1-induced group 3 0.620 ± 0.018* 0.355 ± 0.011*

Tan IIA, 50 μg/mL 3 0.562 ± 0.038*# 0.408 ± 0.010*#

Tan IIA,100 μg/mL 3 0.537 ± 0.019*# 0.440 ± 0.010*#

Tan IIA, 150 μg/mL 3 0.430 ± 0.014*# 0.486 ± 0.012*#

Compared with the blank control group, *P<0.05; compared with the TGF-β1-
induced group, #P<0.05.

The occurrence of EMT is associated with a variety of
molecular changes, such as the activation of transcription
factors, reconstruction and expression of cytoskeleton protein,
and expression of specific cell surface proteins including E-cad
and α-SMA. E-cad is a transmembrane protein of epithelial
cells and one of the important components of cell-to-cell tight
junctions, which ensures the integrity and polarity of epithelial
cells [22]. As a component of cytoskeleton, α-SMA is
expressed by myofibroblasts, which are a heterogeneous
population of highly profibrogenic cells; high levels indicate
the progression of fibrosis with collagen deposition. In
experimental studies on fibrosis, this interstitial marker is
highly expressed a few days after induction of fibrosis [23,24].
Hence, E-cad and α-SMA are emerging as one of the hallmarks
of EMT. The expression of E-cad decreased, and the
expression of α-SMA increased in the present study. The
content of E-cad decreased initially, the close connection
between cells was destroyed, the adhesion between alveolar
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epithelial cells was lost, and new phenotypic proteins such as
α-SMA were expressed in the cytoplasm during the
transformation of A549 cells induced by TGF-β1 into stromal
cells. The expression of E-cad significantly decreased, and the
expression of α-SMA significantly increased after A549 cells
were induced by TGF-β1 for 24 h in the cellular
immunochemical experiment. This result also supported the
transformation of alveolar epithelial cells into interstitial cells
after the cells were induced by TGF-β1 for 24 h.

Figure 7. Western blot was used to detect the expression of Smad3
and Smad7 in A549 cells treated with Tan IIA for 24 h. (A) Normal
control group; (B) 5 ng/mL TGF-β1-induced group; (C) 50 μg/mL
Tan IIA group; (D) 100 μg/mL Tan IIA group; (E) 150 μg/mL Tan IIA
group.

EMT is triggered by multiple extracellular stimuli. Of these
extracellular cues, TGF-β1 has a predominant role [25]. TGF-
β1 is a multifunctional cytokine, a potent inhibitor of epithelial
cell repair, and an inducer of PF through regulating cell
proliferation, growth, differentiation, and movement [26].
Smad family protein is the intracellular transduction molecule
of TGF-β family reported to be involved in the modulation of
cell proliferation and migration [27]. When cells were induced
by TGF-β1, TGF-β1 type I receptor could change its
conformation and receptor-regulated Smad proteins were
activated by phosphorylation. The phosphorylated Smad3 was
released from the receptor. On the contrary, a balanced
relationship exists between Smad3 and Smad7. Smad7 gene is
an inhibitory component in the TGF-β1/Smad signal
transduction pathway that can combine with TGF-β1 receptor
directly and interdict Smad3 activated by the receptor. The
response of cells to TGF-β1 receded with the increase in gene
expression [28]. TGF-β1 is the most powerful factor
stimulating the transformation of alveolar epithelial cells into
interstitial cells, which can promote extracellular matrix
deposition and development of PF through inducing EMT [29].
It might serve as a key to block the further development of
EMT and reduce PF by interdicting the TGF-β1/Smad signal

transduction pathway effectively. The expression of TGF-β1/
Smad-related proteins was further tested by Western blot. The
expression of E-cad and α-SMA was close to that in the control
group after A549 cells were treated with Tan IIA for 24 h and
EMT was inhibited. Moreover, the effect of Tan IIA on the
expression of E-cad and α-SMA had a dose-dependent
relationship. Furthermore, the expression of Smad3 in A549
cells treated with Tan IIA for 24 h decreased, but the
expression of Smad7 increased. These findings suggested that
Tan IIA treatment was able to effectively block the TGF-β1/
Smad signal transduction pathway.

Conclusions
The present study confirmed that Tan IIA could maintain the
stability of cell morphology and prevent the transformation of
epithelial cells into fibroblast cells. To some degree, Tan IIA
inhibited the EMT phenomenon of alveolar epithelial cells and
ameliorated PF induced by TGF-β1. The mechanism of Tan
IIA inhibiting cell proliferation and EMT might be through the
TGF-β1/Smad signaling pathway. Therefore, Tan IIA might
serve as a potential anti-fibrosis drug in treating PF. However,
further studies are needed to provide a novel strategy to deliver
Tan IIA effectively for PF therapy.
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