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Adipose‑derived mesenchymal 
stem cell therapy for reverse 
bleomycin‑induced experimental 
pulmonary fibrosis
Xiansheng Zhao 1,2,9, Jinyan Wu 1,2,9, Ruoyue Yuan 1,2, Yue Li 1,2, Quyang Yang 1,2, Baojin Wu 2, 
Xiaowen Zhai 3, Jiucun Wang 4, Jérémy Magalon 5,6, Florence Sabatier 5,6, Aurélie Daumas 6,7, 
Winston M. Zhu 8 & Ningwen Zhu 1,2*

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive respiratory disease. Arguably, the 
complex interplay between immune cell subsets, coupled with an incomplete understanding of 
disease pathophysiology, has hindered the development of successful therapies. Despite efforts 
to understand its pathophysiology and develop effective treatments, IPF remains a fatal disease, 
necessitating the exploration of new treatment options. Mesenchymal stromal/stem cell (MSC) 
therapy has shown promise in experimental models of IPF, but further investigation is needed to 
understand its therapeutic effect. This study aimed to assess the therapeutic effect of adipose‑derived 
mesenchymal stem cells in a bleomycin‑induced pulmonary fibrosis model. First, MSC cells were 
obtained from mice and characterized using flow cytometry and cell differentiation culture methods. 
Then adult C57BL/6 mice were exposed to endotracheal instillation of bleomycin and concurrently 
treated with MSCs for reversal models on day 14. Experimental groups were evaluated on days 14, 21, 
or 28. Additionally, lung fibroblasts challenged with TGF‑β1 were treated with MSCs supernatant or 
MSCs to explore the mechanisms underlying of pulmonary fibrosis reversal. Mesenchymal stem cells 
were successfully isolated from mouse adipose tissue and characterized based on their differentiation 
ability and cell phenotype. The presence of MSCs or their supernatant stimulated the proliferation 
and migration of lung fibrotic cells. MSCs supernatant reduced lung collagen deposition, improved 
the Ashcroft score and reduced the gene and protein expression of lung fibrosis‑related substances. 
Bleomycin‑challenged mice exhibited severe septal thickening and prominent fibrosis, which was 
effectively reversed by MSCs treatment. MSC supernatant could suppress the TGF‑β1/Smad signaling 
pathway and supernatant promotes fibroblast autophagy. In summary, this study demonstrates that 
MSCs supernatant treatment is as effective as MSCs in revert the core features of bleomycin‑induced 
pulmonary fibrosis. The current study has demonstrated that MSCs supernatant alleviates the BLM‑
induced pulmonary fibrosis in vivo. In vitro experiments further reveal that MSC supernatant could 
suppress the TGF‑β1/Smad signaling pathway to inhibit the TGF‑β1‑induced fibroblast activation, 
and promotes fibroblast autophagy by Regulating p62 expression. These findings contribute to the 
growing body of evidence supporting the therapeutic application of MSCs in cell therapy medicine for 
IPF.
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Idiopathic pulmonary fibrosis (IPF) is a chronic progressive respiratory disease characterized by clinical fea-
tures such as shortness of breath, hypoxemia, and prominent lung infiltrates on  imaging1. The exact etiology of 
IPF is unknown, but it is thought to result from the interaction between environmental exposures and genetic 
 predisposition2–4. At present, the pathogenesis of pulmonary fibrosis is not clear and there is no effective thera-
peutic measure available to control the progression of the  disease5. Despite numerous clinical trials, there are 
no FDA-approved therapies for IPF. Despite advancements in the understanding of IPF, effective treatment for 
this fatal disease are still lacking. Current therapies aim to slow disease progression rather than reverse it, with 
limited  success6.

Recent studies have revealed that the development of IPF is closely linked to aberrant repair processes of 
alveolar epithelial cells following  injury7. Prolonged stimulation of alveolar epithelial cells or exposure to a 
chronic inflammatory environment enhances their interaction with lung interstitial cells. The interaction leads 
to the recruitment of interstitial cells in the alveolar area, resulting in excessive extracellular matrix proliferation, 
thickening of the alveolar walls, and reduced lung compliance, ultimately causing progressive and irreversible 
 damage8. The persistence of fibrotic accumulation represents the end stage of this pulmonary inflammatory 
 disease9,10.

The complex interplay between different subsets of immune cell and the incomplete understanding of IPF’s 
pathophysiology have contributed to the lack of successful therapies. Despite extensive efforts to unravel the 
underlying mechanisms of IPF and identify therapeutic targets, most of these targets have not translated into 
successful  treatments11,12. Therefore, there is an urgent need for novel therapies for IPF.

With the advancement of treatment strategies, cell-based therapies have emerged as a promising option for 
various  diseases13, including pulmonary  fibrosis14. Research findings indicate that stem cells play an important 
role in repairing pulmonary tissue  damage15. Stem cells are attracting growing attention in the field of regenera-
tive medicine, providing new ideas for treating IPF with transplanted stem  cells14. Although there is 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, this study chose the adipose-derived MSCs owing to its strong differ-
entiation ability, low immunogenicity, and no ethical conflicts. Adipose-derived MSCs have gradually become 
the "seed cell" in the research of IPF stem cell  therapy16.

Among these therapies, adipose-derived MSC therapy has shown particular  promise17,18. Studies have shown 
that MSCs possess immune regulatory and tissue repair  functions19,20. They can secrete anti-inflammatory fac-
tors, thereby reducing the risk of cytokine storm and acute respiratory distress syndrome (ARDS), which conse-
quently decreases mortality in critically ill  patients21. Additionally, MSCs can secrete trophic factors and exhibit 
multidirectional differentiation ability, enabling them to repair lung tissue damage, and prevent or reverse the 
process associated with refractory lung injury caused by viral  pneumonia22. Previous studies have highlighted 
the potential of MSC therapy in preventing or reversing fibrotic in various organs, including the lungs. In the 
context of IPF, MSC therapy has demonstrated promising results in preclinical studies, such as reducing inflam-
mation, improving lung function, and reversing  fibrosis23.

The objective of this study was to investigate the therapeutic effect of adipose-derived MSCs in a bleomycin-
induced pulmonary fibrosis model. This study hypothesized that MSC therapy could prevent and reverse the 
core features of IPF, and that the beneficial effects of MSCs may be mediated through their paracrine-related 
cytokines. Overall, This findings provide further evidence for the significance of MSCs in cell therapy medicine 
applications for IPF treatment. Understanding the mechanisms underlying the therapeutic effects of MSCs in 
IPF could pave the way for the development of more effective and targeted therapies for this devastating disease.

Methods
Animal ethics approval. C57BL/6 mice were obtained from the Fudan University Animal Center.

