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Abstract 

Background  Pulmonary fibrosis (PF) is a common and multidimensional devastating interstitial lung disease. The 
development of novel and more effective interventions for PF is an urgent clinical need. A previous study has found 
that miR-181a-5p plays an important role in the development of PF, and human amniotic mesenchymal stem cells 
(hAMSCs) exert potent therapeutic potential on PF. However, whether hAMSCs act on PF by delivering miR-181a-5p 
and its detailed mechanism still remain unknown. Thus, this study was designed to investigate the underlying pos-
sible mechanism of hAMSCs on PF in bleomycin (BLM)-induced mouse PF model, and a co-culture system of hAMSCs 
and A549 cells epithelial mesenchymal transition (EMT) model, focusing on its effects on collagen deposition, EMT, 
and epithelial cell cycle regulation.

Methods  hAMSCs with different miR-181a-5p expression levels were constructed. BLM (4 mg/kg) was used to create 
a PF model, while TGF-β1 was used to induce A549 cells to construct an EMT model. Furthermore, the effects of dif-
ferent miR-181a-5p expression in hAMSCs on collagen deposition and EMT during lung fibrosis were assessed in vivo 
and in vitro.

Results  We found that hAMSCs exerted anti-fibrotic effect in BLM-induced mouse PF model. Moreover, hAM-
SCs also exerted protective effect on TGFβ1-induced A549 cell EMT model. Furthermore, hAMSCs ameliorated PF 
by promoting epithelial cell proliferation, reducing epithelial cell apoptosis, and attenuating EMT of epithelial cells 
through paracrine effects. hAMSCs regulated EMT in PF through delivering miR-181a-5p targeting TGFBR1.

Conclusions  Our findings reveal for the first time that hAMSCs inhibit PF by promoting epithelial cell proliferation, 
reducing epithelial cell apoptosis, and attenuating EMT. Mechanistically, the therapeutic effect of hMASCs on PF 
is achieved through delivering miR-181a-5p targeting TGFBR1.
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Background
Pulmonary fibrosis (PF), also referred to as interstitial 
fibrosis, is a common interstitial lung disease of the res-
piratory system. Its etiology is associated with pathogenic 
microbial infections, long-term inhalation of hazardous 
substances, radiological injuries, autoimmune diseases, 
and genetic factors [1–4]. The available treatment for PF 
includes respiratory support, pulmonary rehabilitation 
training, and other non-pharmacological treatments, 
such as cough suppressants, analgesics, and other sup-
portive therapeutic drugs, as well as anti-fibrotic drugs, 
such as antioxidants and immunosuppressive drugs; and 
lung transplantation for patients with end-stage fibrosis 
[5–7]. However, these treatments cannot inhibit fibrosis 
or promote damage repair. Even after lung transplan-
tation, the five-year survival rate is only 50–56% [2, 8]. 
Since the outbreak of SARS, H1N9, and novel coronavi-
rus pneumonia, interstitial fibrosis in patients with a long 
disease course or high incidence of interstitial fibrosis 
after healing has become a major health challenge that 
affects cardiopulmonary function and quality of life [9–
11]. This necessitates novel interventions for PF.

Mechanisms involved in the development of PF include 
(1) alteration of the immune environment: immune cell 
populations, such as macrophages and T-cells, contrib-
ute to the alteration of the immune environment fol-
lowing lung epithelial injury by secreting pro-fibrotic 
transmitters such as inflammatory factors and immuno-
reactive substances [4, 12–14]; (2) Increase in fibroblast 
production: in addition to the lung fibroblasts (resident 
fibroblasts and circulating fibroblast-like cells) prolifera-
tion and migration, damaged lung epithelial cells are a 
source of fibroblasts through epithelial mesenchymal 
transition (EMT)[15–18]. (3) Apoptosis of epithelial cells: 
during the development of PF, alveolar epithelial cells 
also undergo apoptosis [19, 20]. (4) Neovascularization: 
during the development of fibrosis, extensive neovas-
cularization occurs in the neoplastic region of fibrosis. 
The production of angiogenic factors, such as vascular 
endothelial growth factor and angiogenic chemokines, is 
closely related to PF and associated with increased lung 
fibrosis [21, 22]. These factors promote myofibroblast 
production, collagen generation, and interstitial deposi-
tion, ultimately leading to interstitial lung fibrosis [23]. 
Therefore, in addition to effectively relieving the primary 
etiology, early intervention to inhibit the inflammatory 
response, suppress EMT, and attenuate epithelial cell 
apoptosis is the key to treating PF.

The TGF-β1/TGFBR1 axis plays an important role 
in fibrosis and the therapeutic mechanism of fibro-
sis [24–28]. TGF-β1 can regulate the differentiation of 
various immune-related cells such as CD8 + T cells, 
Treg and NK-T cells, and T cell helper cells to promote 

fibrogenesis through TGFBR1 [29]. TGF-β1 has also been 
shown to initiate downstream transcriptional regula-
tion by activating TGFBR1, leading to the development 
of EMT [30–32]. Regarding the specific mechanism of 
action, TGF-β1/TGFBR1 regulates the JAK/STAT, Smad, 
MAPK, Wnt, and ERK pathways that play an important 
role in the development of PF [33].

Mesenchymal stem cells (MSCs) from different sources 
have demonstrated therapeutic effects on PF through 
their anti-apoptotic, anti-inflammatory, and anti-oxi-
dative stress properties [23, 34, 35]. miRNAs are a class 
of non-coding RNAs that can alter the binding of target 
mRNAs by altering their pathway and mechanism of 
action, and are key paracrine information molecules in 
the function of MSCs, have received research attention 
[36–39]. miRNAs affect key physiological and pathologi-
cal processes [40] and are involved in inflammatory and 
fibrotic processes, bone marrow stem cells, and other 
tissues [41, 42]. MSCs can interfere with inflammation 
and fibrosis by delivering miRNAs, bone marrow MSCs 
can attenuate lipopolysaccharide-induced acute lung 
injury and fibrosis by delivering miR-182-5p [41], and 
miR-186 can block fibroblast activation and ameliorate 
PF by delivering miR-186 to act on SOX4 and DKK1 
[42]. miR-181a/b can inhibit inflammation and amelio-
rate pulmonary arterial hypertension. miR-181a-5p has 
been demonstrated to reduce renal fibrosis by directly 
targeting TGFBR1[43, 44]. Human amniotic mesenchy-
mal stem cells (hAMSCs), compared with other sources 
of MSCs, are abundant in the amniotic membrane tis-
sue, easily accessible, and have low immunogenicity and 
significant anti-inflammatory effects [45–47]. hMASCs 
have been reported to have significant therapeutic effects 
on PF caused by paraquat poisoning and can improve 
lung histopathological changes and reduce collagen 
deposition by reducing the expression of inflammatory 
cytokines, such as TGF-β1 [48]. In a previous study using 
the miGator database, the expression of miR-181a-5p 
was high in lung tissues and stem cells and reduced in the 
lung tissues of mice with PF, suggesting that miR-181a-5p 
plays an important role in the development of PF and the 
therapeutic effect of hMASCs on PF.

The dual-luciferase report verified the miR-181a-5p 
targeted binding to TGFBR1. Considering the role of 
TGFBR1 in PF, the following question remains to be 
addressed: Do hAMSCs act on PF by delivering miR-
181a-5p to target TGFBR1?

Based on above-mentioned scenario, bleomycin 
(BLM)-induced mouse PF model, and a co-culture sys-
tem of hAMSCs and A549 cells EMT model were used 
to investigate the effect of hAMSCs on PF and further 
explore its underlying possible mechanism. This will pro-
vide a new theoretical basis for the investigation of the 
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specific mechanism of hAMSCs in the treatment of PF, 
and offer an insight into the early use of hAMSCs in the 
treatment of PF in clinic.

Methods
Animals
The work has been reported in line with the ARRIVE 
guidelines 2.0. Healthy male C57BL/6 mice of 6–8 weeks 
of age were purchased from Hunan Slake Kingda Labo-
ratory Animal Co. All mice were caged in a 12  h light/
dark cycle standard condition, the temperature 22 ± 2 °C 
and the 55%−60% humidity with free access to standard 
rodent diet and sterile water. The experimental animals 
used in this study were in strict compliance with the 3Rs 
principle, and the experimental animals and operation 
procedures were in accordance with the regulations on 
the management of experimental animals issued by the 
Laboratory Animal Welfare AND Ethics Committee of 
Zunyi Medical University (No. ZMU22-2203-022), and 
the experimental procedures were performed according 
to the National Institutes of Health guide for the care and 
use of Laboratory animals (NIH Publications No. 8023, 
revised 1978).

Cell culture
Collection and culture of hAMSCs were performed 
and approved by the Ethics Committee of Zunyi Medi-
cal University (ZMU2022-1–142). After obtaining 
informed consent from the mothers and their families 
and conducting prenatal checkups to exclude hepatitis B, 
hepatitis C, HIV infection, and mothers over the age of 
35 years, uncontaminated placental amniotic membranes 
from full-term cesarean deliveries were aseptically col-
lected, placed in sterile saline solution, and transferred 
to the laboratory. The hAMSCs were extracted using 
the established laboratory method. hAMSCs were cul-
tured in Low glucose Dulbecco’s Modified Eagle Medium 
(LG-DMEM) + 10% Fetal Bovine Serum (FBS) + L-glu-
tamine + human Fibroblast Growth Factor (FGF) basic 
(10  ng/100  mL) in 37  °C and 5% CO2. hAMSCs of the 
third to fifth generation were used in all experiments.

