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Abstract. Acute lung injury (ALI) is among the most common 
causes of mortality in intensive care units. Previous studies 
have suggested that bone marrow-derived mesenchymal stem 
cells (BMSCs) may attenuate pulmonary edema. In addition, 
alveolar epithelial cells type Ⅰ (ATⅠ) are involved in reducing 
the alveolar edema in response to ALI. However, the mecha-
nism involved in improving the efficiency of differentiation of 
MSCs into ATⅠ remains to be elucidated. In the present study, 
the effect of salvianolic acid B (Sal B) on the differentiation 
of BMSCs into ATⅠ and the activities of the Wnt signaling 
pathways were investigated. The BMSCs were supplemented 
with conditioned medium (CM). The groups were as follows: 
i) CM group: BMSCs were supplemented with CM; ii) lithium 
chloride (LiCl) group: BMSCs were supplemented with CM 
and 5 mM LiCl; iii) Sal B group: BMSCs were supplemented 
with CM and 10 mM Sal B. The samples were collected and 
assessed on days 7 and 14. It was revealed that aquaporin 
(AQP)-5 and T1α were expressed in BMSCs, and induction 
with LiCl or Sal B increased the expression of AQP-5 and T1α. 
Furthermore, the Wnt‑1 and Wnt‑3a signaling pathways were 
activated during the differentiation of BMSCs into ATⅠ. In 
conclusion, it was suggested that the promotive effects of Sal B 
on the differentiation of BMSCs into ATⅠ occurred through 
the activation of Wnt signaling pathways.

Introduction

Acute lung injury (ALI) is a common complication 
following sepsis. Despite advances in supportive care and 

the pharmacological treatment of the condition, the mortality 
rates from ALI remain high (1). Previous studies have demon-
strated that mesenchymal stem cells (MSCs) have therapeutic 
effects in the treatment of ALI, by reducing surface tension, 
thus preventing the alveoli from collapsing (2). MSCs can be 
engrafted in injured lung tissue and induced to differentiate 
into alveolar epithelial cells type Ⅱ (ATⅡ), which are vital in 
the maintenance of respiratory function through a reduction 
in surface tension, preventing collapse of the alveoli (3). In 
addition, it has also been revealed that MSCs may differ-
entiate into alveolar epithelial cells type Ⅰ (ATⅠ), which are 
also associated with a reduction of pulmonary edema (4). 
However, the methods and mechanisms of improvement in 
the differentiation efficiency of MSCs into ATⅠ remain to 
be elucidated.

Danshen [Salvia (S.) miltiorrhiza], a well-established 
Chinese Herbal Medicine, has been widely used in medicinal 
preparations for the treatment of ALI. Salvianolic acid B 
(Sal B) is one of the major constituents of the water-soluble 
extracts of S. miltiorrhiza Bunge, which has been reported to 
promote the differentiation of stem cells into cells of other 
lineages (5-7). It was thus hypothesized that Sal B possesses 
a promoting effect on the differentiation of stem cells into 
alveolar epithelial cells.

It has been reported that certain signaling pathways 
contribute to the induction of differentiation of MSCs into 
alveolar epithelial cells; therefore, it is important to examine 
the potential mechanisms in vitro. The Wnt signaling 
pathways have various roles in the differentiation of MSCs, 
dependent upon the specific ligands and receptors involved, 
as well as the target cells and the developmental stages (2-4). 
A previous study also demonstrated that the Wnt/β-catenin 
signaling pathway is one of the fundamental pathways in cell 
proliferation, fate determination and the differentiation of 
MSCs, including the differentiation of MSCs into cells of an 
epithelial lineage (8). In addition, the Wnt/β-catenin signaling 
pathway is a crucial regulator in tissue remodeling associated 
with lung diseases, including asthma, pulmonary fibrosis and 
chronic obstructive pulmonary disease (9,10). Thus, it was 
hypothesized that the differentiation of stem cells into ATⅠ 
occurs through the Wnt signaling pathways.
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Considering the prospective effects of Sal B and Wnt 
signaling on the differentiation of bone marrow-derived 
mesenchymal stem cells (BMSCs), the present study was 
undertaken to investigate whether Sal B promoted the differ-
entiation of BMSCs into ATⅠ and whether this process was 
mediated by the activation of the Wnt signaling pathways.