All animals were placed in stainless steel cages in a well-ventilated room maintained at an ambient tempera-
ture of 24–26 °C with controllde relative humidity. Throughout the experiment, the animals under trial were 
provided with diet pellets and tap water. At the end of experimental period, all animals were euthanized under 
mild anesthesia by 20 mg/kg of ketamine and 3 mg/kg of xylazine. All animal experiments were performed with 
the approval of the Scientific Investigation Board of Fudan University (2019-JS-011). The study is reported in 
accordance with ARRIVE guidelines (https:// arriv eguid elines. org). All methods were performed in accordance 
with the relevant guidelines and regulations.

Bleomycin‑induced pulmonary fibrosis model. Female or male 8-week-old C57BL/6 mice (Shanghai, 
China) were anesthetized with isoflurane and received a single endotracheal dose of bleomycin sulphate (50 μL, 
3 U/kg) at day 0 to induce pulmonary fibrosis. Bleomycin naive mice (control) received an endotracheal dose 
of saline (50 μL). At day 14, the treated group received a single intravenous (tail vein) dose of MSC (200 μL; 
dose, 5 ×  106 MSCs). The control group received an equivalent volume of phosphate-buffered saline (PBS). Mice 
were assessed at day 14 and/or at day 21 or day 28 for cytometric, histological, and/or quantitative PCR (qPCR) 
analysis.

Isolation and culture of MSCs and lung fibroblasts. MSCs and lung fibroblasts were obtained from 
C57BL/6 mice. All procedures for the isolation and culture these cells were performed with the approval of the 
Scientific Investigation Board of Fudan University.

The male mice was euthanized under mild anesthesia by 20 mg/kg of ketamine and 3 mg/kg of xylazine. 
Adipose tissue was obtained from the epididymis using surgical manipulation, and blood vessels were separated 
from the fat and cut into 1  mm3 on a cold plate. The tissue was then digested using in 1 mg/mL collagenase 
I (Biosharp, China) at 37 °C for 0.5 h to obtain a single-cell suspension. The suspension was centrifuged at 
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2000 rpm for 5 min, and the cells were plated in a 100 mm dish. The culture medium consisted of Dulbecco’s 
modified Eagle’s medium, which contains 10% FBS, 100 mM non-essential amino acids, and 100 mM sodium 
pyruvate, 20 mM 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, the MSCs were cultured at 37 °C and 5% 
 CO2 for about 5 days. When the cells reach 70–80% confluence, they were harvested using 0.05% trypsin (Gibco) 
and subcultured in the same medium. All experiments were performed using MSCs at the third generation.

The lung tissue of mice was cut into 1  mm3 piece under a sterile environment, and then placed in a H-glu-
tamine, 20 μg/mL EGF, 100 IU/mL penicillin, and 100 μg/mL streptomycin (all from Gibco, Carlsbad, CA). 
After that, Lung tissue was cultured at 37 °C and 5%  CO2 for about 7 days. When the cells reach 80% confluence, 
they were harvested using 0.05% trypsin (Gibco) and subcultured in the same medium. All experiments were 
performed using lung fibroblasts at the third generation.

Flow cytometry analysis. To confirm the identity of the MSCs, flow cytometry analysis was performed 
according to the guidelines set by the International Society for Cellular Therapy (ISCT). has defined that the 
MSCs can express the surface markers CD29, CD44, CD73, and CD90 but lack of expression of CD34, CD45, 
 CD11b24–26. MSCs at the third passage were trypsinized, washed twice with PBS and every 1 ×  105 cells were 
stained separately with human monoclonal antibodies, including CD29-FITC, CD44-FITC, CD90-FITC, CD45-
FITC and CD11b-FITC (BD Biosciences, Franklin Lakes, NJ). Cells were incubated with the antibodies at 4 °C in 
the dark for 20 min, along with a fluorescein isothiocyanate (FITC) isotype control. After washing, the cells were 
suspended in 500 μL of FACS buffer and analyzed by Flow Cytometer (Accuri C6, BD Biosciences).

MSC cell differentiation identification. To determine the multi-lineage differentiation potentiality of 
the MSCs, adipogenic, osteogenic, and chondrogenic differentiation experiments were performed using the 
Mesenchymal Stem Cell Functional Identification Kit (R&D Systems Inc., Minneapolis, MN). The induction 
processes for the three lineages were carried out according to the manufacturer’s instructions, with differentia-
tion media changed every two days. After 10 days, the adipogenic, osteogenic and chondrogenic differentiation 
were sssessed using oil red staining, Alizarin Red-S staining, and alcian 8GX blue staining (Sigma-Aldrich, St. 
Louis, MO), respectively.

Cell fluorescent labeling. For cell visualization, the MSCs were labeled with PKH26 Red Fluorescent Cell 
Connection Kit (Tanon; Tanon Science & Technology, Shanghai, China) to stain the cell membrane, and DAPI 
was used to stain the nucleus. A total of 2 ×  107 MSC cells were stained following the instructions provided with 
the kit. 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  described27. Total RNA was extracted by trizol according to kit instructions (Ambion, Foster City, 
CA). Then cDNA was synthesized using the All-In-One RT MasterMix (ABM). Forward and reverse primer 
sequences used in reverse transcriptase PCR (Table 1) were designed by Primer 5.0 software (PREMIER Biosoft 
International, Palo Alto, CA), based on mRNA information of each gene obtained from the National Center for 
Biotechnology Information (NCBI) database. Real-time PCR was performed using EvaGreen 2 × qPCR Mas-
terMix (ABM) on a Light Cycler 480 II (Roche Diagnostics, Basel, Switzerland) with the designed forward and 
reverse primers.

Western blotting analysis. A Western blot assay was performed as  described28. For Western blot analysis 
of whole-cell extracts, the following primary antibodies were used: TGF-β1 (1:5000; Cell Signaling Technol-
ogy, Danvers, MA, USA), α-SMA (1:5000; Abcam,), and Col I (1:5000; Abcam). Smad2 (1:1,000 dilution, Pro-
tein-Tech, China), phospho-Smad2 (1:1,000 dilution, Protein-Tech, China), Smad3 antibody (1:1,000 dilution, 
Protein-Tech, China), phospho-Smad3 (1:1,000 dilution, Protein-Tech, China), p62 (1:1,000 dilution, Protein-
Tech, China), α-tubulin (1:1,000 dilution, Affinity, China). The proteins were separated using SDS-PAGE and 
transferred onto a membrane, followed by incubation with horseradish peroxidase-conjugated anti-IgG (1:5000; 
Santa Cruz Biotechnology, Dallas, TX, USA). Protein bands were visualized using an enhanced chemilumines-
cence kit (Tanon; Tanon Science & Technology, Shanghai, China). To ensure accurate quantification, the Results 
were normalized with GAPDH (1:2000; Abcam).