Human non-small cell lung cancer cell line (A549 cells) 
source and culture: A549 cells were purchased from Kun-
ming Cell Bank of the Chinese Academy of Sciences. The 
medium used was DMEM/F12 + 10% FBS + 1% penicil-
lin–streptomycin (P/S) mixture and the culture condi-
tions were 37 °C and 5% CO2.

Human embryonic renal cells 293 cells (293  T cells) 
source and culture: 293 T cell line was obtained from the 
CAS cell bank. The medium used was DMEM + 10% FBS, 
and the culture conditions were 37 °C and 5% CO2.

Identification of hAMSCs
Osteogenic and lipogenic-induced differentiation hAM-
SCs were seeded in well plates, and osteogenic-induced 
differentiation was conducted according to the manu-
facturer’s instructions. The formation of calcified bone 
nodules was assessed using alizarin red staining, pho-
tographing, and recording. Lipogenic differentiation 
was induced by Oil Red O staining, photographs were 
taken, and lipid droplet formation was recorded. Immu-
nohistochemical staining of mesenchymal stromal cell 
marker VIMENTIN: hAMSCs were seeded in well 
plates, washed with PBS, treated with paraformaldehyde, 
treated with 0.5% Triton solution at room temperature, 
incubated with H2O2 solution at 37  °C, blocked with 
goat closed serum, incubated with primary antibody, 
stored overnight at 4  °C, incubated with biotin-labeled 
corresponding secondary antibody, incubated at 37  °C, 
configured with DAB chromogenic solution, DAB chro-
mogenic solution was added dropwise to observe the 
staining changes, rinsed with running water, and hema-
toxylin staining was added to stain the nuclei, which were 
photographed for analysis. Determination of cell growth 
curve: hAMSCs were inoculated into 96-well plates and 
cultured for 1–7 days and incubated with CCK-8 solution 
to the corresponding well plates, the absorbance value 
at 450 nm (OD value) was determined using an enzyme 
marker, with the OD value as the vertical coordinate and 
the growth time as the horizontal coordinate and the 
growth curve of hAMSCs was plotted. hAMSCs were 
identified as phenotypes according to the kit instruc-
tions, CD44-PE was added into a flow-through tube with 
CD73-APC, CD90-FITC, and CD105-PerCP-Cy5.5 flow-
through detection antibodies and their isotypes, and PE-
labeled HLA-DR, CD11b, CD19, CD34, CD34, CD45 
antibodies and their isotype controls, and the third-gen-
eration hAMSCs suspensions were added and incubated 
at 4 °C in the dark for 30  min. At the end of the incu-
bation period, the sample was washed twice with PBS, 
resuspended in staining buffer, and analyzed using flow 
cytometry.

Bioinformatics analysis of miR‑181a‑5p
Genomic information: basic information on hsa-miR-
181a-5p was retrieved from the online database UCSC 
(http://​genom​easia.​ucsc.​ed), and the mature sequences 
of genes from different species were compared and ana-
lyzed. Expression levels in human tissues: The miRGa-
tor v3.0 database (http://​mirga​tor.​obic.​re.​kr/) was used 
to analyze hsa-miR-181a-5p and retrieve its expression 
levels of hsa-miR-181a-5p in different human tissues 
and organs. Target gene prediction and KEGG path-
way enrichment: Three databases, miRWALK ( http://​

http://genomeasia.ucsc.ed
http://mirgator.obic.re.kr/
http://mirwalk.umm.uniheidelberg.de/
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mirwa​lk.​umm.​unihe​idelb​erg.​de/), miRDB (http://​www.​
mirdb.​org/), and Target Scan (http://​www.​targe​tscan.​org/ 
vert71/), were used to predict the target genes of hsa-
miR-181a-5p, and their intersecting target genes were 
used for subsequent analysis. The intersecting target 
genes of the three databases were used for KEGG sign-
aling pathway enrichment analysis using the SangerBox 
database (http://​sange​rbox.​com/​home.​html). hsa-miR-
181a-5p was predicted to bind to the TGFBR1 binding 
site using the Target Scan (http://​www.​targe​tscan.​org/​
vert71/) database for binding site prediction.

miR‑181a‑5p and TGFBR1 dual luciferase reporter assay
Experimental plasmids pMIR-REPORT Luciferase 
(H306, Obio Technology (Shanghai) Corp., Ltd.), pMIR-
REPORT Luciferase-TGFBR1 3’UTR(WT) (H23650, 
Obio), pMIR-REPORT Luciferase-TGFBR1 3 ’ UTR ( hsa-
miR-181a-5p MUT) (H23651, Obio)were used; primer 
sequences are listed in Table  1. The experiments were 
performed in strict accordance with the Obio protocol.

Transfection of hAMSCs with miR‑181a‑5p agomir, 
antagomir, and identification of relative expression 
of miR‑181a‑5p
One day before transfection, hAMSCs were inoculated 
in a six-well plate to achieve 30–50% confluence during 
transfection, and Lipofectamine 2000-agomir or Lipo-
fectamine 2000-antagomir complexes were individually 
configured for each sample at different concentrations or 
groups and gently mixed before use. 5 μL Lipofectamine 
2000 was added to 245 μL Opti-MEM medium, mixed 
gently, and incubated at room temperature for 5 min; 250 
μL Opti-MEM medium was used to dilute miR-181a-5p 
agomir, miR-181a-5p antagomir configured according to 
the instructions (when added to the well plates, the final 
sample was mixed gently with Lipofectamine 2000-ago-
mir or Lipofectamine 2000-antagomir complex), the final 
concentration when added to the plate was 50, 100, or 
200 nM. The liquid was gently mixed from the first two 
steps to form a complex and incubated at room tempera-
ture for 20 min. The cells were washed in the well plate 
with PBS, the Opti-MEM medium was added, followed 
by the complex to the wells containing the cells. The total 
amount of liquid in each well was 2  mL, and the plate 
was gently shaking. The cells were incubated in a CO2 

incubator at 37 °C for 4–6 h and collected after 24–48 h 
and set aside. Extraction of total RNA: hAMSCs from dif-
ferent experimental groups were lysed with TRIzol rea-
gent (Invitrogen), and mRNA was extracted with RNA 
isolation kit (Qiagen). Identification of transfection effi-
ciency: After extraction of total RNA, miRNA first-strand 
cDNA synthesis was conducted, the reverse transcription 
system and reaction conditions were conducted in strict 
accordance with the instructions, and the reaction mix-
ture was added to a centrifuge tube in an ice bath, gently 
mixed, and centrifuged for 3–5 s. The reaction took place 
in a 37 °C bath for 60 min, then heated to 85 °C for 5 min 
to inactivate the enzyme, and the samples obtained from 
the reaction were preserved at 4 °C. miRNA fluorescence 
PCR: The cDNA reaction solution was diluted 50 times 
and used. The miRNA fluorescence PCR amplification 
system and miRNA amplification conditions were per-
formed according to the instruction manual, with pre-
denaturation at 95 °C for 30 s, denaturation at 95 °C for 
5 s, and annealing/extension at 60 °C for 30 s for a total 
of 40 cycles, and the dissolution curve was set according 
to the instrument. The primers used were synthesized by 
Shanghai Sangong Biotechnology Co., Ltd., according to 
the primer sequences provided by Obio, and the internal 
reference was U6. The relative expression levels of miR-
NAs were calculated using the 2−ΔΔCt method (Table 2).

Grouping and treatment of animals
The work has been reported in line with the ARRIVE 
guidelines 2.0. The mice were divided, using a simple 
randomization method, into five groups (n = 4) treated 
as follows: control group: no treatment; lung fibrosis 
model group: one-time tracheal injection of 4  mg/kg 
BLM solution on day 0 of the experiment, and on day 
7, each mouse was injected with 0.2  mL saline in the 
tail vein; the hAMSCs, AGO-hAMSCs, and ANTA-
hAMSCs groups were given a one-time tracheal injec-
tion of 4 mg/kg BLM solution, and the different groups 

Table 1  Experimental primer sequences

Name Sequence

H23650 TGFBR1 3’UTR (WT) Luc-C-F GAG​GAG​TTG​TGT​TTG​TGG​AC
M13F TGT​AAA​ACG​ACG​GCC​AGT​

H23651 TGFBR1 3’UTR (hsa-miR-
181a-5p MUT)

Luc-C-F GAG​GAG​TTG​TGT​TTG​TGG​AC
M13F TGT​AAA​ACG​ACG​GCC​AGT​

Table 2  Transfected RNA oligo sequences and RT-qPCR primer 
sequences (tail method)

