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Abstract
Background: Idiopathic pulmonary �brosis (IPF) is a chronic progressive respiratory disease. Arguably,
the complex interplay between immune cell subsets, coupled with an incomplete understanding in
disease pathophysiology, have contributed to the paucity of successful therapies. In turn, IPF remains a
fatal disease at present. Thus, with no effective therapy for either the prevention or treatment of IPF, the
need for new therapies is paramount. Mesenchymal stromal/stem cell (MSC) therapy has shown promise
in experimental models of IPF.

Methods:

The aim of this study was to test the therapeutic effect of adipose-derived mesenchymal stem cells in a
bleomycin-induced pulmonary �brosis model. First, MSC cells were obtained from mice, and then �ow
cytometry and cell differentiation culture methods were uesd to identify them. Then adult C57BL/6 mice
were challenged with endotracheal instillation of bleomycin and treated with MSC concurrently for
reversal models at day 14. Experimental groups were assessed at day 14, 21, or 28. Finally, lung
�broblasts were challenged with TGF-β1 and treated with MSC supernatant or MSCs to explore the
relevant mechanisms of pulmonary �brosis reversal.

Results:

We successfully obtained mesenchymal stem cells from mouse adipose tissue and identi�ed their
differentiation ability and cell phenotype.We found that the presence of MSC or its supernatant could
promote the proliferation and migration of lung �brotic cells. Meanwhile, MSC supernatant could reduce
lung collagen deposition, improve Ashcroft score, and reduce the gene and protein content of lung
�brosis-related substances. Bleomycin-challenged mice presented with severe septal thickening and
prominent �brosis, and this was effectively reversed by MSC treatment.

Conclusions:

In summary, this study found that MSC therapy can prevent and revert the core features of bleomycin-
induced pulmonary �brosis, and the bene�cial effects of MSC may be mediated via its paracrine-related
cytokines. It provides further evidence for the importance of the MSC in cell therapy medicine
applications.

Introduction
COVID-19 continues to spread rapidly around the world, causing in some cases severe respiratory disease
and eventually death[1]. One study found that 14% of cases suffer from severe pneumonia and acute
respiratory distress syndrome (ARDS), with an overall mortality rate is about 2%[2]. This idiopathic
pulmonary �brosis (IPF) is a chronic progressive respiratory disease characterized by clinical features
such as shortness of breath, hypoxemia, and obvious lung in�ltrates on imaging[3].
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The latest mechanism studies have shown that the occurrence of IPF is closely related to the abnormal
repair of alveolar epithelial cells after injury[4]. When alveolar epithelial cells are repeatedly stimulated or
in a chronic in�ammatory environment for a long time, their interaction with lung interstitial cells is
enhanced. The recruitment of interstitial cells in the alveolar area leads to extracellular matrix
proliferation, alveolar wall thickening, and reduced lung compliance, causing progressive, irreversible
damage[5]. Persistence of �xed �brosis accumulation is the �nal outcome of this pulmonary
in�ammatory disease[6, 7].

Antiviral drugs currently used for lung infections caused by COVID-19, including remdesivir, lopinavir-
ritonavir or lopinavir-ritonavir and interferon (IFN)-β1[8–10]. However, they do not halt or reverse the �brosis
that is already established, and the safety and potential e�cacy of these drugs is yet to be determined[11,

12]. For this reason, new treatments are needed for this increasingly intractable disease.

With the continuous development of new treatment strategies, cell-based therapies have become a
promising option for a variety of diseases[13], including pulmonary �brosis[14]. The most promising
treatment is adipose-derived mesenchymal stem cell (MSC) therapy[15, 16]. Studies have shown that MSCs
have immune regulation and tissue repair functions[17, 18]. MSCs can secrete anti-in�ammatory factors,
thus reduce the risk of cytokine storm and ARDS, thereby reducing the mortality of severely ill patients[19].
Additionally, MSCs can secrete nutritional factors and have multidirectional differentiation ability,
allowing them to repair lung tissue damage, prevent and reverse the process of lung �brosis so as to treat
refractory lung injury caused by viral pneumonia[19, 20]. In this article, we utilize the murine bleomycin–
induced lung injury model to investigate the effects of MSC therapy on Pulmonary Fibrosis pathology, a
disease with prominent features of �brosis.