Table 1.  Reverse transcriptase PCR primers.

Primer name Primer sequences (5′ to 3′)

TGF-β1-F CTC CCG TGG CTT CTA GTG C

TGF-β1-R CTC CCG TGG CTT CTA GTG C

Col I-F GCT CCT CTT AGG GGC CAC T

Col I-R GCT CCT CTT AGG GGC CAC T

a-SMA-F CCC AAC TGG GAC CAC ATG G

a-SMA-R TAC ATG CGG GGG ACA TTG AAG 
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In vitro migration of lung fibrotic cells. To analyze the migratory and invasive properties of lung fibrotic 
cells, wound healing and transwell migration assays were performed, based on previously published  methods27. 
To assess the migration capability of lung fibrotic cells, cell migration experiments were performed using a 
24-well transwell plate (PET membrane 8 μm pore sizes, Corning Incorporated Costar, Corning, NY). Lung 
fibrotic cells (2 ×  105) suspended in 200 μL serum-free medium were seeded in the upper well of the transwell 
chambers, individually. In each group, one bottom was filled with 600 μL 0.5% serum medium as control, while 
in the experimental group, the bottom was filled with 4 ×  105 MSCs suspended in the same medium. After 24 h 
of incubation, non-migratory cells on the upper surface of the membrane were removed with a cotton swab, 
and the cells on the lower surface were fixed with methanol and stained with 0.1% crystal violet for 20 min. The 
stained cells were observed and counted using a fluorescence inverted microscope (Olympus, Tokyo, Japan). 10 
photographs were captured in a tenfold 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 paraffin and sectioned for H&E or 
Masson’s trichrome  staining29. The left lung was either snap frozen in liquid nitrogen and used for RNA and pro-
tein isolation or used fresh for collagen quantification or cytometric analysis. Randomly selected areas (10–15 
fields) from 5 μm thick lung sections were examined under a Nikon Eclipse 80i microscope (Nikon) at × 100 
and × 200 magnification. For histologic quantification, the Ashcroft score was used in a blinded  fashion30. The 
Ashcroft score ranges from 0 to 8, with higher scores indicating more severe fibrosis. Scores of 0–1 represented 
no fibrosis, scores of 2–3 represented minimal fibrosis, scores of 4–5 were considered as moderate fibrosis, and 
scores of 6–8 indicated severe fibrosis.

Sircol collagen assay. Collagen quantification was performed using the Sircol collagen assay following 
the manufacturer’s protocol (Bicolor, Life Science Assays)31. Briefly, the left lung was homogenized 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 min. The residual pellet was washed by acid-salt 
wash buffer to eliminate unbound collagen, and the pH was normalized with alkalization buffer. Absorbance was 
measured at a wavelength of 550 nm in a microplate reader. The collagen content was determined by comparing 
it to a standard curve, represented as mg/mL of left lung homogenate.

Statistical analysis. All experimental data were expressed as the means ± standard deviation (SD). Statisti-
cal analysis was performed using the Student’s independent t-test via Prism 9 software (GraphPad Software, La 
Jolla, CA, USA) between experimental groups. The significance level was set at *P < 0.05; **P < 0.01, ***P < 0.001, 
****P < 0.0001.

Results
Extraction, differentiation, and identification of adipose‑derived MSC. In this study, MSCs were 
isolated and cultured from adipose tissue in C57BL/6 mice. The sterile collection of adipose tissue from the 
epididymis was followed by digested with type I collagenase to remove impurities and mature adipocytes. The 
resulting primary adipose stem cells were subjected to adherent culture and passage to the third  generation32. As 
the cells underwent adherent culture and passaging, their morphology gradually changed, showing a fibroblast-
like morphology appearance characterized by a long spindle shape (Fig. 1a).

To assess the differentiation potential of the MSCs, specific differentiation media were employed.. In the dif-
ferentiation into adipocytes experiment, the induced group exhibited the presence of large lipid droplets in the 
cytoplasm, which could be stained with oil red O, resulting in a red coloration. This observation indicated that 
the cells were capable of differentiating into adipocytes. In the osteogenic differentiation experiment, Alizarin 
Red staining revealed the formation of light brown calcium nodules in the induced group, suggesting successful 
differentiation into osteoblasts. Additionally, in the chondrogenic differentiation experiment, the induced MSCs 
formed cell aggregates and, upon slicing, exhibited a blue-green staining with Alcian Blue, indicating their ability 
to differentiate into chondrocytes (Fig. 1b).

Subsequently, flow cytometry analysis was conducted on the third-generation MSCs to confirm their phe-
notype (Fig. 1c). The results demonstrated negative expression of CD45 and CD11b , which are markers for 
hematopoietic cells and macrophages, respectively. Conversely, positive expression was observed for CD29, 
CD44, CD90, and other surface markers, consistent with the identification criteria outlined by the International 
Cell Association’s Identification criteria for adipose-derived MSCs.

Bleomycin promotes lung fibrosis in mice. The therapeutic capacity of MSCs was assessed using a 
murine bleomycin-induced experimental model of pulmonary fibrosis to  assess33. The mice in the study were 
exposed to bleomycin via nasal inhalation, while the control group received an equivalent volume of PBS solu-
tion (Fig. 2a). After three weeks, the success of the fibrosis model was evaluated by gross observation of lung 
tissue, stopathological analysis, and measurement of cytokine levels. Macroscopically, the lung tissues of the the 
drug group exhibited white spot-like material on the tissue surface and in the deeper tissue layers, while the the 
control group appeared smooth and free from lesions or necrosis (Fig. 2b).