Name Sequence(5, to 3,)

miR-181a-5p agomir S:AAC​AUU​CAA​CGC​UGU​CGG​UGAGU 
AS:UCA​CCG​ACA​GCG​UUG​AAU​
GUUUU​

miR-181a-5p agomir NC S:UUC​UCC​GAA​CGU​GUC​ACG​UTT​
AS: ACG​UGA​CAC​GUU​CGG​AGA​ATT​

miR-181a-5p antagomir S:ACU​CAC​CGA​CAG​CGU​UGA​AUGUU​

miR-181a-5p antagomir NC CAG​UAC​UUU​UGU​GUA​GUA​CAA​

hsa-miR-181a-5p AAC​AGT​GAA​CAT​TCA​ACG​CTGTC​

mmu-miR-181a-5p AAC​ATT​CAA​CGC​TGT​CGG​TG

http://mirwalk.umm.uniheidelberg.de/
http://www.mirdb.org/
http://www.mirdb.org/
http://www.targetscan.org/
http://sangerbox.com/home.html
http://www.targetscan.org/vert71/
http://www.targetscan.org/vert71/
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of mice were injected by tail vein injection of 0.2  mL 
of saline resuspended 5 × 105 hAMSCs, miR-181a-5p 
agomir-transfected hAMSCs (AGO-hAMSCs), and 
miR-181a-5p antagomir-transfected hAMSCs (ANTA-
hAMSCs). hAMSCs were labeled using DiR dye after 
tail vein injection, 7  days after capturing in  vivo fluo-
rescent signals using in vivo imaging with a live imager. 
On day 28, all experimental mice were weighed, and 
their general state was observed and photographed. 
Lung tissues were extracted from experimental mice 
after being euthanized via cervical dislocation follow-
ing anesthesia with inhalation of isoflurane. The lung 
index was calculated as the weight of the lungs divided 
by the total body weight of the mice. The lung tissues 
were extracted from the middle lobe portion of the left 
lungs, fixed in 10% formalin, and used for hematoxy-
lin and eosin (HE) staining of the pathology, MASSON 
staining to observe the pathological structure, immu-
nohistochemical and immunofluorescence staining to 
observe the relevant indices, and Western Blotting to 
detect protein levels.

Establishment of A549 cell EMT model and hAMSCs 
co‑culture system
According to the existing literature [49–52], the concen-
tration of TGFβ1 was set at 5 and 10 ng/mL and the treat-
ment duration was 24 h and 48 h. The cells were divided 
into six groups: 24 h control group, 24 h-5 ng/mL TGFβ1 
treatment group, 24 h-10 ng/mL TGFβ1 treatment group, 
48  h control group, 48  h-5  ng/mL TGFβ1 treatment 
group, 48 h-10 ng/mL TGFβ1 treatment group; according 
to the literature [53–55], we selected two kinds of cell co-
culture hAMSCs:A549 ratio of 1:1, 2:1, 5:1, respectively, 
and divided into the following five groups: control group, 
model group, co-culture1:1, co-culture2:1, co-culture5:1, 
and cell photographic observation with RT-qPCR, west-
ern blotting, and other methods to observe and analyze 
the cells relevant indicators. Finally, the co-culture sys-
tem was divided into the following groups according to 
the results of the previous two steps: control group: no 
treatment; model group: treated with 5  ng/mL TGFβ1; 
hAMSCs co-culture group: treated with 5 ng/mL TGFβ1 
for 24  h, hAMSCs were added into the Transwell, and 
the ratio of cells were hAMSCs:A549 = 1:1, co-culture for 
48 h; AGO-hAMSCs co-culture group and ANTA-hAM-
SCs co-culture group were treated according to the above 
steps, and then 1:1 AGO-hAMSCs and ANTA-hAM-
SCs were added for co-culture, respectively.The control, 
model, and co-culture groups were subjected to an EdU 
proliferation assay, flow Annexin-FITC/PI staining, RT-
qPCR, and western blotting to observe the relevant pro-
liferation, apoptosis, and mesenchymalization indices.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR)
The total RNA extraction method followed the same pro-
cedure as described earlier. Reverse transcription after 
total RNA extraction: reverse transcription of RNA at 
adjusted concentrations was conducted according to the 
manufacturer’s instructions, and the reaction solution 
was prepared on ice. Reaction conditions: After mix-
ing the system, the reaction solution was prepared at 37 
°C for 15 min (reverse transcription reaction), 85 °C for 
5  s (inactivation reaction of reverse transcriptase), and 
stored at 4 °C. Amplification of target gene: amplify the 
cDNA in strict accordance with the system and condi-
tions of the manual, the preparation of the reaction solu-
tion was carried out on ice. Reaction conditions: sample 
volume 25 µL, Step 1: 95 °C for 30 s, Step 2: PCR reaction 
GOTO:39(40 Cycles) 95 °C for 5 s, 60 °C for 30 s, Step 3: 
Melt Curve, primer sequences are shown in Table 3.

Cell transcriptome sequencing
Three stem cell co-culture groups (hAMSCs, AGO-
hAMSCs, and ANTA-hAMSCs) were subjected to DNB-
SEQ eukaryotic transcriptome resequencing following 
the standard steps provided by the high-throughput 
laboratory of Wuhan Huada Genetic Technology Service 
Co. Ltd. Quality control was performed according to the 
"RNA Sequencing Sample Quality Standards", assessing 
RNA concentration, RIN/RQN, and 28S/18S ratios. The 
samples were analyzed using the DNBSEQ platform, ref-
erence species name: Homosapiens, source: NCBI, refer-
ence genome version: GCF_000001405.39_GRCh38.p13, 
and the raw data obtained from sequencing were filtered 

Table 3  Primer sequences

Name Sequence(5, to 3,)

human GAPDH F: CAG​GAG​GCA​TTG​CTG​ATG​AT
R: GAA​GGC​TGG​GGC​TCA​TTT​

human E-CAD F: CTG​GCG​TCT​GTA​GGA​AGG​
R: TCT​TTG​ACC​ACC​GCT​CTC​

human Cytokeratin F: GAT​GAG​CAG​GTC​CGA​GGT​
R: GCC​AGT​GTG​TCT​TCC​AAG​G

human COL1A1 F: GTG​CGA​TGA​CGT​GAT​CTG​TGA​
R: CGG​TGG​TTT​CTT​GGT​CGG​T

human N-CAD F: GGA​CCA​TCA​CTC​GGCTT​
R: GCA​AAC​CTT​CAC​ACGCA​

human VIMENTIN F: CAG​AGA​GAG​GAA​GCC​GAA​
R: TGC​CAG​AGA​CGC​ATTGT​

human ZO-1 F: TGA​GGC​AGC​TCA​CAT​AAT​GC
R: GGG​AGT​TGG​GGT​TCA​TAG​GT

human TGFBR1 F: TGT​TGG​TAC​CCA​AGG​AAA​GC
R: CAC​TCT​GTG​GTT​TGG​AGC​AA

human BAX F: ATG​GAC​GGG​TCC​GGGG​
R: GGA​AAA​AGA​CCT​CTC​GGG​GG
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using SOAPnuke (v1.5.6) to obtain clean data. Dr. Tom’s 
Multi-Organomics Data Mining System (https://​biosys.​
bgi.​com) was used for the data analysis, mapping, and 
mining. The clean data were compared with the refer-
ence genome using HISAT2 (v2.1.0) software and aligned 
to the reference gene set using Bowtie2 (v2.3.4.3). Gene 
expression was quantified using the RSEM (v1.3.1) soft-
ware, and differential gene detection was performed 
using DESeq2 (v1.4.5). In the system, TPM was used as 
the reference to screen for reflecting differential folds; 
the hAMSCs co-culture group was set as the control 
group; the transcriptomic genes with log2 (expression in 
treatment group/expression in control group) differen-
tial expression were screened with a 1.5-fold difference 
in expression in the treatment group/expression in the 
control group at P < 0.05, in which the AGO-hAMSCs 
co-culture group showed a 1.5-fold decrease in expres-
sion compared with the hAMSCs co-culture group and 
ANTA-hAMSCs co-culture group showed a 1.5-fold 
increase in expression compared with the hAMSCs co-
culture group. The screened genes were further enriched 
for the KEGG pathway, heatmap was created to visualize 
the quantitative differences in expression levels of differ-
entially expressed genes, and the standardization method 
was adopted as the z-score (row direction).

Statistical analysis
All data were expressed as mean ± standard deviation 
(‾x ± s), and the experimental data were statistically 
analyzed using the SPSS 29.0 (IBM Corp., Armonk, NY, 
USA, Version 29.0) software package, with the independ-
ent samples t-test for only two groups of data with quan-
titative information that satisfied the normal distribution, 
and one-way ANOVA for the mean of samples with three 
or more groups. If the differences were statistically signif-
icant, the LSD method was further used to compare the 
differences between groups, and the DunnettT3 test was 
chosen when the variance was not uniform, with P < 0.05 
suggesting statistical significance.