Materials and methods

Ethical statement. All animal experimental procedures were 
approved by the Institutional Animal Care Committee of 
Dalian Medical University (Dalian, China). The present study 
was conducted according to institutional guidelines under an 
approved protocol. A total of 18 male Sprague Dawley (SD) 
rats (80‑100 g body weight; 3‑5 weeks; Specific Pathogen 
Free Laboratory Animal Center of Dalian Medical University, 
Dalian, China) were used in the present study.

Isolation and culture of BMSCs. BMSCs were isolated 
from the femur and tibia of two male SD rats as previously 
described (11). Briefly, the ends of the bones were cut, and 
the marrow was extruded with medium using a needle and 
syringe. The cell suspensions were plated on 25-cm2 plastic 
flasks and supplemented with Dulbecco's modified Eagle's 
medium (DMEM) with 10% fetal bovine serum (FBS) and 1% 
glutamine (Cyagen Biosciences, Santa Clara, CA, USA). The 
cells were then incubated at 37˚C with 5% CO2. After incuba-
tion for 24 h, the non-adherent cells were removed by replacing 
the medium. All experiments described in the present study 
were performed using cells from passages 5-8.

Flow cytometric analysis. Flow cytometric analysis of the 
expression of a panel of surface markers was performed using 
a BD Biosciences fluorescence‑activated cell sorting machine 
(FACSAria2) using standard techniques (BD Biosciences, 
Mountain View, CA, USA). The BMSCs were harvested and 
washed with phosphate-buffered saline, then stained using 
antibodies against CD29, CD34, CD71, CD90 and CD106 
(BD Biosciences).

BMSC differentiation assays. The lung homogenate was 
attained from the right lung of four SD rats (80-100 g), and 
was cultured without serum for 24 h. Subsequently, the 
medium was concentrated using ultrafiltration units with a 
3 kDa molecular weight cutoff (Amicon, Billerica, MA, USA). 
The BMSCs were plated and supplemented with conditioned 

medium (CM), which contained a mixture of concentrated 
medium (1 ml) and DMEM stem cell culture medium with 
10% FBS and 1% glutamine (1 ml) in equal volumes (1:1). 
The groups were as follows: i) CM group: BMSCs were 
supplemented with CM; ii) lithium chloride (LiCl; Amresco 
LLC, Solon, OH, USA) group: BMSCs were supplemented 
with CM and 5 mM LiCl; iii) Sal B group: BMSCs were 
supplemented with CM and 10 mM Sal B (Sigma-Aldrich, St. 
Louis, MO, USA). All samples were collected and assessed 
on days 7 and 14.

Immunofluorescence staining. The cells were fixed in 
4% paraformaldehyde (Solarbio, Beijing, China) and permea-
bilized with 0.1% Triton X-100 (Amresco LLC) for 15 min 
prior to incubation with the primary antibodies for 2 h at 
room temperature. The primary antibodies included rabbit 
polyclonal aquaporin (AQP)-5 (cat. no. sc-28628; 1:70 dilu-
tion; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), 
rabbit polyclonal T1α (cat. no. bs-1048R; 1:70 dilution; Bioss, 
Shanghai, China), and fluorescein isothiocyanate-labeled 
donkey anti-rabbit secondary antibodies (cat. no. 711-095-152; 
1:70 dilution; Jackson Immuno Research Inc., West Grove, PA, 
USA). The binding of DAPI (Sigma-Aldrich) to DNA was used 
to identify the nucleus. The immune complexes were observed 
using fluorescence microscopy (Olympus BX63; Olympus 
Corporation, Tokyo, Japan).