Subsequently, lungs tissues were collected and subjected to hematoxylin–eosin (HE) staining (Fig. 2c). The 
control group displayed normal alveolar structure without obvious inflammation or fibrosis. In contrast, the drug 
group showed obvious deformation and hyperplastic alveolar structure, significantly widened alveolar spaces, 
thickened alveolar walls, edematous alveolar cavities, and extensive infiltration of inflammatory cells. Masson 
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Figure 1.  Cultivation, differentiation, and identification of MSCs. (a) Morphology of MSCs at different culture 
passages. The first-generation MSCs are generally triangular or dot-shaped, while the third-generation MSCs 
displayed a spindle-like or elongated shape. Images were taken at × 40 magnification. (b) MSCs subjected to 
differention and stained accordingly. Successfully differentiation into adipocytes (stained red with Oil Red), 
osteoblasts (stained with Alizarin Red), and chondrocytes (stained with Alcian Blue). Scale bar = 100 μm. Images 
were taken at × 100 magnification. (c) Flow cytometric analysis of MSCs after three passages of culture. The 
expression of CD45 and CD11b antigen/cell markers was found to be negative, while CD29, CD44, CD90, and 
other antibodies exhibited positive expression, Statistical analysis was performed using the Student’s t-test (two-
tailed).
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Figure 2.  Bleomycin-induced pulmonary fibrosis mouse model. (a) Eight-week-old mice (C57BL/6 strain) 
received endotracheal bleomycin (3 U/kg) or 0.9% normal saline (control). on day 0. Mice were sacrificed on 
day 14. The cross symbol represents animal harvest. (b) Macroscopic observation of mouse lung tissue was 
conducted to assess the effects of the interventions. (c) Lung sections were stained with Hematoxylin–eosin 
and Masson’s trichrome. Images were taken at × 100 magnification. Bleomycin group showed architectural 
destruction, alveolar septal thickening, and fibrotic changes. Scale bar: 100/200 μm. (d) Collagen deposition was 
assessed by Sircol assay and represented as milligrams per milliliter (mg/mL) of left lung homogenate. (e) The 
extent of lung fibrosis was measured on day 14 by using the Ashcroft score. (f) qRT-PCR analysis of bleomycin 
induces changes in the expression of pulmonary fibrosis-related genes. The mice were sacrificed humanely, and 
lung tissues were collected to assess the mRNA levels of fibrosis-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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staining of lung tissues of the two groups revealed that the control group maintained a normal alveolar structure 
without obvious inflammation or fibrosis. However, the drug group exhibited severe showed severe hyperplasia, 
with prominent deposition of blue collagen fibers. Indicative of increased collagen content in bleomycin-induced 
pulmonary fibrosis(Fig. 2d). Consistently, compared to the control group, animals received bleomycin presented 
with a higher Ashcroft score , reflecting more severe fibrotic changes (Fig. 2e).

Furthermore, genomic RNA was extracted from lung tissue to assess the expression levels of relevant factors 
(Fig. 2f). The drug group exhibited significantly elevated expression of transforming growth factor β (TGF-β), 
hydroxyproline (HYP; which can indicate the degree of pulmonary fibrosis), Tumor Necrosis Factor α (TNF-α), 
and Interleukin 6 (IL-6) gene compared to the control group. These findings indicate that bleomycin administra-
tion led to the establishment of a stable pathological state of pulmonary fibrosis.

MSC therapy reverses bleomycin‑induced pulmonary fibrosis. In this study, the therapeutic poten-
tial of MSCs was evaluated in a murine model of bleomycin-induced pulmonary fibrosis (Fig. 3a). In this study, 
the therapeutic potential of MSCs was evaluated in a murine model of bleomycin-induced pulmonary fibrosis 
DAPI and PKH26 fluorescent dyes were utilized to label the cell. After three days, peripheral blood samples were 
collected from the mice and examined under a fluorescence microscope. Fluorescently labeled active MSCs were 
present in the bloodstream, indicating their ability to circulate throughout the body (Fig. 3b).

Following MSCs injection, lung tissues were harvested at 7 and 14 days and analyzed through frozen sections 
under a fluorescence microscope. The presence of MSCs was observed in the lung samples, indicating their migra-
tion to lung tissue upon administration, thus demonstrating their potential for therapeutic intervention (Fig. 3c).

To assess the efficacy of MSCs therapy in pulmonary fibrosis mice, lung tissues from mice treated with MSCs 
were subjected to Masson staining. The results demonstrated a significant reduction in the lung tissues after one 
week of cell treatment. Over time, the presence of blue collagen tissues gradually decreased, indicating a pro-
gressive decrease in collagen deposition (Fig. 3d). These findings highlight the ability of MSCs could to reduce 
the level of collagen accumulation, alleviate lung fibrosis, and promote the restoration of lung tissue function. 
Concurrently, the animals treated with MSCs exhibited a gradual decrease in the Ashcroft score, further sup-
porting the beneficial effects of MSC therapy (Fig. 3e).

Subsequently, the expression of lung fibrosis-related factors was examined in both the control group and the 
cell therapy group. The gene expression of hydroxyproline (HYP), matrix metalloproteinase-1 (MMP-1), and 
matrix metalloproteinase-2 (MMP-2) were significantly lower in the cell therapy group compared to the control 
group. These findings indicate that the presence of MSCs can reverse the pathological state of pulmonary fibrosis 
, reduce the level of fibrotic lesions, and modulate the expression of key factors involved in fibrosis development 
(Fig. 3f–h).

Construction of a cellular model of pulmonary fibrosis. The therapeutic potential of MSCs in revers-
ing pulmonary fibrosis has been demonstrated in mice. Additionally, this paper investigated the effects of MSCs 
on pulmonary fibrosis cells at the cellular level. Initially, pulmonary fibroblasts were isolated from lung tissue 
using an adherent culture method. Subsequently, these fibroblasts were induced into pulmonary fibrotic cells 
using TGF-β1 (Fig. 4a). A substantial number of fibroblasts were successfully obtained from the lung tissue of 
newborn C57 mice , as depicted in Fig. 4b. Following the treatment with TGF-β1 (10 mg/L), the morphology of 
the lung fibroblasts retained a long spindle-shaped state without signs ofaging (Fig. 4c).

To confirm the establishment of the pulmonary fibrosis cell model, this study assessed the expression lev-
els of relevant factors.. The results revealed a significant upregulation of related genes in the TGF-β1 -treated 
group compared to the control group (Fig. 4d). These genes included transforming growth factor β1 (TGF-β1), 
α-smooth muscle actin (α-SMA), and type I collagen. However, there were no significant differences between 
the groups in terms of E-cadherin content. This findings indicate that treatment of lung fibroblasts with TGF-β1 
induces intracellular collagen deposition and fibrotic alterations.

MSC supernatant promotes the migration and proliferation of fibrotic lung cells in vitro. Fol-
lowing the successful establishment modeling of the pulmonary fibrosis cell model, the impact of MSCs superna-
tant on the migration and proliferation of these cells was t investigated in this study. (Fig. 5a). To assess the effect 
of MSC supernatant on the migration of lung fibrotic cells, a cell wound healing experiment was conducted. The 
results revealed a significant increase in cell migration upon addition of MSC supernatant (Fig. 5b). These find-
ings suggest that the cytokines secreted by MSCs into the supernatant may exert a positive influence on fibrotic 
lung cells.

A transwell assay was employed to further examine the effect of MSC supernatant on the migratory potential 
of fibrotic lung cells (Fig. 5c). Notably, the number of cells passing through the membrane increased significantly 
following exposure to MSC supernatant. This observation suggests that MSCs possess a certain tropism towards 
pulmonary fibrotic cells and can promote their migration.