Results
Biological morphology and characterization of hAMSCs
Primary cultured hAMSCs showed a uniform morphol-
ogy, were tightly arranged, and adhered to the plate bot-
tom. P5 hAMSCs were long and spindle-shaped in a 
swirling arrangement, showing fibroblast morphology 
(Fig. 1A). P5 hAMSCs were induced by osteogenic induc-
tion and alizarin red staining, and a certain number of 
red alizarin red-stained calcium nodules were observed 
in the extracellular matrix (Fig.  1B). They were also 
induced by lipid induction and Oil Red O staining, and 
some red fat droplets were observed in the cytoplasm 
(Fig. 1C). Immunohistochemical staining of P5 hAMSCs 

for the mesenchymal cell marker VIMENTIN showed 
that the nuclei of cells in the negative control group were 
blue, and the cytoplasm was colorless (Fig. 1D). In con-
trast, the nuclei of cells in the stained group were blue, 
and the cytoplasm was brown (Fig. 1E). P5 hAMSCs were 
cultured for 7  days, and the cells showed exponential 
growth and strong cell proliferation on days 2–5 (Fig. 1F). 
Flow cytometry assay of the P5 hAMSCs showed that the 
cell surface positively expressed CD44 (99.97%), CD73 
(99.97%), CD90 (99.95%), CD105 (97.49%), CD45, CD19, 
CD34, CD11b, and HLA-DR (0.22%) (Fig.  1G), which 
meets the International Society for Cell & Gene Therapy 
(ISCT) quality requirements for experimental MSCs: 
positive CD73, CD90, CD105 expression was > 95%, and 
the sum of CD45, CD19, CD34, CD11b and HLA-DR 
positive expression was < 2%.

Critical role of miR‑181a‑5p in pulmonary fibrosis, 
bioinformatics analysis related to miR‑181a‑5p, validation 
of the targeting relationship between miR‑181a‑5p 
and TGFBR1, transfection of hAMSCs with miR‑181a‑5p
As shown in Fig.  2A, the relative expression of miR-
181a-5p in lung tissues of mice with PF was significantly 
lower than that of untreated mice (P < 0.01), which sug-
gested that the development of PF is accompanied by 
a decrease in miR-181a-5p. A search on the UCSC 
database revealed that the hsa-miR-181a-5p gene was 
localized between chromosome chr9:124,692,481–
124,692,502 of the human genome. Analysis of the 
mature sequence of miR-181a-5p showed that the 
mature sequence of miR-181a-5p was basically consist-
ent among species and highly conserved during species 
evolution(Fig.  2B). The expression of hsa-miR-181a-5p 
in human organs is shown in Fig.  2C. hsa-miR-181a-5p 
was highly expressed in human lungs and human-derived 
stem cells. A total of 8,112 target genes were predicted 
by miRWALK, 1408 by miRDB, 1,371 by Target Scan, 
and 483 by the intersection of the three databases. Mean-
while, 483 genes were enriched by the pathway. They 
were concentrated in the key pathway of lung fibrosis, 
namely the TGFβ signaling pathway, which encompasses 
the key gene for regulating lung fibrosis, TGFBR1, and 
is involved in vasoconstriction and inflammation. It also 
included the RAS signaling pathway, which is involved 
in vasoconstriction, inflammation, and fibrosis, as well 
as the MAPK, PI3K-AKT, and LONGEVITY REGU-
LATING signaling pathways, which are involved in lifes-
pan regulation, such as cell proliferation (Fig.  2D). As 
predicted by the TargetScan online database, hsa-miR-
181a-5p is bound to the target gene TGFBR1 binding 
site (Fig.  2E). To verify whether TGFBR1 is the target 
gene of hsa-miR-181a-5p, a dual-luciferase reporter assay 
was performed, hsa-miR-181a-5p could regulate the 

https://biosys.bgi.com
https://biosys.bgi.com
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expression of TGFBR1 luciferase with 3’UTR compared 
with the null-loaded group (P < 0.05). In the binding site 
mutation, this regulatory relationship disappeared, as 
shown in Fig.  2F, demonstrating the targeting relation-
ship between hsa-miR-181a-5p and TGFBR1. Consider-
ing the key role of TGFBR1 in PF, miR-181a-5p may play 
an important role in the development and treatment of 
PF. The results of the miRNA fluorescence qPCR assay 
showed no statistically significant difference in transfec-
tion efficiency at an agomir concentration of 50 nM but a 
significant increase in the expression of hsa-miR-181a-5p 
at agomir transfection concentrations of 100 and 200 nM 
(P < 0.001 or P < 0.0001), as shown in Fig. 2G. There was 
no significant difference in transfection efficiency at an 
antagomir concentration of 50  nM; however, a signifi-
cant decrease was observed in hsa-miR-181a-5p expres-
sion at antagomir transfection concentrations of 100 
and 200  nM (P < 0.001 or P < 0.0001; Fig.  2H). Based on 
the product specification and the available literature, the 
final agomir selection concentration was 100 nM, and the 
antagomir selection concentration was 200  nM. AGO-
hAMSCs transfected with 100 nM hsa-miR-181a-5p ago-
mir showed a long shuttle-shaped adherent wall growth 

with ANTA-hAMSCs transfected with 200  nM hsa-
miR-181a-5p antagomir, and the cell growth was good, 
indicating that the hAMSCs had a good transfection effi-
ciency, while the cell growth status was not affected.

Effects of hAMSCs with different hsa‑miR181a‑5p 
expression levels on mice with pulmonary fibrosis
Figure  3A illustrates the time line of the animal experi-
ments. During the modeling process, a visual tongue 
depressor was used to observe the opening and clos-
ing of the mouse glottis with respiratory movement. An 
atomized trachea injection needle was then inserted 
into the glottis to administer the modeling drug. Com-
pared with traditional modeling methods, this approach 
allowed for visualization of the process (Fig.  3B). The 
mice had almost no choking response during the entire 
modeling process. Seven days after the injection of DIR-
labeled hAMSCs into the tail vein, in vivo imaging of the 
animals showed that the hAMSCs were mainly concen-
trated in the lung tissue of mice, while some were in the 
liver tissue of mice (Fig. 3C). During the adaptive feeding 
phase before modeling, the body weight of mice in each 
group steadily increased. Within 7  days after modeling 

Fig. 1  Biological morphology and identification of hAMSCs. A Morphological observation of hAMSCs (scale bar = 200 μm, 100 μm). B Identification 
of osteogenic differentiation ability of hAMSCs (scale bar = 50 μm). C Identification of lipid differentiation ability of hAMSCs (scale bar = 50 μm). 
D Immunohistochemical identification of VIMENTIN, a surface marker of hAMSCs (scale bar = 50 μm). E Immunohistochemical identification 
of VIMENTIN, a surface marker of hAMSCs (scale bar = 50 μm). F Growth curve of hAMSCs (n = 3). G Identification of immunophenotypic surface 
markers of hAMSCs



Page 8 of 22Wang et al. Stem Cell Research & Therapy            (2025) 16:2 

(days 0–7), the body weight of mice in the blank control 
group increased steadily, and the body weight of mice in 
the lung fibrosis model and hAMSCs, AGO-hAMSCs, 

and ANTA-hAMSCs groups continued to decrease. On 
day 7 of stem cell treatment, the body weights of mice in 
the control group continued to increase steadily, those 

Fig. 2  Role of miR-181a-5p in PF. Bioinformatics analysis related to miR-181a-5p, validation of the targeting relationship between miR-181a-5p 
and TGFBR1, transfection of hAMSCs with miR-181a-5p. A Comparison of the expression level of miR181a-5p in lung tissues of normal mice 
and mice with PF (‾x ± s, n = 3) **P < 0.01. B Gene localization of hsa-miR-181a-5p and the conserved mature sequences. C Expression 
of hsa-miR-181a-5p in various organs of the human body. D Prediction results of target genes of hsa-miR-181a-5p. E Target scan database prediction 
of the binding site of hsa-miR-181a-5p and TGFBR1. F Schematic diagram of plasmid construction and results of validation of dual luciferase 
reporter for the mutant site hsa-miR-181a-5p and TGFBR1. G hsa-miR-181a-5p agomir transfection concentration. H: hsa-miR-181a-5p antagomir 
transfection concentration (‾x ± s, n = 4). ns: P > 0.05, ***P < 0.001, ****P < 0.0001. I: Morphology of hAMSCs after hsa-miR-181a-5p transfection (scale 
bar = 200 μm)
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Fig. 3  Effects of hAMSCs with different hsa-miR181a-5p expression levels on lung fibrosis mice. A timeline of animal experiments. B Schematic 
diagram of the position of mouse modeling cannula. C In vivo imaging results of mice 7 days after injection of hAMSCs. D Changes in body 
weight of mice. E General condition and appearance of lung tissues of mice in each experimental group. F Lung index of mice after sampling. 
G %Area(collagen volume fraction):Percentage of positive area of collagen blue staining of mouse lung tissue sections using Masson staining. 
H HE and MASSON staining, expression of the Alpha-SMA marker, and the collagen marker COL1A1 in lung tissue sections from mice in each 
experimental group (scale = 50 μm or 100 μm). I N-CAD immunofluorescence staining results in lung tissue sections fron mice in each experimental 
group (scale = 155.6 μm). J N-CAD, E-CAD, VIMENTIN, and TGFBR1 protein expression levels. Data are presented as the (‾x ± s, n = 4). ns: P > 0.05, 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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of mice in the model group continued to decrease, and 
those of mice in the stem cell treatment groups began to 
increase slowly. After 28 days, the body weights of mice 
in the control group remained stable, those of mice in 
the model group were gradually maintained, and those 
of mice in each stem cell treatment group continued to 
increase (Fig.  3D). Before sampling, mice in the control 
group were in a good mental state, had smooth fur, were 
agile, and breathed slowly; mice in the model group were 
depressed, had messy fur, dull hair, breathed rapidly, and 
were curled up with their backs arched; mice in the stem 
cell treatment groups had their mental state gradually 
recovered, their fur increased in luster, they were agile, 
and breathed rapidly; mice in the model group showed 
obvious congestion and swelling of lungs compared with 
the control group, and the congestion and swelling in 
the stem cell-treated groups showed various degrees of 
improvement (Fig.  3E). Comparing the lung indices of 
the mice(the lungs of the mice / the weight of the mice) 
(Fig.  3F), the lung indices of mice in the model group 
were significantly higher than those of mice in the con-
trol group (P < 0.0001); the lung indices of mice in the 
hAMSCs and AGO-hAMSCs groups decreased to dif-
ferent degrees compared with those of mice in the model 
group (P < 0.05, P < 0.01), and those of mice in the ANTA-
hAMSCs group showed a decreasing trend, although not 
significant, compared with those of mice in the model 
group.