Results

1 Extraction, differentiation and identi�cation of adipose-
derived MSC
First, we isolated and cultured MSCs from adipose tissue in C57BL/6 mice. The adipose tissue from the
epididymis of C57BL/6 mice was collected in a sterile environment and digested with type I collagenase
to remove impurities mature adipocytes. The primary adipose stem cells were obtained and puri�ed by
subsequent adherent culture and passage to the third generation[21]. The morphology of MSCs gradually
changed after the adherent culture and passage, showing a long spindle shape comparable to a
�broblast-like morphology (Fig 1a).

We then used a speci�c differentiation medium to identify the differentiation ability of the MSCs. In the
differentiation into adipocytes experiment, large lipid droplets were seen in the cytoplasm of the induced
group, which could be stained with oil red O and then stained red, indicating that the cells could be
induced to differentiate into adipocytes. In the osteogenic experiment, the cells were stained with Alizarin
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Red. The induced group changed and light brown calcium nodules were formed, indicating that the MSCs
can be induced to differentiate into osteoblasts. In the differentiation into chondrocyte experiment, the
cells aggregated into clumps after induction, and were dyed blue-green by Alcian Blue after being sliced,
indicating that our MSCs can be induced to differentiate into chondrocytes (Fig 1b).

Finally, we performed �ow cytometry analysis on the third-generation MSCs (Fig 1c). CD45 and CD11b
antigen/cell marker are negatively expressed; while CD29, CD44, CD90 and other antibodies are positively
expressed. This result is in line with the International Cell Association’s Identi�cation criteria for the
phenotype of adipose-derived MSCs.

2 Bleomycin promotes lung �brosis in mice
We used the murine bleomycin–induced experimental model of pulmonary �brosis to assess the
therapeutic capacity of MSCs[22]. We used bleomycin to model C57BL/6 mice by nasal inhalation, with a
control group receiving the same amount of PBS solution. Three weeks later, the success of the model
was evaluated by gross observation of animal lung tissue, pathological section analysis of lung tissue,
and determination of cytokine content. Observing the lung tissues of the two groups in general, the
surfaces of the organs in the drug group are smooth, with no lesion or necrosis, while the surface of the
tissue and the deep tissue of the control group have a large amount of white spot-like material (Fig 2b).

After the lungs were collected, hematoxylin-eosin (HE) staining was performed (Fig 2c). The alveolar
structure of the control group was normal without obvious in�ammation or �brosis. In the drug group, the
alveolar structure showed obvious deformation and hyperplasia, the alveolar interval was signi�cantly
widened, the alveolar wall of the lung tissue was signi�cantly thickened, the alveolar cavity was
edematous and signi�cantly reduced with substantial in�ammatory cell in�ltration. Masson staining of
the lung tissues of the two groups showed that the alveolar structure of the control group was normal
without obvious in�ammation or �brosis. In the drug group, the alveolar structure showed severe
hyperplasia, with prominent blue collagen �ber deposition. Bleomycin-induced pulmonary �brosis has a
signi�cant increase in collagen deposition (Fig 2d). Accordingly, compared with the control group,
animals that received bleomycin presented with a greater Ashcroft score (Fig 2e).

Finally, we extracted genomic RNA from lung tissue to identify the level of related factors. The results are
shown in Figure 2f, transforming growth factor β (TGF-β) and hydroxyproline (HYP; which can indicate
the degree of pulmonary �brosis), Tumor Necrosis Factor α (TNF-α), Interleukin 6 (IL-6) gene expression
levels in the drug group were signi�cantly higher than those in the control group. This shows that
bleomycin can form a stable pathological state of pulmonary �brosis (Fig 2f). 