Finally, to investigate the impact of MSC supernatant on the proliferation of fibrotic lung cells, a CCK-8 assay 
was performed. As the culture duration extended, the addition of MSC supernatant resulted in a significantly 
increase in the optical density (OD) value. Furthermore, the promotion of cell proliferation by MSC supernatant 
exhibited a dose-dependent pattern (Fig. 5d).

MSCs promote the migration and proliferation of lung fibrotic cells in vitro. To explore the effect 
of MSCs on lung fibrotic cells, a direct co-culture model was established. Lung fibrotic cells were co-cultured 
with MSCs to investigate their impact on the biological function of lung fibrotic cells. The two types of cells are 
mixed and cultured at a ratio of 1:1(Fig. 6a). Cell wound healing experiments showed that a co-culture of MSCs 
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Figure 3.  MSC therapy reverts bleomycin-induced pulmonary fibrosis. (a) Fourteen days after the 
administration of bleomycin, MSCs were administered, and mice were sacrificed on day 21 or 28 for further 
analysis. The cross symbol represents the time of animal harvest. (b) MSCs were labeled with fluorescent 
dyes, DAPI for the nucleus, and PKH26 for the cell membrane. After the mice were sacrificed, the presence 
of fluorescently labeled MSCs in their peripheral blood was detected. (c) Lung slices are used for fluorescence 
microscopy. The image was taken at × 100 magnification. Fluorescently labeled MSCs can be observed after cell 
therapy. (d) Lung sections were stained with Mason’s trichrome. The image was taken at × 100 magnification. 
Collagen deposition decreased in a time dependent fashion following MSC therapy. Scale bar: 100 μm. 
(e) Collagen deposition was assessed by Sircol assay and the result were represented as mg/mL of left lung 
homogenate. The degree of lung fibrosis was measured using the Ashcroft score at days 0, 7 and 14 after 
treatment. (f–h) qRT-PCR analysis of gene expression of related cytokines in lung tissue after MSC cell therapy. 
The mice were sacrificed humanely, and lung tissues were collected to assess the mRNA levels of fibrosis-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.
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Figure 4.  The cellular model of pulmonary fibrosis induced by TGF-β1. (a) Pulmonary fibroblasts were isolated 
from lung tissue using an adherent culture method, and subsequently, TGF-β1 was employed to induce their 
transformation into pulmonary fibrotic cells. (b) Pulmonary fibroblasts were purified from lung tissue and 
cultured for cell passage. Images were taken at × 40 magnification. Scale bar: 100 μm. (c) Following treatment 
with TGF-β1 (10 mg/L), lung fibroblasts underwent induction and acquired a fibrotic phenotype. Images of 
the induced cells were taken at × 40 magnification. Scale bar: 100 μm. (d) qRT-PCR analysis of gene expression 
supports the formation of a cellular model of pulmonary fibrosis following induction by TGF-β1. Expression 
of TGF-β1, α-SMA, Col I 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.
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and lung fibrotic cells assess the rate of wound closure in the co-culture system compared to the control group 
(Fig. 6b,c). These results provide evidence for the potential of MSCs to accelerate wound healing in lung fibrotic 
cells.

Figure 5.  MSC supernatant promotes the migration and proliferation of fibrotic lung cells in vitro. (a) MSC 
supernatant was harvested and added to the culture medium of lung fibrosis cells. (b) The migration level 
of lung fibrotic cells was evaluated through a wound healing experiment following the addition of MSC 
supernatant. The results of this experiment provided insights into the migratory capacity of the cells upon 
exposure to MSC supernatant. (c) The transwell migration assay method detects the migration level of lung 
fibrotic cells after adding MSC supernatant. (d) The CCK-8 viability assay of the lung fibrotic 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.
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The lower chamber of the Transwell system contained MSCs, while the upper chamber contained lung fibrotic 
cells. The number of lung fibrotic cells passing through the chamber increases significantly, showing that MSCs 
can promote the migration level of lung fibrotic cells (Fig. 6d,e).

In summary, this study provides evidence that MSCs enhance the migration and proliferation of lung fibrotic 
cells in vitro. Co-culture experiments demonstrate an accelerated rate of wound healing in the presence of MSCs. 
Furthermore, Transwell assays confirm the ability of MSCs to promote the migration of lung fibrotic cells. These 
findings shed light on the potential therapeutic applications of MSCs in lung fibrosis treatment. Further investiga-
tions are warranted to elucidate the underlying mechanisms and validate these findings in vivo.

MSC supernatant attenuates TGF‑β1‑induced fibroblast activation. Finally, this study investi-
gated the effects of MSCs supernatant on the expression levels of fibrosis -related genes and proteins in pulmo-
nary fibrosis cells.

Firstly, The MSCs supernatant was collected and added to the culture medium of lung fibrosis cells in low 
(1 mL sup to 9 mL culture medium) and high (5 mL sup to 5 mL culture medium) concentration (Fig. 7a). To 
assess the impact on gene expression, this study used qRT-PCR analysis to detect the gene levels of pulmonary 
fibrosis-related factors. The results revealed a significant reduction in the gene levels of TGF-β1, α-SMA, and type 
I collagen in the MSC supernatant -treated group compared to the control group. This suggests that the MSC 
supernatant has the ability to modulate collagen deposition in pulmonary fibrotic cells, potentially through the 
secretion of active substances by MSCs that improve fibrosis (Fig. 7b).

Next, this paper examined the protein levels of pulmonary fibrosis-related factors using Western blot analysis. 
Lung fibroblasts were treated with different concentrations of MSC supernatant, This study used high and low 

Figure 6.  MSCs promotes the migration and proliferation of lung fibrotic cells in vitro. (a–c) Promotion of 
Migration and Proliferation of Lung Fibrotic Cells by MSCs In Vitro. (a) Co-culture of MSCs and lung fibrotic 
cells. MSCs were harvested and added to the culture medium of lung fibrotic cells. (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.
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Figure 7.  MSCs supernatant reduces the expression of fibrosis-related genes and protein levels of pulmonary 
fibrosis cells. (a) The MSC supernatant was harvested and added to the culture medium of lung fibrosis cells. 
(b) qRT-PCR analysis showed that the application of MSC supernatant resulted in the reversel of pulmonary 
fibrotic cells formation induced by TGF-β1. The expression levels of TGF-β1, α-SMA, and collagen type I were 
assessed (n = 3 per group). (c,d) Western blot analysis was performed to evaluate the relative protein levels at 
different doses of MSC supernatant. The expression levels of TGF-β1, α-SMA, and Col I 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. Original blots are presented 
in Supplementary Fig. S3.
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concentrations of MSC supernatant to treat lung fibroblasts, and observed a dose-dependent decrease in the 
protein expression levels of TGF-β1, α-SMA and, type I collagen (Fig. 7c,d).