For pathological structural changes (Fig. 3G, H), mice 
in the control group had a clear structural hierarchy of 
lung tissue, intact alveolar structure, normal arrange-
ment of alveolar walls, and only a small portion of ɑ-SMA 
and COL1A1 were expressed; mice in the model group 
had a collapsed alveolar structure, thickening of alveolar 
walls, obstruction of alveolar lumens, increase in lung 
tissue solidity, and obvious collagen deposition in the 
lung tissue, with a significantly higher collagen volume 
fraction than that in the control group (P < 0.01); ɑ-SMA 
and COL1A1 were expressed in large quantities; the lung 
tissues of all the stem cell treatment groups (hAMSCs, 
AGO-hAMSCs, and ANTA-hAMSCs groups) were par-
tially restored, the solid changes in the lung tissues were 
reduced, and alveolar lumens were intact compared with 
those of the model group; however, the alveolar walls 
existed in different degrees of thickening. In the hAMSCs 
and AGO-hAMSCs groups, the recovery of the alveolar 
structure was more obvious, and the collagen volume 
fraction was significantly lower in the hAMSCs and 
AGO-hAMSCs group (P < 0.05, P < 0.01), there was no 
significant difference between the collagen volume frac-
tion of the ANTA-hAMSCs group and that of the model 
group (P > 0.05), or between the AGO-hAMSCs and 
hAMSCs groups (P > 0.05), but the AGO-hAMSCs group 

collagen volume fraction was significantly lower than the 
ANTA-hAMSCs group (P < 0.01), suggesting that the 
effect of the AGO-hAMSCs group was significantly bet-
ter than that of the ANTA-hAMSCs group. ɑ-SMA and 
COL1A1 expression were reduced to varying degrees 
in all stem cell treatment groups, with the reduction in 
ɑ-SMA and COL1A1 expression being more pronounced 
in the hAMSCs and AGO-hAMSCs groups than the 
ANTA-hAMSCs group. These findings indicate that the 
mice in the model group had significant myofibroblast 
proliferation and collagen deposition, and the myofibro-
blast number and collagen deposition in the lung tissue 
of the mice in each stem cell treatment group were alle-
viated to a certain extent, with the hAMSCs and AGO-
hAMSCs groups having a better therapeutic effect, and 
the ANTA-hAMSCs group having a poorer therapeutic 
effect.

The results of the EMT indices are illustrated in Fig. 3I, 
J. Mice in the model group showed a large loss of the epi-
thelial cell marker E-CAD (P < 0.001) and a significant 
increase in the protein expression levels of the mesen-
chymal cell markers N-CAD, VIMENTIN, and TGFBR1 
(P < 0.05 or P < 0.01 or P < 0.0001), compared with the 
control group. Compared with the model group, the 
hAMSCs group, the AGO-hAMSCs group E-CAD 
expression level was significantly restored (P < 0.01 
or P < 0.001), the N-CAD, VIMENTIN, and TGFBR1 
expression level was decreased (P < 0.05 or P < 0.001 
or P < 0.0001). E-CAD, N-CAD, and VIMENTIN pro-
tein expression in the ANTA-hAMSCs group showed 
a trend, although not significant, compared with the 
model group, and the TGFBR1 protein expression level 
was reduced (P < 0.05). VIMENTIN protein expression in 
the hAMSCs and the AGO-hAMSCs groups was signifi-
cantly reduced compared with that in the ANTA-hAM-
SCs group (P < 0.05), and TGFBR1 protein expression in 
the AGO-hAMSCs group was significantly reduced com-
pared with that in the ANTA-hAMSCs group (P < 0.05). 
The above results showed that the lung tissue of mice in 
the model group showed obvious EMT, and the EMT of 
the lung tissue of mice in the hAMSCs and AGO-hAM-
SCs groups was significantly improved.The therapeutic 
effect of the ANTA-hAMSCs group was poor, and the 
degree of interstitialization of the lung tissue of the mice 
in the hAMSCs and AGO-hAMSCs groups was lower 
than that of the ANTA-hAMSCs group.

hAMSCs relieve fibrosis by promoting epithelial 
cell proliferation, reducing epithelial cell apoptosis, 
and attenuating epithelial mesenchymal transition 
through paracrine effects
Based on the fibrosis remission effects observed in animal 
studies, the cell experiments focused on the most critical 
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process in fibrosis: EMT. An in vitro EMT model of epi-
thelial cells was established, and a transwell co-culture 
system was used to more accurately observe the effects 
of hAMSCs on EMT during fibrosis via paracrine effects. 
The EMT cell model was established first, and then the 
number and proportion of co-cultured cells were selected 
to observe the effects after co-culture.

The concentrations of TGFβ1 selected were 5 and 
10 ng/mL, and the treatment duration was 24 and 48 h. 
After the cells were treated, the cells gradually changed 
from the typical characteristics of “paving-stone” state 
epithelial cells to the mesenchymal cell-like “long shut-
tle shape” (Fig.  4A). The expression of epithelial mark-
ers E-CAD and cytokeratin decreased (P < 0.05, P < 0.01, 
or P < 0.001), and the expression of collagen produc-
tion marker COL1A1 and mesenchymalization mark-
ers N-CAD, VIMENTIN, and ZO-1 increased (P < 0.05, 
P < 0.01, P < 0.001, and P < 0.0001) (Fig.  4B, C). Our 
experimental results confirmed that treatment with 
5 ng/mL TGF-β1 for 24 h led to morphological changes 
in the cells, and both RT-qPCR and Western blot analy-
ses of EMT-related markers demonstrated successful 
establishment of the epithelial-mesenchymal transition 
model. Additionally, at both 24 h and 48 h time points, 
there were no difference in the degree of mesenchymal 
transition between the 5  ng/mL and 10  ng/mL treat-
ment groups, consistent with conclusions drawn from 
the literature. Further studies will involve co-culturing 
with amniotic mesenchymal stem cells for 48  h, taking 
care not to prolong the cell experiment duration to avoid 
affecting cell growth. Ultimately, we chose to treat A549 
cells with 5 ng/mL TGF-β1 for 24 h.

Three cell co-culture hAMSCs:A549 ratios were 
selected: 1:1, 2:1, and 5:1. Morphological results showed 
that after the addition of hAMSCs co-culture, con-
trast with the model group, the morphology of A549 
cells in the three co-culture groups (co-culture 1:1, co-
culture 2:1, and co-culture 5:1) were mostly restored to 
the typical “paving-stone” state; however, no difference 

was observed in the morphology among the three co-
culture groups(Fig.  4D). The epithelial marker E-CAD 
was significantly reduced in the model group compared 
with the control group (P < 0.0001), COL1A1, N-CAD, 
and TGFBR1 expression was significantly increased 
(P < 0.0001), and COL1A1, N-CAD, and TGFBR1 expres-
sion was decreased after the addition of hAMSCs co-cul-
ture (P < 0.05, P < 0.01, or P < 0.0001); no difference among 
the three groups of co-culture groups was observed 
(Fig.  4E). This indicates that the mesenchymalization 
of cells after co-culture with hAMSCs was significantly 
higher than that in the control group. The degree of EMT 
could be alleviated after co-culture, but the alleviation 
effect showed no significant difference with the increase 
in the number of hAMSCs. In summary, the ratio 1:1 of 
the two cellular co-cultures was selected.