Western blot analysis. Total proteins were extracted from 
differentiated cells. The proteins were loaded onto a linear 
gradient polyacrylamide gel, with a polyacrylamide stacking 
gel, then electrophoretically transferred onto a polyvi-
nylidene difluoride membrane following electrophoresis. The 
membranes were blocked via incubation with 5% evaporated 
skimmed milk for blocking, followed by incubation with the 
primary antibodies at 4˚C overnight. The primary antibodies, 
including AQP-5 (1:200 dilution), T1α (1:200 dilution), rabbit 
polyclonal Wnt‑1 (cat. no. bs‑1739R; 1:150 dilution; Bioss), 
rabbit polyclonal Wnt‑3a (cat. no. bs-1700R; 1:150 dilution; 
Bioss) and mouse polyclonal β-actin (cat. no. sc-47778; 1:400 
dilution; Santa Cruz Biotechnology, Inc.) were used. Following 
washing, the membranes were incubated with horseradish 
peroxidase-linked immunoglobulin G goat anti-rabbit or 
goat anti-mouse secondary antibodies (cat. nos. ZB‑2305 or 
ZB‑2301; 1:6,000 dilution; ZSGB‑BIO, Beijing, China) for 2 h 
at room temperature. After standard enhanced chemilumi-
nescence detection using gel-imaging with ChemiDoc XRS+ 

Figure 1. Flow cytometric analysis demonstrating the expression of BMSC surface markers. BMSCs were positive for expression of CD29 and CD90 (85.0 
and 97.5%, respectively). Furthermore, 47.2% of cells were CD106 positive, and the percentage of CD34‑ and CD71‑expressing cells was low at 0.2 and 4.0%, 
respectively. These values are averages from 3 repetitions. BMSC, bone marrow‑derived mesenchymal stem cell; FITC, fluorescein isothiocyanate.
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(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and Image 
Lab software, version 4.0 (Bio-Rad Laboratories, Inc.), the 
samples were subjected to image analysis using the ImageJ 
software, version 2.1 (National Institutes of Health, Bethesda, 
MD, USA).

Statistical analysis. Values are presented as the mean ± stan-
dard error of the mean and were analyzed using SPSS 19.0 
software (IBM, Armonk, NY, USA). The experimental data 
were analyzed using a one-way analysis of variance. P<0.05 
was considered to indicate a statistically significant difference.

Figure 2. Morphological changes in BMSCs differentiated into alveolar epithelial cells. Under the inductive conditions, the BMSCs lost their characteristic 
fibroblast‑like shape and gradually exhibited a polygonal morphology, typical of alveolar epithelial cells. On day 7, a few BMSCs exhibited an alveolar epithe-
lial cell-like shape. On day 14, the majority of BMSCs exhibited morphology typical of alveolar epithelial cells. Images taken under differing light intensities, 
accounting for the variation in color. Magnification, x40. BMSCs, bone marrow‑derived mesenchymal stem cells.

Figure 3. Bone marrow‑derived mesenchymal stem cell differentiation increases expression of T1α. Under inductive conditions, the markers of the ATⅠ 
lineage‑specific marker, T1α, were examined. Induction with LiCl and Sal B increased T1α expression. In the LiCl group and Sal B group, T1α expression 
was significantly higher than that in the CM group at 7 and 14 days, respectively. Magnification, x40. *P<0.05. Results are presented as the mean ± standard 
deviation. CM, conditioned medium; ATI, alveolar epithelial cells type I; Sal B, salvianolic acid B.
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Results

Characteristics of BMSCs in culture. The majority of cells 
exhibited a spindle‑like or fibroblast‑like shape. Flow cyto-
metric analysis demonstrated the expression of BMSC surface 
markers. BMSCs were positive for CD29 and CD90, (85.0 
and 97.5%, respectively). Expression of CD106 was present on 
47.2% of BMSCs, while CD34 and CD71 expression was rare 
(0.18 and 4%, respectively) (Fig. 1).