Western blot assay was performed to explore whether MSC supernatant could regulate the TGF-β1/Smad 
signaling pathway. As shown in Supplementary Fig. 1, MSC supernatant reduced the proportions of pSmad2 
to Smad2 and p-Smad3 to Smad3 in fibroblasts cells. These data revealed that MSC supernatant could suppress 
the TGF-β1/Smad signaling pathway to inhibit the TGF-β1-induced fibroblast activation. The MSC supernatant 
evidently reduced the CQ- and the Baf A1-induced protein expression levels of p62 (Supplementary Fig. 2), 
which indicated that MSC supernatant could promote autophagy.

Discussion
According to recent reports, only Pirfenidone and Nintedanib are used to delay lung function decline but cannot 
elongate the life span of IPF patients. Currently, lung transplantation is the only effective treatment strategy, but 
IPF remains a great challenge due to its complexity and limited availability of donor  organs34.

Studies show that MSCs and MSCs supernatant have a therapeutic potential on the BLM-induced lung fibro-
sis. MSCs have emerged as a promising therapeutic option for IPF.35. Here, we firstly evaluated the role of MSCs 
on pulmonary fibrosis. According to an official American Thoracic Society workshop report, murine intratra-
cheal BLM model is the bestcharacterized animal model available for preclinical experiments of pulmonary 
 fibrosis36. Thus, this study used the BLM to establish the in vivo pulmonary fibrosis model. Meanwhile, MSCs 
were successfully isolated and cultured from adipose  tissue37. MSCs were then injected into mice through the 
tail vein. In this study, MSCs were found to reside in the blood of mice for two weeks and were able to migrate to 
lung tissue. The hydroxyproline content in the total lung sample is a substitute for the collagen content (1 mg of 
hydroxyproline = 6.94 mg of collagen) and is the gold standard for assessing the severity of pulmonary  fibrosis38. 
In this study, MSCs could significantly decrease the level of hydroxyproline in the BLM-injured mice. Pulmo-
nary function is a key indicator of treatment efficiency in clinical trials and can also be used to confirm fibrosis 
changes and treatment response to interventions in animal  models39. This study also observed the significant 
improvement of pulmonary function in bergenin-treated mice. Consistent with the results of hydroxyproline 
experiments, the Masson’s trichrome staining results also showed that MSCs could significantly alleviate BLM-
induced pulmonary fibrosis in mice.

The activation and proliferation of fibroblasts leads to the progression of fibrosis and disrupts the normal 
structure and function of the lung tissue. Therefore, elimination of excess fibroblasts can be a strategy for the 
treatment of  fibrosis40. TGF-β/Smad signaling is the main pathway of fibrogenesis, including IPF. Activation of 
TGF-β1/Smad signaling pathway leads to myofibroblast activation, overproduction of ECM, and inhibition of 
ECM  degradation41. The typical activation marker of lung fibroblasts is α-smooth muscle actin (α-SMA) and 
ECM deposition mainly reflected in the overexpression of type collagen I (Col-I)42. This study chose to treat 
fibroblasts with TGF-β1 to establish in vitro models, and evaluate the expression of α-SMA and Col-I. This study 
found that the presence of MSC or its supernatant could promote the proliferation and migration of lung fibrotic 
cells, which consistent with previous reports. Additionally, the present study measured the expression of α-SMA 
and Col-I in the in vitro model. And the results indicated that MSC supernatant could effectively reduce the 
content of lung fibrosis-related substances.

MSCs possess the capability to secrete a variety of cytokines and growth factors, including TGF-β, HGF, and 
VEGF, which have demonstrated their potential in promoting tissue repair and  regeneration43. In this study, the 
therapeutic effects of MSCs were likely mediated through the secretion of TGF-β1. TGF-β1 is a cytokine that 
plays a critical role in the pathogenesis of pulmonary  fibrosis44. It can induce the differentiation of fibroblasts 
into myofibroblasts, which are the primary effector cells in the development of pulmonary  fibrosis45. Remarkably, 
this study revealed a significant reduction in the expression of TGF-β1 in lung fibroblasts upon treatment with 
the MSCs supernatant. i This observation strongly suggests that the anti-fibrotic effects associated with TGF-β1 
signaling pathways. TGF-β1 signaling pathway significantly influences the regulation of fibroblast activation. 
The Smad2 and Smad3 are major downstream regulators that promote the TGF-β1-mediated lung  fibrosis46. 
Mechanism study found that MSCs supernatant could inhibit TGF-β1-induced phosphorylation of Smad2 and 
Smad3 to suppress the activation of pulmonary fibrosis cells. These results are in line with previous reports, which 
suggest that MSCs have anti-fibrotic properties through the secretion of various  cytokines47,48.

A decrease in the autophagy flux is observed in the lung tissue homogenates of patients with  IPF49. In this 
sense, the induction of the fibroblast autophagy may be beneficial for pulmonary fibrosis. The p62, an autophagy 
adaptor protein, which could bind ubiquitylated protein and delivering them to the autophagosomes. Autophagy 
is deficient in patients with IPF, and TGF-β1 can inhibit the autophagy  activation50. This study found that MSCs 
supernatant downregulates the protein level of p62 in the presence of CQ or Baf A1, revealing that MSCs super-
natant may promote autophagy. The autophagy and apoptotic processes have a complex relationship and jointly 
dominate the fate of the cell. Autophagy can reduce the pathological progression of IPF by promoting fibroblast 
apoptosis, and inhibition of autophagy can interfere with the induction of  apoptosis51. This study explored that 
MSCs supernatant could could maintain normal autophagy by downregulating the protein level of p62. However, 
the specific targets need further study.

Although the use of MSCs or MSCs supernatant in chronic lung diseases, including IPF, is promising, there 
are limitations to their use that raise safety  concerns52 Such problems that create limitations are the selection 
and processing of cell grafts, the use of allogeneic versus autologous MSCs, the route of administration, and the 
rare but present possibility of  carcinogenesis53. Thus, MSCs supernatant could be used for treating pulmonary 
fibrosis, mainly IPF, as a cell-free therapy with the advantages mentioned earlier compared to MCSs therapies. 
In addition, the intravenous administration of MSCs supernatant therapies makes them easier to use compared 
to stem cell therapies.
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Conclusion
In summary, this study provides further evidence for the potential therapeutic application of MSCs/supernatant 
in the treatment of pulmonary fibrosis. The current study has demonstrated that MSCs supernatant alleviates 
the BLM-induced pulmonary fibrosis in vivo. In vitro experiments further reveal that MSC supernatant could 
suppress the TGF-β 1/Smad signaling pathway to inhibit the TGF-β1-induced fibroblast activation, and promotes 
fibroblast autophagy by Regulating p62 expression. However, the current study have not confirmed the specific 
target of MSCs supernatant yet. Further studies are needed to investigate the target of MSCs supernatant and 
whether it affects other signal pathways related with pulmonary fibrosis should be evaluated.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.