The timeline of the cell experiment after determining 
the drug concentration, treatment time, and the ratio of 
co-cultured cells is outlined in Fig. 4F. The cell morphol-
ogy of each group was observed, and the morphological 
changes of mesenchymalization caused by TGFβ1 were 
improved after co-culture with hAMSCs. During the 
co-culture process, hAMSCs grew well in the Transwell 
chambers. Compared with the control group, the propor-
tion of EdU and PCNA positive cells in the model group 
decreased (P < 0.05, P < 0.01) (Fig. 4G, H), indicating that 
the proportion of cells in the proliferative state decreased, 
whereas that of EdU and PCNA positive cells in the co-
culture group significantly increased compared with the 
model group (P < 0.01), and the proportion of cells in the 
proliferative state increased. This suggests that hAMSCs 
can improve TGFβ1 inhibition of epithelial cell prolif-
eration. Compared with the control group, the propor-
tions of total apoptotic cells and late apoptotic cells in the 
model group increased significantly (P < 0.01) (Fig.  4I), 
and the proportions of total apoptotic cells and late apop-
totic cells in the co-culture group were significantly lower 
than the model group (P < 0.01). This indicates that hAM-
SCs could improve the apoptosis of epithelial cells caused 

Fig. 4  hAMSCs ameliorate fibrosis by promoting epithelial cell proliferation, reducing epithelial cell apoptosis, and attenuating epithelial 
mesenchymal transition through paracrine effects. A Morphological changes of cells (scale bar = 100 μm). B Cellular epithelial mesenchymal 
transition, collagen production indices E-CAD, Cytokeratin, COL1A1, N-CAD, VIMENTIN, and ZO −1 mRNA expression levels. C N-CAD, E-CAD 
protein expression levels. D Morphological changes of cells after co-culture (scale bar = 100 μm). E mRNA expression levels of COL1A1, E-CAD, 
N-CAD, and TGFBR1, which are related to EMT. F Schematic illustration of the timeline of the cellular experiments with the morphology 
of A549 cells in the Transwells of the experimental groups. F Time axis of cell experiments and morphology of A549 cells and hAMSCs 
in Transwell (scale bar = 200 μm). G EdU staining and the proportion of EdU-positive cells (scale bar = 311.3 μm). H PCNA immunofluorescence 
staining and the proportion of PCNA-positive cells (scale bar = 311.3 μm). I Results of Annexin-FITC/PI staining and statistical graphs. J BAX 
immunofluorescence staining results (scale bar = 311.3 μm). K BAX mRNA expression level. L BAX protein expression level. M COL1A1 and N-CAD 
immunofluorescence staining results (scale bar = 311.3 μm). N COL1A1 and N-CAD mRNA expression level. O N-CAD protein expression level. 
P TGFBR1 mRNA expression level. Q TGFBR1 protein expression level. Data are presented as the (‾x ± s, n = 3). ns: P > 0.05, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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by TGFβ1. Compared with the control group, the expres-
sion levels of BAX mRNA and protein, a pro-apoptotic 
gene, were significantly increased in the model group 
(P < 0.05, P < 0.01) (Fig. 4J, K, L), whereas that of BAX in 
the co-culture group was significantly decreased com-
pared with that in the model group (P < 0.05). This sug-
gests that co-culture with hAMSCs can reduce epithelial 
cell apoptosis by decreasing the expression of BAX, a 
pro-apoptotic gene. Compared with the control group, 
the expression levels of COL1A1 and N-CAD mRNA and 
protein in the model group were significantly increased 
(P < 0.001 or P < 0.0001) (Fig. 4M–O), and the expression 
levels of COL1A1 and N-CAD in the co-culture group 
were significantly decreased compared to those in the 
model group (P < 0.05, P < 0.0001). This indicates that 
co-culture with hAMSCs can reduce the collagen depo-
sition and mesenchymalization of epithelial cells caused 
by TGFβ1. Compared with the control group, the cel-
lular TGFBR1 mRNA and protein expression levels in 
the model group were significantly increased (P < 0.01 
or P < 0.0001) (Fig. 4P, Q), whereas the cellular TGFBR1 
expression in the co-culture group was decreased com-
pared with that in the model group (P < 0.05 or P < 0.01). 
This indicates that cellular TGFBR1 expression increases 
under the effect of TGFβ1, and co-culture with hAMSCs 
can reduce the increase of cellular TGFBR1 expression 
caused by TGFβ1.

hAMSCs regulate mesenchymalization and cell cycle 
to retard fibrosis through hsa‑miR‑181a‑5p/TGFBR1
The hAMSCs with different miR-181a-5p expression 
levels were co-cultured with A549 cell EMT model, as 
shown in Fig.  5A. The cell morphology results showed 
that the cells in the model group showed obvious “long 
shuttle” morphology compared with those in the con-
trol group. In the three groups of stem cell co-culture 
(hAMSCs co-culture, AGO-hAMSCs co-culture, ANTA-
hAMSCs co-culture groups), most of the cells had typical 
“paving stone” state morphology, and there was no dif-
ference in the morphology of the cells among the three 
groups.

As shown in Fig. 5B, compared with the cells in the con-
trol group, FN1 and VIMENTIN levels were elevated in 
the model group (P < 0.01, or P < 0.001). Compared with 
the model group, FN1 and VIMENTIN were significantly 
reduced in the hAMSCs co-culture and AGO-hAMSCs 
co-culture groups (P < 0.05 or P < 0.01 or P < 0.001) but 
did not statistically differ in the ANTA-hAMSCs co-
culture group (P > 0.05). FN1 was significantly lower in 
the AGO-hAMSCs co-culture group compared with 
the ANTA-hAMSCs co-culture group (P < 0.05). These 
results indicate that the cells in the model group showed 
mesenchymalization, the hAMSCs co-culture group and 

AGO-hAMSCs co-culture group alleviated mesenchy-
malization significantly, and the degree of alleviation of 
mesenchymalization in the AGO-hAMSCs co-culture 
group was significantly better than that in the ANTA-
hAMSCs co-culture group.

The TGFBR1 expression of the three stem cell co-cul-
ture groups is shown in Fig.  5C. The TGFBR1 expres-
sion of the AGO-hAMSCs co-culture group was 
significantly lower than that of the hAMSCs co-culture 
group (P < 0.05); TGFBR1 expression was significantly 
increased in the ANTA-hAMSCs co-culture group com-
pared with the hAMSCs co-culture group (P < 0.05), 
there was a significant difference in TGFBR1 expression 
between the AGO-hAMSCs co-culture and ANTA-
hAMSCs co-culture groups (P < 0.001). These results 
confirmed the targeted association of hAMSCs with 
TGFBR1, a key gene in the fibrotic process, through the 
delivery of miR-181a-5p.

Given the observed effects, combined with the multi-
targets pathways downstream of TGFβ1/TGFBR1, we 
next explored the underlying molecular mechanisms by 
DNBSEQ eukaryotic transcriptome resequencing. The 
samples were sent to Wuhan BGI for high-through-
put DNBSEQ eukaryotic transcriptome resequencing. 
Quality control was performed according to the "RNA 
Sequencing Sample Quality Standards," assessing RNA 
concentration, RIN/RQN, and 28S/18S ratios. All sam-
ples met the quality standards and were classified as 
Class A. The original detection report is as follows: Data 
filtering was done using SOAPnuke (v1.5.6) on the raw 
data, resulting in clean data.Screening for differentially 
expressed transcriptome genes in the transcriptome 
analysis (Log2(AGO-hAMSCs co-culture/hAMSCs co-
culture) ≤ −1.5-fold changes) identified 15,626 differen-
tially expressed genes, (Log2(ANTA-hAMSCs co-culture/
hAMSCs co-culture) ≥ 1.5-fold changes) differential 
genes had 17,118, and the two genomes intersected with 
1,787 genes in the transcriptome. Based on the results of 
differentially expressed mRNAs, we performed KEGG 
enrichment analysis as shown in Fig. 5D.

Differential genes were enriched in the phosphati-
dylinositol signaling system, Inositol phosphate metab-
olism, Phospholipase D signaling pathway, Hippo 
signaling pathway, Regulation of actin cytoskeleton, 
Rap1 signaling pathway, TGF-beta signaling pathway, 
TNF signaling pathway, PI3K-Akt signaling pathway, 
p53 signaling pathway. Among them, Phosphatidylino-
sitol signaling system, Inositol phosphate metabolism, 
Phospholipase D signaling pathway, PI3K-Akt signaling 
pathway, p53 signaling pathway are mainly involved in 
the regulation of cellular activities such as cell prolif-
eration and survival, cell polarity and migration, and 
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cell differentiation; Hippo signaling pathway, TGF-beta 
signaling pathway, TNF signaling pathway are mainly 
involved in the regulation of cellular activities such as 
cellular inflammation, fibrosis and other cellular activi-
ties. The specific gene sets of these pathways are shown 
in Fig.  5E. These results confirmed that hAMSCs are 
involved in the regulation of the cellular life cycle, cel-
lular inflammation, and mesenchymalization through 
the delivery of miR-181a-5p to ameliorate fibrosis.

Discussion
The main findings of this study are: (1) hAMSCs 
exerted an anti-fibrotic effect and attenuated EMT 
both in vivo and in vitro. (2) hAMSCs ameliorated PF 
by promoting epithelial cell proliferation, reducing epi-
thelial cell apoptosis, and attenuating EMT of epithelial 
cells through paracrine effects. (3) miR-181a-5p-over-
expressed hAMSCs have a better therapeutic effect on 
the improvement of EMT in PF than miR-181a-5p-
underexpressed hAMSCs. (4) hAMSCs regulate EMT 
in PF by delivering miR-181a-5p targeting TGFBR1.