Morphological changes of BMSCs during differentiation into 
ATI. Under inductive conditions, the BMSCs lost their charac-
teristic fibroblast‑like shape and gradually began to exhibit a 
polygonal morphology, typical of ATI. On day 7, a few BMSCs 
exhibited an alveolar epithelial-like shape; however, by day 14, 
the majority of BMSCs exhibited the morphology indicative of 
differentiation into ATI (Fig. 2).

BMSC differentiation and expression of ATⅠ markers. Under 
inductive conditions (stimulation with LiCl or Sal B), the 

expression of ATⅠ lineage‑specific markers, AQP‑5 and T1α, 
was examined using immunofluorescence. BMSCs under 
control conditions expressed these proteins at relatively low 
levels on day 7; however, when BMSCs differentiated into ATI, 
AQP-5 and T1α levels were increased by day 14 and following 
induction with LiCl or Sal B compared with the CM group 
(P<0.05; Figs. 3 and 4).

The western blot analysis revealed similar results to those 
of the immunofluorescence staining. In the Sal B group, the 
T1α and AQP‑5 protein levels were significantly increased 
compared with the CM group on days 7 and 14 (P<0.05). In 
the LiCl group, the T1α and AQP‑5 protein levels were signifi-
cantly increased compared with those in the CM group on 
day 14 (P<0.05; Fig. 5).

Wnt pathway activation during the differentiation of BMSCs 
into ATⅠ. Differentiation of BMSCs into ATI activated Wnt 
signaling, as indicated by western blot analysis of Wnt-1 
and -3a. In the LiCl and Sal B groups, Wnt‑1 levels were 
significantly higher that those in the CM group on day 7 

Figure 4. Bone marrow‑derived mesenchymal stem cell differentiation increases expression of AQP‑5. Under inductive conditions, the markers of the ATⅠ 
lineage‑specific marker, AQP‑5, were examined. Induction with LiCl and Sal B increased AQP‑5 expression. In the LiCl group, the AQP‑5 expression was 
significantly higher than that in the CM group at 7 and 14 days. In the Sal B group, the AQP‑5 expression was significantly higher than that in the CM group 
on day 14. Magnification, x40. *P<0.05. Results are presented as the mean ± standard deviation. CM, conditioned medium; ATI, alveolar epithelial cells type I; 
Sal B, salvianolic acid B; AQP, aquaporin.
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(P<0.05), and Wnt‑1 and ‑3a levels were further increased by 
day 14 (P<0.05; Fig. 6).

Discussion

Damage to the alveolar epithelium has been documented in 
~90% of patients with lung injury, according to data collected 
from lung biopsies (12). Lung tissue may be recovered with 
adequate repair and remodeling of the alveolar epithelia, but 
not in the case of severe injury and without the rapid activation 
of repair mechanisms. As stem cells are considered to differ-
entiate into ATI as a replacement of injured alveolar epithelial 
cells, it was important to elucidate whether the BMSCs may be 
a suitable source of MSCs (3). BMSCs as a source of multipo-

tent cells can be easily identified by detection of cell surface 
antigens; they are positive for CD29 and CD90, have low 
expression of CD106, and are negative for CD34 and CD71. 
The results of the present study confirmed findings from a 
previous study (11). 

The supernatant of the lung tissue homogenate was 
used in the present study to investigate the mechanism of 
increasing the differentiation efficiency of stem cells into 
ATⅠ by induction with Sal B. The results revealed that the 
cultured BMSCs had a polygonal morphology and expressed 
T1α and AQP-5, which are specific markers for ATⅠ. It was 
suggested that the differentiated cells serve as a precursor to 
the population of T1α-positive cultured cells in vivo (4). AQP-5 
is an important mediator of the movement of water across the 

Figure 6. The Wnt pathway is activated during the differentiation of bone marrow‑derived mesenchymal stem cells into ATⅠ. In the LiCl and Sal B groups, 
Wnt‑1 and Wnt‑3a protein levels were significantly higher than those in the CM group on days 7 and 14. Furthermore, following 14 days of induction, Wnt‑1 and 
‑3a protein levels were higher than those following 7 days. *P<0.05. Results are presented as the mean ± standard deviation. CM, conditioned medium; Sal B, 
salvianolic acid B; ATI, alveolar epithelial cells type I.