Received: 21 February 2023; Accepted: 11 August 2023

References
 1. Brooks, P. J. et al. Mortality after hip resurfacing versus total hip arthroplasty in young patients: A single surgeon experience. Ann. 

Transl. Med. 7(4), 77 (2019).
 2. George, P. M., Wells, A. U. & Jenkins, R. G. Pulmonary fibrosis and COVID-19: The potential role for antifibrotic therapy. Lancet 

Respir. Med. 8(8), 807–815 (2020).
 3. Akram, A. Overwhelming COVID-19 sepsis in a patient with idiopathic pulmonary fibrosis. Cureus 12(7), e9320 (2020).
 4. Mishra, M. & Sindhwani, G. Antifibrotics for COVID-19 related lung fibrosis: Agents with benefits?. Adv. Respir. Med. 89(2), 

231–233 (2021).
 5. Shao, D. et al. Identification of the active compounds and functional mechanisms of Jinshui Huanxian formula in pulmonary 

fibrosis by integrating serum pharmacochemistry with network pharmacology. Phytomedicine 102, 154177 (2022).
 6. Liu, G. Y., Budinger, G. R. S. & Dematte, J. E. Advances in the management of idiopathic pulmonary fibrosis and progressive 

pulmonary fibrosis. Bmj 377, e066354 (2022).
 7. Blokland, K. E. C. et al. Senescence of IPF lung fibroblasts disrupt alveolar epithelial cell proliferation and promote migration in 

wound healing. Pharmaceutics 12(4), 289 (2020).
 8. Fernandez, I. E. & Eickelberg, O. New cellular and molecular mechanisms of lung injury and fibrosis in idiopathic pulmonary 

fibrosis. Lancet 380(9842), 680–688 (2012).
 9. Liu, M. et al. Stem cell and idiopathic pulmonary fibrosis: Mechanisms and treatment. Curr. Stem Cell Res. Ther. 10(6), 466–476 

(2015).
 10. Cao, B. et al. A trial of lopinavir-ritonavir in adults hospitalized with severe covid-19. N. Engl. J. Med. 382(19), 1787–1799 (2020).
 11. Chu, C. M. et al. Role of lopinavir/ritonavir in the treatment of SARS: Initial virological and clinical findings. Thorax 59(3), 252–256 

(2004).
 12. Nastase, M. V. et al. Targeting renal fibrosis: Mechanisms and drug delivery systems. Adv. Drug Deliv. Rev. 129, 295–307 (2018).
 13. Horby, P. W. et al. Lopinavir-ritonavir in patients admitted to hospital with COVID-19 (RECOVERY): A randomised, controlled, 

open-label, platform trial. Lancet 396(10259), 1345–1352 (2020).
 14. Glassberg, M. K. et al. Allogeneic human mesenchymal stem cells in patients with idiopathic pulmonary fibrosis via intravenous 

delivery (AETHER): A phase I safety clinical trial. Chest 151(5), 971–981 (2017).
 15. Sun, Y. et al. Human mesenchymal stem cell derived exosomes alleviate type 2 diabetes mellitus by reversing peripheral insulin 

resistance and relieving beta-cell destruction. ACS Nano 12(8), 7613–7628 (2018).
 16. Reddy, M. et al. Human adipose-derived mesenchymal stem cells attenuate early stage of bleomycin induced pulmonary fibrosis: 

Comparison with pirfenidone. Int. J. Stem Cells 9(2), 192–206 (2016).
 17. Khoury, M. et al. Current status of cell-based therapies for respiratory virus infections: Applicability to COVID-19. Eur. Respir. J. 

55(6), 2000858 (2020).
 18. Chen, S. et al. Transplantation of adipose-derived mesenchymal stem cells attenuates pulmonary fibrosis of silicosis via anti-

inflammatory and anti-apoptosis effects in rats. Stem Cell Res. Ther. 9(1), 110 (2018).
 19. Hu, S. et al. Mesenchymal stem cell microvesicles restore protein permeability across primary cultures of injured human lung 

microvascular endothelial cells. Stem Cells Transl. Med. 7(8), 615–624 (2018).
 20. Lee, J. W. et al. Therapeutic effects of human mesenchymal stem cells in ex vivo human lungs injured with live bacteria. Am. J. 

Respir. Crit. Care Med. 187(7), 751–760 (2013).
 21. Laffey, J. G. & Matthay, M. A. Fifty years of research in ARDS. Cell-based therapy for acute respiratory distress syndrome. Biology 

and potential therapeutic value. Am. J. Respir. Crit. Care Med. 196(3), 266–73 (2017).
 22. Court, A. C. et al. Mitochondrial transfer from MSCs to T cells induces Treg differentiation and restricts inflammatory response. 

EMBO Rep. 21(2), e48052 (2020).
 23. Yang, S. N. et al. Therapeutic applications of mesenchymal stem cells in idiopathic pulmonary fibrosis. Front. Cell Dev. Biol. 9, 

639657 (2021).
 24. Pittenger, M. F. et al. Multilineage potential of adult human mesenchymal stem cells. Science 284(5411), 143–147 (1999).
 25. Dominici, M. et al. Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular 

Therapy position statement. Cytotherapy 8(4), 315–7 (2006).
 26. Bourin, P. et al. Stromal cells from the adipose tissue-derived stromal vascular fraction and culture expanded adipose tissue-

derived stromal/stem cells: A joint statement of the International Federation for Adipose Therapeutics and Science (IFATS) and 
the International Society for Cellular Therapy (ISCT). Cytotherapy 15(6), 641–648 (2013).

 27. Liu, X. J. et al. Analytical comparisons of SARS-COV-2 detection by qRT-PCR and ddPCR with multiple primer/probe sets. Emerg. 
Microbes Infect. 9(1), 1175–1179 (2020).

 28. Bass, J. J. et al. An overview of technical considerations for Western blotting applications to physiological research. Scand. J. Med. 
Sci. Sports 27(1), 4–25 (2017).

 29. Canfield, P. J. & Hemsley, S. The roles of histology and immunohistology in the investigation of marsupial disease and normal 
lymphoid tissue. Dev. Comp. Immunol. 24(5), 455–471 (2000).

 30. Li, X. et al. Ferroptosis inhibitor alleviates Radiation-induced lung fibrosis (RILF) via down-regulation of TGF-beta1. J. Inflamm. 
(Lond.) 16, 11 (2019).

 31. Lareu, R. R. et al. Essential modification of the Sircol Collagen Assay for the accurate quantification of collagen content in complex 
protein solutions. Acta Biomater. 6(8), 3146–3151 (2010).