Fig. 5  hAMSCs regulate mesenchymal stromalization and cell cycle improvement of fibrosis through hsa-miR-181a-5p/TGFBR1. A Morphological 
results of co-cultured cells (scale bar = 100 μm). B Protein expression level of FN1 and VIMENTIN in each group. C Protein expression level of cellular 
TGFBR1. D Transcriptome results of VENN plots and KEGG pathway-enriched bubble plots; E KEGG-enriched gene sets of each pathway. Data are 
presented as the (‾x ± s, n = 3). ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001
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The mechanism underlying the development of PF 
remains poorly understood, although it has been sug-
gested that inflammatory responses, epithelial cell 
apoptosis, and EMT should be included. Therefore, 
alleviating the inflammatory response, improving epi-
thelial cell apoptosis, alleviating the process of epi-
thelial cell mesenchymalization, and promoting the 
neonatalization of type II alveolar epithelial cells are 
keys to treating PF. According to different etiologies, 
numerous existing modeling drugs and administration 
methods for PF have been developed [23, 56], among 
which BLM, paraquat, silica, lipopolysaccharide, car-
bon tetrachloride, and radiation are common. The mod-
eling drug used in the present study was BLM, whose 
early alteration is the damage of epithelial cells, activa-
tion of inflammatory cells, promotion of inflammatory 
mediators release, and triggering the cellular inflamma-
tory response, alveolar macrophages, and other acti-
vated cells release fibrosis-associated cytokines and 
growth factors, such as TGF-β1. In the subacute stage, 
fibroblast proliferation with EMT occurs in the lung 
tissues, ultimately leading to fibrotic matrix deposition 
[56]. These mechanisms are mostly similar to the exist-
ing triggers in patients with PF. The cellular experimen-
tal modeling drug selection of TGF-β1-induced A549 
cells as a model of EMT in PF, an in vitro EMT model 
[57], is important for studying EMT as a process in the 
fibrosis process.

Most of the existing studies have demonstrated that 
after infusion of MSCs into fibrotic mice, the cells homed 
in the injured lung tissues of mice for tissue repair and 
regeneration [58, 59]. MSCs from different sources have 
shown clear therapeutic effects on PF through their anti-
apoptotic, anti-inflammatory, and anti-oxidative stress 
effects [60]. Our results showed that hAMSCs alleviated 
interstitial deposition and fibrosis in the mouse lung tis-
sue by inhibiting EMT. It has been demonstrated that 
paracrine secretion is the main mechanism by which 
MSCs play a role in tissue repair and regeneration [61], 
and the Transwell co-culture method used in this study 
demonstrated that MSCs act through paracrine secre-
tion. hAMSCs not only act through paracrine secre-
tion but also differentiate into specific types of cells and 
directly replace defective cells in damaged tissues or 
organs. For example, hematopoietic stem cells can differ-
entiate into specific cell types and replace defective cells 
in damaged tissues or organs. Hematopoietic stem cells 
can differentiate into different types of blood cells to treat 
blood disorders [62, 63], and neural stem cells can differ-
entiate into neurons to repair neurological damage [64].

In this study, the relative expression of miR-181a-5p in 
the lung tissues of mice with PF was significantly lower 
than that in normal mice but was highly expressed in 

normal human lung tissues and stem cells. Database 
prediction of hsa-miR-181a-5p intersecting target genes 
revealed that it was concentrated in the key immune acti-
vation and inflammatory pathway of PF TGFβ signaling 
pathway, MAPK, PI3K- AKT, and RAS signaling path-
ways involved in vasoconstriction, inflammation, and 
fibrosis. These results suggest that miR-181a-5p plays an 
important role in inhibiting PF. When hAMSCs with dif-
ferent miR-181a-5p expression levels were co-cultured 
with a cellular EMT model and the related changes were 
detected, the degree of mitigation of mesenchymal stro-
malization in the AGO-hAMSCs co-culture group was 
significantly better than that in the ANTA-hAMSCs co-
culture group, indicating that miR-181a-5p delivered by 
hAMSCs plays a key role in the improvement of EMT. 
In this study, the body weight, general status, lung index, 
and lung appearance of mice collectively showed that to 
alleviate the degree of fibrosis, the hAMSCs and AGO-
hAMSCs groups were more effective than the ANTA-
hAMSCs group, suggesting that miR-181a-5p plays an 
important role in the treatment of PF with hAMSCs. 
Based on the observation of EMT-related proteins, the 
lung tissue of mice in the model group showed obvi-
ous EMT. hAMSCs alleviated mesenchymal deposition 
and fibrosis by improving EMT, and miR-181a-5p deliv-
ered by hAMSCs played an important role in improving 
EMT. Taken together, these results suggest that hAMSCs 
inhibit fibrosis progression by delivering miR-181a-5p to 
alleviate EMT. The ameliorative effect of miR-181a-5p on 
EMT has also been demonstrated in cancer, and the over-
expression of miR-181a-5p in non-small-cell lung cancer 
(NSCLC) inhibits the NF-κB pathway through the target-
ing of GTSE1 and activation of the p53 pathway. NF-κB 
pathway inhibits NSCLC cell proliferation, migration, 
and EMT [65]. In papillary thyroid carcinoma (PTC), 
miR-181a-5p promotes cell growth, migration, and EMT 
by downregulating KLF15 [66].

For the EMT model of TGFβ1-treated cells, hAMSCs 
could attenuate collagen deposition and EMT. TGF-β1 
treatment of HK-2 cells induces EMT, inhibits HK-2 cell 
proliferation, and promotes apoptosis. Still, when co-
cultured with MSCs, EMT is alleviated, proliferation is 
promoted, and apoptosis is slowed, consistent with our 
findings [67].

The results of dual luciferase reporter showed that 
miR-181a-5p could bind to TGFBR1 in a targeted man-
ner, TGFβ1 increased cellular TGFBR1 expression, and 
co-culturing with hAMSCs decreased cellular TGFBR1 
expression. TGFBR1 in the AGO-hAMSCs co-culture 
and hAMSCs co-culture groups was significantly lower 
than in the ANTA-hAMSCs co-culture group, suggesting 
that hAMSCs target TGFBR1 by delivering miR-181a-5p. 
Transcriptome results showed that the Hippo signaling 
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pathway, TGF-beta signaling pathway, and TNF signal-
ing pathway are mainly involved in the regulation of cel-
lular inflammation, fibroblasts, and fibrosis. Therefore, 
it is speculated that hAMSCs regulate the intermediate 
stromalization of the fibrotic process through the miR-
181a-5p/TGFBR1/TGF-beta signaling pathway, which 
warrants further studies.

AT2 is involved in physiological alveolar cell composi-
tion and differentiation, lung immunity and defense, lung 
injury repair, and maintenance of alveolar surfactants 
[68]. MSCs can directly colonize and differentiate into 
AT2 during lung tissue repair, providing an important 
basis for MSCs to promote lung injury repair and par-
ticipate in tissue reconstruction [69]. In the in  vitro 
model, hAMSCs ameliorated TGFβ1-induced inhibi-
tion of epithelial cell proliferation and improved apop-
tosis by decreasing the expression of pro-apoptotic gene 
BAX. Based on the transcriptome sequencing results, 
the phosphatidylinositol signaling system, inositol phos-
phate metabolism, Phospholipase D signaling pathway, 
PI3K-Akt signaling pathway, p53 signaling pathway, and 
PI3K-Akt signaling pathway were involved in differential 
gene enrichment. PI3K-Akt and p53 signaling pathways 
are mainly involved in regulating cellular activities, such 
as cell proliferation and survival, cell polarity and migra-
tion, and cell differentiation. The PI signaling system can 
regulate the cellular activities of MSCs by activating a 
series of enzymes, such as PI3K, Akt, and ERK, and PI3K-
AKT is involved in the regulation of MSCs. PI3K -AKT 
is involved in regulating the proliferation and differen-
tiation of MSCs and enhancing the immunosuppressive 
effect of MSCs [70, 71]. miR-181a-5p is involved in reg-
ulating cell proliferation through the modulation of the 
PI3K-AKT pathway [72]. However, whether the delivery 
of miR-181a-5p by hAMSCs is involved in the regulation 
of cell proliferation via the PI3K-AKT pathway remains 
to be determined.