Figure 5. Differentiation of bone marrow‑derived mesenchymal stem cells significantly increased the protein expression of T1α and AQP-5 at 14 days. In the 
Sal B and LiCl induction groups, T1α and AQP‑5 protein levels were significantly higher than those in the CM group at 7 and 14 days. Furthermore, following 
14 days of induction, T1α and AQP-5 protein levels were higher than those following 7 days. *P<0.05. Results are presented as the mean ± standard deviation. 
CM, conditioned medium; Sal B, salvianolic acid B; AQP, aquaporin.
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cell membranes of vascular endothelial cells and ATⅠ via a 
transcellular pathway. In addition, in the case of pulmonary 
edema following injury, AQP-5 is expressed decreasingly in 
lung tissue (13). Therefore, it is expected that, by expressing 
AQP-5 and exhibiting the specific features of ATI, the stem 
cells (BMSCs) may differentiate into ATI and possibly be 
involved in the movement of water across the cell membranes 
to reduce alveolar edema in response to ALI. 

In the present study, the effect of Sal B on the differentia-
tion of BMSCs into ATⅠ was examined. The natural product 
Sal B is an active component of S. miltiorrhiza, an herb 
widely used in Traditional Chinese Medicine. Accumulating 
evidence has suggested that Sal B has protective effects 
under various medical conditions. It has been reported 
that Sal B is able to significantly attenuate the decrease in 
viability of BMSCs subjected to damage through adminis-
tration of potentially lethal H2O2, exhibiting time-dependent 
protective effects (14). The marked oxidative stress status 
in vivo also prevented the implanted stem cells from 
migrating and differentiating, eventually inducing apoptosis, 
resulting in an impaired effect of this promising therapy in 
the treatment of disease. The major pharmacological action 
of Sal B is to protect the pulmonary microcirculation from 
disturbance, inflammation and apoptosis (15,16). In addition, 
Sal B increases the expression of AQP-5 in lung tissue in 
response to ALI (17). Sal B has been revealed to improve 
the differentiation capacity of stem cells into cells of other 
lineages, including neurons and cardiomyocytes (6,7). In the 
present study, it was demonstrated that Sal B improves the 
differentiation efficiency of BMSCs into ATⅠ.

It has been well‑established that the Wnt signaling 
pathways are fundamental in cell proliferation, cell polarity 
and determination during embryonic development, and 
tissue homeostasis (18). This pathway may be activated 
when Wnt ligands, including Wnt-1, -2, or -3a, are bound 
to the co-receptors of Frizzled and low-density lipoprotein 
receptor-related protein 5 or 6. Furthermore, these binding 
events are able to lead to the inhibition of the Axin complex 
and glycogen synthase kinase (GSK)3β, resulting in the 
dephosphorylation and stabilization of β-catenin in the 
cytoplasm, which subsequently translocates into the nucleus 
to regulate target gene expression (19). It is well-established 
that the accumulation of β-catenin is critical in inducing the 
Wnt signaling cascades (20). It was observed in the present 
study that Wnt‑1 and ‑3a may be detected during the differ-
entiation of BMSCs into ATⅠ between 7 and 14 days. LiCl 
activates Wnt signaling by inhibiting GSK3β and conse-
quently stabilizing free cytosolic β-catenin. Therefore, LiCl 
was used to investigate the regulation of the Wnt/β-catenin 
signaling pathway in the differentiation of BMSCs into ATⅠ. 
It was demonstrated that LiCl improved the differentiation 
efficiency of BMSCs into ATⅠ, regulated by the Wnt signaling 
pathway. In addition, Sal B also markedly increased the 
differentiation efficiency of BMSCs through the activation 
of Wnt signaling pathways.

In the present study, it was suggested that Sal B possesses 
promotory effects on the differentiation of BMSCs into 
ATⅠ, which is likely to be mediated by the activation of Wnt 
signaling.
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