 32. Lin, K. et al. Characterization of adipose tissue-derived cells isolated with the Celution system. Cytotherapy 10(4), 417–426 (2008).
 33. Moeller, A. et al. The bleomycin animal model: A useful tool to investigate treatment options for idiopathic pulmonary fibrosis?. 

Int. J. Biochem. Cell Biol. 40(3), 362–382 (2008).



15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13183  | https://doi.org/10.1038/s41598-023-40531-9

www.nature.com/scientificreports/

 34. Cottin, V. et al. Fibrosing interstitial lung diseases: Knowns and unknowns. Eur. Respir. Rev. 28(151), 180100 (2019).
 35. Kletukhina, S. et al. Role of mesenchymal stem cells and extracellular vesicles in idiopathic pulmonary fibrosis. Int. J. Mol. Sci. 

23(19), 11212 (2022).
 36. De Oliveira, G. A. L. et al. Bergenin from Peltophorum dubium: Isolation, characterization, and antioxidant activities in non-

biological systems and erythrocytes. Med. Chem. 13(6), 592–603 (2017).
 37. Tassi, S. A. et al. Efficacy of stem cells on periodontal regeneration: Systematic review of pre-clinical studies. J. Periodont. Res. 

52(5), 793–812 (2017).
 38. Campa, J. S., Mcanulty, R. J. & Laurent, G. J. Application of high-pressure liquid chromatography to studies of collagen production 

by isolated cells in culture. Anal. Biochem. 186(2), 257–263 (1990).
 39. Aggarwal, S., Mannam, P. & Zhang, J. Differential regulation of autophagy and mitophagy in pulmonary diseases. Am. J. Physiol. 

Lung Cell Mol. Physiol. 311(2), L433–L452 (2016).
 40. Jin, F. et al. Bisdemethoxycurcumin protects against renal fibrosis via activation of fibroblast apoptosis. Eur. J. Pharmacol. 847, 

26–31 (2019).
 41. Li, Y. et al. Bufei huoxue capsule alleviates bleomycin-induced pulmonary fibrosis in mice via TGF-beta1/Smad2/3 signaling. J. 

Ethnopharmacol. 316, 116733 (2023).
 42. Li, X. et al. Antifibrotic mechanism of cinobufagin in bleomycin-induced pulmonary fibrosis in mice. Front. Pharmacol. 10, 1021 

(2019).
 43. Alvites, R. et al. Mesenchymal stem/stromal cells and their paracrine activity-immunomodulation mechanisms and how to influ-

ence the therapeutic potential. Pharmaceutics 14(2), 381 (2022).
 44. Ye, Z. & Hu, Y. TGF-beta1: Gentlemanly orchestrator in idiopathic pulmonary fibrosis (Review). Int. J. Mol. Med. 48(1), 4965 

(2021).
 45. Bueno, M. et al. CYB5R3 in type II alveolar epithelial cells protects against lung fibrosis by suppressing TGF-beta1 signaling. JCI 

Insight 8(5), 161487 (2023).
 46. Tang, Y. N. et al. Epigenetic regulation of Smad2 and Smad3 by profilin-2 promotes lung cancer growth and metastasis. Nat. Com-

mun. 6, 8230 (2015).
 47. Keshtkar, S., Azarpira, N. & Ghahremani, M. H. Mesenchymal stem cell-derived extracellular vesicles: Novel frontiers in regenera-

tive medicine. Stem Cell Res. Ther. 9(1), 63 (2018).
 48. Andrzejewska, A., Lukomska, B. & Janowski, M. Concise review: Mesenchymal stem cells: From roots to boost. Stem Cells 37(7), 

855–864 (2019).
 49. Zmijewski, J. W. & Thannickal, V. J. Autophagy in idiopathic pulmonary fibrosis: Predisposition of the aging lung to fibrosis?. Am. 

J. Respir. Cell Mol. Biol. 68(1), 3–4 (2023).
 50. Yue, Y. L. et al. The role of autophagy in idiopathic pulmonary fibrosis: From mechanisms to therapies. Ther. Adv. Respir. Dis. 16, 

17534666221140972 (2022).
 51. Romero, Y. et al. mTORC1 activation decreases autophagy in aging and idiopathic pulmonary fibrosis and contributes to apoptosis 

resistance in IPF fibroblasts. Aging Cell 15(6), 1103–1112 (2016).
 52. Li, D. Y. et al. Mesenchymal stem cell therapy in pulmonary fibrosis: A meta-analysis of preclinical studies. Stem Cell Res. Ther. 

12(1), 461 (2021).
 53. Bhartiya, D. Use of very small embryonic-like stem cells to avoid legal, ethical, and safety issues associated with oncofertility. JAMA 

Oncol. 2(5), 689 (2016).

Author contributions
X.Z.: study design, experiment/analysis performance, protocol optimization, data analysis, manuscript writing 
and revision; J.W.: study design, protocol optimization, data collection, manuscript revision; R.Y., Y.L., Q.Y., 
B.W., X.Z., J.W., J.M. and W.Z.: data collection, manuscript revision; All authors read and approved the final 
manuscript; N.Z.: study design, manuscript revision and approval.

Funding
This work was supported by (1) National Key R&D Program of China (2021YFA1101100); (2) Strategic Priority 
Research Program of the Chinese Academy of Sciences Grant No. XDA* (XDA16040400); (3) National Natural 
Science Foundation of China (82172218).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 40531-9.

Correspondence and requests for materials should be addressed to N.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-40531-9
https://doi.org/10.1038/s41598-023-40531-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Adipose-derived mesenchymal stem cell therapy for reverse bleomycin-induced experimental pulmonary fibrosis
	Methods
	Animal ethics approval. 
	Bleomycin-induced pulmonary fibrosis model. 
	Isolation and culture of MSCs and lung fibroblasts. 
	Flow cytometry analysis. 
	MSC cell differentiation identification. 
	Cell fluorescent labeling. 
	RNA extraction and qRT-PCR analysis. 
	Western blotting analysis. 
	In vitro migration of lung fibrotic cells. 
	Histology. 
	Sircol collagen assay. 
	Statistical analysis. 

	Results
	Extraction, differentiation, and identification of adipose-derived MSC. 
	Bleomycin promotes lung fibrosis in mice. 
	MSC therapy reverses bleomycin-induced pulmonary fibrosis. 
	Construction of a cellular model of pulmonary fibrosis. 
	MSC supernatant promotes the migration and proliferation of fibrotic lung cells in vitro. 
	MSCs promote the migration and proliferation of lung fibrotic cells in vitro. 
	MSC supernatant attenuates TGF-β1-induced fibroblast activation. 

	Discussion
	Conclusion
	References