3 MSC therapy reverses bleomycin-induced pulmonary
�brosis
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MSCs were injected into the pulmonary �brosis animals through the tail vein for treatment. Firstly, the cell
�uorescent dyes DAPI and PKH26 were used to stain MSCs to trace the cell's residence in the body. Seven
days later, the peripheral blood of the mice was taken for study under a �uorescence microscope.
Fluorescently labeled active mesenchymal cells were present in the blood of mice, indicating that MSCs
can run with the blood to the whole body (Fig3b).

After 7 and 14 days of injection of MSCs, lung tissues were taken for frozen sections and studied under a
�uorescence microscope. MSCs were still present in the lung samples (Fig 3c). This indicates that MSCs
can migrate to lung tissue after injection, and therefore are poised to play a therapeutic effect.

Finally, after cell therapy in pulmonary �brosis mice, lung tissues of different treatment times were
selected for Masson staining. The results showed that the collagen content in lung tissues was
signi�cantly reduced after cell treatment for one week, and the blue collagen tissues gradually decreased
with time after treatment (Fig 3d). This showed that MSCs could signi�cantly reduce the level of collagen
deposition in lung tissue, reduce the degree of lung �brosis, and ultimately repair the biological function
of lung tissue. At the same time, animals treated with MSCs gradually showed a lower Ashcroft score (Fig
3e).

Next we studied the expression of lung �brosis-related factors in both the control group and the therapy
group. The gene expression of hydroxyproline (HYP), matrix metalloproteinase-1 (MMP-1) and matrix
metalloproteinase-2 (MMP-2) was signi�cantly lower in the treatment group compared to the control
group, showing that the presence of MSCs can reverse the pathological state of pulmonary �brosis and
reduce the level of �brotic lesions (Fig 3f-h). 

4 Construction of a cellular model of pulmonary �brosis
Our studies have shown that MSCs can reverse pulmonary �brosis in mice. At the same time, we studied
the effect of MSCs on pulmonary �brosis cells at the cellular level. First we obtained a large number of
�broblasts from the lung tissue of newborn C57 mice. (Fig 4b). Subsequently, TGF-β1 was used to
construct a cellular model of pulmonary �brosis. After the lung �broblasts were treated with TGF-β1 (10
mg·L), cell morphology continued to maintain a long spindle-shaped state without aging (Fig 4c).

We then identi�ed whether a pulmonary �brosis cell model was formed by studying the level of related
factors. The results showed that the level of related genes in the TGF-β1 group was signi�cantly
increased compared to the control group (Fig 4d), including transforming growth factor β1 (TGF-β1), α-
smooth muscle actin (α-SMA) and type I collagen. However no signi�cant difference was found between
the groups in the content of E-cadherin. This outcome shows that the treatment of lung �broblasts with
TGF-β1 can cause intracellular collagen deposition and �brotic changes. 
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5 MSC supernatant promotes the migration and
proliferation of �brotic lung cells in vitro.
After the successful modelling of lung �broblasts, the supernatant of MSCs was then used to explore its
effect on the proliferation and migration of the lung �brosis cell model. The results of cell wound healing
experiments show that the addition of MSC supernatant can signi�cantly increase the migration level of
lung �brotic cells (Fig 5b). This indicates that the cytokines secreted by MSCs into the supernatant may
have a positive effect on �brotic lung cells.

A transwell experiment was used to explore the effect of MSC supernatant on the migration level of
�brotic lung cells (Fig 5c). After the intervention of MSC supernatant, the number of cells passing through
the membrane increased signi�cantly. This shows that MSCs have a certain tropism towards pulmonary
�brotic cells and can promote their migration.

Finally, the CCK-8 experiment was used to explore the effect of MSC supernatant on the proliferation of
�brotic lung cells. As the culture time increased, the addition of MSC supernatant signi�cantly increased
the OD value (Fig 5d). Furthermore, MSC supernatant increased cell proliferation in a dose dependent
manner (Fig 5d). 

6 MSCs promote the migration and proliferation of lung
�brotic cells in vitro
We also directly co-cultured MSCs and lung �brotic cells to explore the effect of MSCs on the biological
function of lung �brotic cells (Fig 6a). The results of cell wound healing experiments showed that,
compared with the control group, a co-culture of MSCs and lung �brotic cells can speed up wound
healing (Fig 6b-c). This may be attributable to the fact that MSC can accelerate the migration rate of lung
�brotic cells.

The results of the Transwell experiment are shown in Figure 6 c&d. When the lower chamber contains
MSCs, the number of lung �brotic cells passing through the chamber increases signi�cantly (Fig 6d-e),
showing that MSCs can promote the migration level of lung �brotic cells. 

7 MSC supernatant reduces expression of �brosis-related
genes and protein levels of pulmonary �brosis cells.
Finally, we studied the expression levels of pulmonary �brosis cell-related �brosis genes and proteins
after application of the MSC supernatant.

Firstly, we used qRT-PCR to detect the gene levels of pulmonary �brosis-related factors. The results
showed that the gene levels of TGF-β1, α-SMA and type I collagen in the MSC supernatant treated group
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were signi�cantly lower than those in the control group. This shows that MSC supernatant can change
the level of collagen deposition in pulmonary �brotic cells. This may be related to the active substances
secreted by MSCs that improved the �brosis of the cells (Fig 7b).

Then we detected the protein levels of pulmonary �brosis-related factors by Western blot. We used high
and low concentrations of MSC supernatant to treat lung �broblasts, and found that the more MSC
supernatant, the lower the protein expression levels of TGF-β1, α-SMA and type I collagen. This shows
that cytokines and other active substances contained in the MSC supernatant can change the level of
collagen deposition in lung �broblasts and reduce the formation of collagen (Figure 7c-d).

Discussion
Idiopathic pulmonary �brosis caused by the 2019 Coronavirus (COVID-19) is a type of pulmonary disease
that progresses acutely or slowly into irreversible pulmonary diseases, and can result in severe damage to
patients' lung functions, and even death[23–25]. At present, the pathogenesis of pulmonary �brosis is not
clear and there is no effective therapeutic measure available to control the progression of the disease[26].
Research �ndings indicate that stem cells play an important role in repairing pulmonary tissue
damage[27]. Stem cells are attracting growing attention in the �eld of regenerative medicine, providing
new ideas for treating IPF with transplanted stem cells[14]. Although there are a wide range of stem cells
currently used for IPF treatment, including lung-derived stem cells, bone marrow, fat, placenta and other
sources of mesenchymal stem cells, we chose adipose-derived MSC because of its strong differentiation
ability, low immunogenicity, and no ethical con�icts. Adipose-derived MSCs have gradually become the
"seed cell" in the research of IPF stem cell therapy[16, 28].

Here, we successfully isolated and cultured MSCs from adipose tissue with con�rmation by reference to
previous identi�cation methods[29]. C57BL/6 mice were challenged with endotracheal instillation of
bleomycin as previously established[30]. MSCs were then injected into mice through the tail vein. We
found that MSCs reside in the blood of mice for two weeks and can migrate to lung tissues. We
demonstrated that a single dose of MSCs effectively reverted core features of bleomycin-induced
pulmonary �brosis, improving pulmonary morphology, blunting collagen deposition, and restoring lung
architecture. Previous reports established that MSC/stem cell–based therapies have been effective in
preventing experimental models of pulmonary �brosis[31]. Although the �ndings in this report should be
judged in the context of the bleomycin experimental model used, our �ndings here are consistent with our
previous reports showing that MSCs are effective in the treatment of pulmonary �brosis.

We also studied the effect of MSCs and MSC supernatant on lung �brotic cells in vitro. Numerous studies
have shown that MSCs have a paracrine function and can produce a variety of cytokines that affect cell
activity[32, 33]. Therefore, we used MSC supernatant to interfere with lung �brotic cells in this study.
Interestingly, the results show that MSC supernatant can promote the proliferation and migration of lung
�brotic cells and other biological functions. It also reduces the gene and protein content of collagen �bers



Page 9/26

in pulmonary �brosis cells in a dose-dependent manner. These results indicate that certain active
substances in the MSC supernatant play a role in reversing the �brosis. Future studies should investigate
the precise signaling pathways involved in the paracrine function of MSCs, and which cytokines are
involved in this process. Additionally, the effect of MSCs on other cell types in IPF (such as lung epithelial
cells and endothelial cells) needs further study.

Conclusion
In summary, our present study suggests that MSC therapy modulates whole lung in�ammation and also
demonstrates that MSCs may treat pulmonary �brosis via their paracrine-related cytokines. However,
whether and how theirs cytokines involved in the reversal of �brosis in lung tissue needs to be further
investigated. Collectively or data show that MSC treatment represents a promising cell therapy for the
treatment of �brotic lung diseases.

Materials And Methods

Bleomycin-induced pulmonary �brosis model. 
Female or male 8-week-old mice (Shanghai, China) were anesthetized with iso�urane and received a
single endotracheal dose of bleomycin sulphate (50 μL, 3 U/kg) at day 0. Bleomycin naive mice (control)
received an endotracheal dose of saline (50 μL). Treated animals received a single i.v. (tail vein) dose of
MSC (200 μL; dose, 5 × 106 MSCs) at day 14. Control group only (200 μL; PBS equivalents) served as
biological and vehicle controls, respectively. Mice were assessed at day 14 and/or at day 21 or day 28 for
cytometric, histological, and/or quantitative PCR (qPCR) analysis. All mice were cared for according to
Provisions and General Recommendation of Chinese Experimental Animals Administration Legislation.
The procedures for all animal experiments complied with Institutional Animal Care and Use Committee
regulations (European Economic Community Council Directive 86/609, 1987).

Isolation and culture of MSCs and lung �broblasts
All procedures were carried out in accordance with the guidelines of the Medical Ethics Committee of the
Health Bureau. The blood vessels were separated from the fat, cut into 1 mm3 on a cold plate, and then
digested in 1 mg/mL collagenase I (Biosharp, China) at 37 °C for 0.5 hours to obtain a single cell
suspension. Centrifuge the suspension at 2000 rpm for 5 min, and then plant it in a 100 mm dish. The
medium contains Dulbecco's modi�ed Eagle's medium, which contains 10% FBS, 100 mM non-essential
amino acids, and 100 mM sodium pyruvate, 20mM sodium pyruvate, β-mercaptoethanol L-glutamine, 20
μg/mL EGF, 100 IU/mL penicillin and 100 μg/mL streptomycin (all from Gibco, Carlsbad, CA). After that,
MSC was cultured at 37 °C and 5% CO2 for about 5 days. When the cells reach 70-80% con�uence, they
are harvested with 0.05% trypsin (Gibco) and subcultured in the same medium. All experiments were
performed in the third generation of MSCs.
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The lung tissue was cut into 1 mm3 pieces in a sterile environment, and then placed in a H-glutamine, 20
μg/mL EGF, 100 IU/mL penicillin and 100 μg/mL streptomycin (all from Gibco, Carlsbad, CA). After that,
Lung �broblasts was cultured at 37 °C and 5% CO2 for about 7 days. When the cells reach 80%
con�uence, they are harvested with 0.05% trypsin (Gibco) and subcultured in the same medium. All
experiments were performed in the third generation of �broblasts.

Flow cytometry analysis
The International Society for Cellular Therapy (ISCT) has de�ned that the MSCs can express the surface
markers CD29, CD44, CD73, CD90 but lack of expression of CD34, CD45, CD11b [34-36]. hUC-MSCs at the
third passage were trypsinized and washed twice with PBS and every 1 × 105 cells were stained
separately by human monoclonal antibodies CD29-FITC, CD44-FITC, CD90-FITC, CD45-FITC and CD11b-
FITC (BD Biosciences, Franklin Lakes, NJ) at 4 °C in the dark for 20 min, concomitantly with �uorescein
isothiocyanate (FITC) isotype as control. Then the cells were washed and suspended in 500 μL of FACS
buffer and analyzed by Flow Cytometer (Accuri C6, BD Biosciences).

MSC cell differentiation identi�cation
To determine the multiple differentiation potentiality of hUC-MSCs, three different induction experiments
were utilized. We performed adipogenic, osteogenic and chondrogenic differentiation using the
Mesenchymal Stem Cell Functional Identi�cation Kit (R&D Systems Inc., Minneapolis, MN). The induction
processes of the three lineages were performed according to the manufacturer’s instructions. The
differentiation media was changed every two days. After 10 days, the adipogenic, osteogenic and
chondrogenic differentiation were tested by oil red staining, Alizarin Red-S staining and alcian 8GX blue
staining (Sigma-Aldrich, St. Louis, MO).

Cell �uorescent labeling
The MSCs used PKH26 Red Fluorescent Cell Connection Kit (Tanon; Tanon Science & Technology,
Shanghai, China) to stain the cell membrane and DAPI to stain the nucleus. 2×107 MSC cells were Follow
the instructions for cell staining. Cell images were captured with a laser scanning confocal microscopy
(Olympus, Tokyo, Japan)

RNA extraction and qRT-PCR analysis
Total RNA was extracted from tissues or cultured cells as previously described[37]. Total RNA was
extracted by trizol according to kit instructions (Ambion, Foster City, CA). Then cDNA was prepared by All-
In-One RT MasterMix (ABM). Forward and reverse primer sequences used in reverse transcriptase PCR
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(Table 1) were designed by a software Primer 5.0 (PREMIER Biosoft International, Palo Alto, CA),
according to the mRNA information of each gene obtained from National Center for Biotechnology
Information (NCBI) database. Then real-time PCR was performed using EvaGreen 2 × qPCR MasterMix
(ABM) on Light Cycler 480 II (Roche Diagnostics, Basel, Switzerland) by forward and reverse primers.

Western blotting analysis
A Western blot assay was performed as described[38]. Antibodies against TGF-β1 (1:5000; Cell Signaling
Technology, Danvers, MA, USA), α-SMA (1:5000; Abcam,), and Col   (1:5000; Abcam) were used as
primary antibodies to quantify corresponding proteins by Western blot analysis of whole-cell extracts,
which were then detected with horseradish peroxidase–conjugated anti-IgG (1:5000; Santa Cruz
Biotechnology, Dallas, TX, USA) and visualized with an enhanced chemiluminescence kit (Tanon; Tanon
Science & Technology, Shanghai, China). Results were normalized with GAPDH (1:2000; Abcam).

In vitro migration of lung �brotic cells
To analyze the ability of cells to migrate and invade, wound healing and transwell migration assays were
performed, based on previously published methods[37]. To assess the migration capability of lung �brotic
cells, cell migration experiments were performed using 24-well transwell plate (PET membrane 8 μm pore
sizes, Corning Incorporated Costar, Corning, NY). In 200 μL serum-free medium, 2 × 105 unloaded and
loaded ung �brotic cells were suspended and seeded in the upper well of the transwell chambers,
individually. In each group, one bottom was �lled with 600 μL 0.5% serum medium as control, and the
other bottom was �lled with 4 × 105 MSCs suspended in the same medium. After 24 h incubation, the
cells that did not migrate through the pores were removed with a cotton swab. The cells on the lower
surface of the membrane were then �xed in methanol for 30 min and stained with 0.1% crystal violet for
20 min. Thereafter, each sample was observed by �uorescence inverted microscope (Olympus, Tokyo,
Japan) and 10 photographs were captured in a 10-fold objective lens to count the number of stained cells
migrating through the membrane pore.

Histology
Mice were euthanized and their right lungs were embedded in para�n and sectioned for H&E or Masson’s
trichrome staining[39]. The left lung was either snap frozen in liquid nitrogen and used for RNA and
protein isolation or used fresh for collagen quanti�cation or cytometric analysis. Randomly selected
areas (10–15 �elds) from 5-μm thick lung sections were acquired at ×100 and ×200 magni�cation using
a Nikon Eclipse 80i microscope (Nikon). For histologic quanti�cation, the Ashcroft score was used in a
blinded fashion[40]. Scores of 0–1 represented no �brosis, scores of 2–3 represented minimal �brosis,
scores of 4–5 were considered as moderate �brosis, and scores of 6–8 indicated severe �brosis.
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Sircol collagen assay
The left lung was used for collagen quanti�cation per manufacturer’s protocol (Bicolor, Life Science
Assays)[41]. Brie�y, left lung homogenate was shaken overnight at 4°C in 5 mL of 0.5 M acetic acid with
0.6% v/v pepsin. A total of 1 mL of dye reagent was added to 100 μL of transparent supernatant, and the
samples were vortexed for 30 minutes. The residual pellet was washed by acid-salt wash buffer to
eliminate unbound collagen, and pH was normalized with alkalization buffer. Absorbance was measured
at a wavelength of 550 nm in a microplate reader. Measured collagen content was compared with a
standard curve and represented as mg/mL of left lung homogenate.

Statistical analysis
All experimental data were expressed as the means ± sd. Statistical analysis was performed using the
Student's independent t test via Prism 9 software (GraphPad Software, La Jolla, CA, USA) between
experimental groups. The level of signi�cance was set at*P < 0.05; **P < 0.01, ***P < 0.001, ****P <
0.0001.

Abbreviations
IPF: Idiopathic pulmonary �brosis; SVF: Stromal vascular fraction; MSC: Mesenchymal stromal/stem
cell;ARDS: Acute respiratory distress syndrome;
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Figure 1

Cultivation, differentiation and identi�cation of MSCs. (a)Morphology of MSCs under different culture
passages, the �rst-generation MSCs are generally triangular or dot-shaped,and the third-generation MSCs
generally form spindles or are elongated. Images were taken at ×40 magni�cation. (b) MSCs undergo
different staining treatments after differentiation. They were successfully differentiated into adipocytes
(stained red with Oil Red), osteoblasts (stained with Alizarin Red) and chondrocytes (stained with Alcian



Page 18/26

Blue). Scale bar =100 μm Images were taken at ×100 magni�cation. (c) Flow cytometric analysis of
MSCs after 3 passages of culture showed that CD45 and CD11b antigen/cell markers are negatively
expressed, while CD29, CD44, CD90 and other antibodies are positively expressed, Student’s t test (2
tailed).

Figure 2
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Bleomycin-induced pulmonary �brosis mouse model. (a) Eight-week-old mice (C57BL/6 strain) received
endotracheal bleomycin (3 U/kg) or 0.9% normal saline on day 0 (control). Mice were sacri�ced on day
14. The cross symbol represents animal harvest. (b) Observation of mouse lung tissue. (c) Lung sections
were stained with Hematoxylin-eosin and Masson’s trichrome. Images were taken at ×100 magni�cation.
Bleomycin group showed architectural destruction, alveolar septal thickening, and �brotic changes. Scale
bar: 100 μm. (d) Collagen deposition was assessed by Sircol assay and represent-ed as mg/mL of left
lung homogenate. (e) Lung �brosis was measured at day 14 by Ashcroft score. (f) qRT-PCR analysis of
bleomycin induces changes in the expression of pulmonary �brosis-related genes. The mice were
sacri�ced humanely, and lung tissues were collected to assess the mRNA levels of �brosis-related genes.
Expression of TGF-β HYP TNF-α and IL-6 levels (n = 6 mice per group). Data are representative of 5
independent experiments, mean ± SD. n = 5 per experimental group; each symbol represents 1 mouse. *P
< 0.05; **P < 0.01 , ***P < 0.001 ,****P < 0.0001, 1-way ANOVA followed by Fisher’s LSD post hoc analysis.
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Figure 3

MSC therapy reverts bleomycin-induced pulmonary �brosis. (a) MSCs were administered 14 days after
the administration of bleomycin, and mice were sacri�ced on day 21 or 28. Cross symbol represents
animal harvest. (b) MSCs were stained with �uorescent dyes, DAPI for the nucleus, and PKH26 for the cell
membrane. After the mice were sacri�ced, �uorescently labeled MSCs could be detected in their
peripheral blood. (c) Lung slices are used for �uorescence microscopy. The image was taken at ×100
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magni�cation. Fluorescently labeled MSCs can be observed after cell therapy. (d) Lung sections were
stained with Mason's trichrome. The image was taken at ×100 magni�cation. Collagen deposition
decreased in a time dependent fashion following MSC therapy. Scale bar: 100 μm. (e) Collagen
deposition was assessed by Sircol assay and represent-ed as mg/mL of left lung homogenate. Lung
�brosis was measured at day 0, 7 and 14 by Ashcroft score. (f-h) qRT-PCR analysis of gene expression of
related cytokines in lung tissue after MSC cell therapy. The mice were sacri�ced humanely, and lung
tissues were collected to assess the mRNA levels of �brosis-related genes. Expression of HYP MMP-1
and MMP-2 levels (n = 6 mice per group). Data are representative of 5 independent experiments, mean ±
SD. n = 5 per experimental group; each symbol represents 1 mouse. *P < 0.05; **P < 0.01, ***P < 0.001,
****P < 0.0001, 1-way ANOVA followed by Fisher’s Dunnett post hoc analysis.



Page 22/26

Figure 4

Cellular model of pulmonary �brosis induced by TGF-β1. (a) Pulmonary �broblasts were obtained from
lung tissue through an adherent culture, and then TGF-β1 was used to induce them into pulmonary
�brotic cells. (b) Pulmonary �broblasts were puri�ed from lung tissue and cultured for cell passage.
Images were taken at ×40 magni�cation. Scale bar: 100 μm. (c) Lung �broblasts were induced by TGF-β1
(10 mg·L). Images were taken at ×100 magni�cation. Scale bar: 100 μm. (d) qRT-PCR analysis of gene
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expression supports formation of a cellular model of pulmonary �brosis following induction by TGF-β1.
Expression of TGF-β1 α-SMA Col  and E-cadherin levels (n = 3 per group). Data are representative of 5
independent experiments, mean ± SD. n = 5 per experimental group. *P < 0.05; **P < 0.01, ***P < 0.001, 1-
way ANOVA followed by Fisher’s LSD post hoc analysis.

Figure 5
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MSC supernatant promotes the migration and proliferation of �brotic lung cells in vitro. (a) MSC
supernatant was harvested and added to the culture medium of lung �brosis cells. (b) Our wound healing
experiment detected the migration level of lung �brotic cells after adding MSC supernatant. (c) The
transwell migration assay method detects the migration level of lung �brotic cells after adding MSC
supernatant. (d) The CCK-8 viability assay of the lung �brotic cells added to the MSC supernatant. All
results are represented as mean ± SD. n = 5 per experimental group. ***P < 0.001, ****P < 0.0001, 2-way
ANOVA followed by Fisher’s Dunnett post hoc analysis.

Figure 6
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MSCs promotes the migration and proliferation of lung �brotic cells in vitro. (a-c) The MSCs was
harvested and added to the culture medium of lung �brosis cells. (a) The two types of cells are mixed and
cultured at a ratio of 1:1. (b-c) Wound healing assay. (d-e) Transwell invasion assay. All results are
represented as mean ± SD. n = 5 per experimental group. ***P < 0.001, ****P < 0.0001,1-way ANOVA
followed by Fisher’s LSD post hoc analysis.

Figure 7
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MSC supernatant reduces the expression of �brosis-related genes and protein levels of pulmonary
�brosis cells. (a) The MSC supernatant was harvested and added to the culture medium of lung �brosis
cells. (b) qRT-PCR analysis showed that MSC supernatant can reverse the formation of pulmonary �brotic
cells induced by TGF-β1. Expression of TGF-β1 α-SMA and collagen type I levels (n = 3 per group). (c-d)
The relative protein levels at different doses of MSC supernatant. Expression of TGF-β1 α-SMA and Col 
levels (n = 3 per group). Data are representative of 5 independent experiments, mean ± SD. n = 5 per
experimental group. *P < 0.05; **P < 0.01, ***P < 0.001, 1-way ANOVA followed by Fisher’s LSD post hoc
analysis.