In recent years, significant progress has been made in 
the study of signaling pathways involved in the develop-
ment of fibrosis. Emerging research indicates that these 
pathways can be targeted by stem cells to alleviate various 
fibrotic diseases. Below is an overview of some key sign-
aling pathways critical to the progression of fibrosis: (1)
TGF-β Signaling Pathway: Transforming growth factor-
beta (TGF-β) is a major cytokine in the processes of fibro-
sis and inflammation. It primarily regulates inflammatory 
responses, EMT, extracellular matrix (ECM) production, 
and fibroblast activation and proliferation through the 
activation of Smad proteins. Targeted therapies for fibro-
sis can be developed using TGF-β-related antibodies and 
small molecule inhibitors [73, 74]. (2)MAPK Signaling 
Pathway: The MAPK family, which includes p38 MAPK, 
ERK, and JNK, plays a crucial role in the development of 

fibrosis by regulating cell proliferation, survival, migra-
tion, and the production of pro-fibrotic mediators. In 
fibrosis progression, the p38 pathway is associated with 
cellular stress, inflammation, and apoptosis; its activation 
promotes the production of inflammatory factors and 
alters fibroblast functionality. ERK activation enhances 
fibroblast proliferation and collagen synthesis, while JNK 
activation increases the expression of inflammatory fac-
tors, exacerbating the fibrotic process [75, 76]. (3)PI3K/
AKT Signaling Pathway: The PI3K/AKT pathway is 
involved in the regulation of oxidative stress, autophagy, 
inflammatory responses, and cell proliferation and sur-
vival, all of which contribute to the development of 
fibrosis [77]. For instance, activation of the PI3K/AKT 
pathway can promote autophagy and alleviate oxidative 
stress, thereby protecting against renal fibrosis. In liver 
fibrosis, this pathway’s activation promotes the prolifera-
tion of hepatic stellate cells (HSCs) and ECM synthesis, 
worsening liver fibrosis. Additionally, the PI3K/AKT 
pathway exhibits anti-apoptotic effects, aiding fibroblast 
survival and continued ECM production in damaged 
tissues [78]. (4)mTOR Signaling Pathway: The mTOR 
pathway plays a pivotal role in cell growth, metabolism, 
proliferation, survival, and autophagy. Research has dem-
onstrated that mTOR expression in the lungs of patients 
with idiopathic pulmonary fibrosis correlates closely with 
fibrosis scores and declines in lung function [79]. Abnor-
mal activation of mTOR is linked to damage and repair 
dysregulation in alveolar epithelial cells. Inhibiting mTOR 
signaling can slow the progression of liver fibrosis by sup-
pressing the activation and proliferation of HSCs, as well 
as reducing ECM secretion. Furthermore, mTOR acti-
vation can promote the transformation of renal tubular 
epithelial cells into mesenchymal cells, leading to fibro-
sis [80, 81]. (5)Wnt/β-Catenin Signaling Pathway: The 
Wnt/β-catenin pathway regulates cell proliferation and 
differentiation by influencing the expression of cyclin and 
matrix metalloproteinase (MMP) genes. This pathway 
facilitates the migration and accumulation of fibroblasts 
at damaged sites, thereby contributing to the develop-
ment of pulmonary fibrosis [82].These signaling pathways 
do not operate in isolation; they interact and coordinate 
with each other in the progression of lung fibrosis. As our 
understanding of these fibrotic signaling pathways deep-
ens, more targeted therapeutic approaches may emerge. 
The potential of stem cell therapy for fibrotic diseases is 
immense, yet further research is necessary to elucidate 
the molecular mechanisms by which stem cells regu-
late the fibrotic process and to develop new strategies to 
enhance their anti-fibrotic effects.

The primary mechanisms of stem cell therapy for fibro-
sis include: (1)Anti-inflammatory Effects: Stem cells 
secrete anti-inflammatory cytokines, such as IL-10 and 
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PGE2, which inhibit inflammatory responses and reduce 
the infiltration of inflammatory cells during the fibrotic 
process. This anti-inflammatory action not only allevi-
ates local tissue damage but also creates a more favora-
ble microenvironment for subsequent repair processes 
[83]. (2)Immune Regulation: Stem cells can modulate the 
activity of natural killer cells, T cells, and B cells, thereby 
reducing autoimmune responses and slowing the pro-
gression of fibrosis. By regulating the immune system, 
stem cells can decrease the risk of fibrosis associated with 
autoimmune diseases [83, 84]. (3)Promotion of Tissue 
Repair: Stem cells have the ability to differentiate into cell 
types specific to damaged tissues, such as alveolar epithe-
lial cells and hepatocytes, thus facilitating the reconstruc-
tion of tissue structure and function. This regenerative 
capacity is crucial for restoring normal tissue function, 
especially in cases of severe damage [85]. (4)Inhibition 
of Myofibroblast Activation: Stem cells secrete factors 
that inhibit the activation and proliferation of myofibro-
blasts, reducing the deposition of ECM. By modulating 
the activity of myofibroblasts, stem cells help control the 
progression of fibrosis [86]. (5)Promotion of Extracellular 
Matrix Degradation: Stem cells can enhance the expres-
sion of MMPs, thereby facilitating ECM degradation and 
alleviating fibrosis. This mechanism is essential for main-
taining the normal structure and function of tissues [87]. 
(6)Antioxidant Effects: Stem cells possess antioxidant 
properties that enable them to scavenge reactive oxygen 
species (ROS), mitigating oxidative stress and protecting 
alveolar epithelial cells. By reducing oxidative stress, stem 
cells not only protect cells but also promote their survival 
and functional recovery [88]. (7)Paracrine Effects: Stem 
cells secrete various growth factors and cytokines, such 
as hepatocyte growth factor (HGF), angiopoietin-1, and 
vascular endothelial growth factor (VEGF), through par-
acrine signaling. These factors promote angiogenesis, 
alleviate inflammation and fibrosis, and facilitate tissue 
regeneration and repair [89, 90].

With the recent advancements in emerging technolo-
gies, researchers have begun to explore the effects of pre-
conditioned stem cell therapies for pulmonary fibrosis, 
building on previous studies focused solely on the effi-
cacy of stem cells. The following are some key approaches 
being investigated: (1)Nano-engineered Stem Cells: Stem 
cells engineered using nanotechnology can enhance their 
antioxidant and anti-fibrotic capabilities, prolong their 
survival in  vivo, and allow for real-time visualization of 
therapeutic effects. This application improves the preci-
sion and effectiveness of stem cell therapies [69, 91]. (2)
Gene-modified Stem Cells: By employing genetic engi-
neering techniques to introduce anti-fibrotic genes 
into stem cells, their therapeutic effectiveness can be 
significantly enhanced. This method enables targeted 

intervention tailored to specific pathological mechanisms 
[92]. (3)Combination of Stem Cells with Clinical Drug 
Treatments: This approach has shown superior efficacy 
compared to either treatment alone, providing theo-
retical support for the clinical translation of stem cells. 
Mesenchymal stem cells can serve as carriers for deliv-
ering other bioactive substances, such as genes, drugs, 
or therapeutic proteins. This combination strategy holds 
promise for achieving more precise treatment outcomes 
and improving the survival rates and quality of life for 
patients with pulmonary fibrosis [93, 94].

These strategies can be used individually or in com-
bination to enhance the effectiveness of stem cell thera-
pies for fibrosis. As research progresses, the mechanisms 
underlying stem cell treatment for fibrosis will become 
clearer, offering more strategies and methods for clini-
cal application. Integrating basic research with clinical 
practice is expected to improve the prognosis for fibrosis 
patients and advance the application of stem cell thera-
pies in fibrosis management.

Currently, the challenges faced by MSCs transplanta-
tion include:(1)Immune Rejection: Due to their inher-
ent immunogenic properties, MSCs may trigger an 
immune response in the host after transplantation, lead-
ing to immune rejection [95, 96]. (2)Safety Concerns: 
The long-term safety and potential tumorigenicity of 
MSCs require further evaluation. Animal studies and 
clinical research have demonstrated that the introduc-
tion of stem cells into animals and humans can cause 
varying degrees of vascular embolism, and even result 
in mortality. There is a risk that MSCs transplantation 
could lead to tumor growth within the body [96, 97]. (3)
Dynamic Changes: While emerging technologies such as 
single-cell sequencing have provided some insights [98], 
research on the dynamic changes occurring with MSCs 
during the fibrotic process remains limited. (4)Lack of 
Standardized Treatment Protocols: Studies have indi-
cated that variations in stem cell donors, transplantation 
dosage, and timing can all influence efficacy [99–101], 
leading to limited comparability and reproducibility 
of research results. Further investigation is needed to 
determine the optimal sources, donor conditions, cul-
ture conditions, routes of administration, dosages, and 
intervals for MSCs and MSC-derived extracellular vesi-
cles (EVs) to enhance therapeutic effects and improve the 
design of clinical intervention trials, ensuring the safety 
and evidence-based nature of MSCs therapies. Specific 
and effective administration methods should be selected 
based on experimental protocols or patient disease char-
acteristics.To address the existing challenges in MSCs 
therapy for pulmonary fibrosis, the following measures 
can be implemented: (1)Enhance Basic Research: Inves-
tigating the mechanisms of disease, treatment processes, 
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and intercellular communication can provide more reli-
able scientific foundations for future clinical research and 
applications. (2)Support with Clinical Data: Further clini-
cal studies are essential, requiring a systematic collection 
of extensive clinical trial data to evaluate the long-term 
efficacy and safety of MSCs therapy for pulmonary fibro-
sis, thus promoting the clinical application of these treat-
ments. Additionally, long-term follow-up studies can 
help assess the durability of treatment effects and poten-
tial adverse impacts.

In summary, the treatment of pulmonary fibrosis with 
mesenchymal stem cells and their extracellular vesicles 
has made significant strides after years of research. This 
is especially pertinent given the rising incidence of pul-
monary fibrosis related to COVID-19. With the collabo-
rative efforts of researchers and healthcare professionals, 
further exploration of the relevant details will likely lead 
to the widespread clinical application of MSCs and their 
extracellular vesicles in treating various diseases.

Conclusions
This study reveals for the first time that the therapeu-
tic effect of early intervention of hAMSCs delivering 
miR-181a-5p on PF and highlights the effect of hAM-
SCs on common causes of PF by taking lung tissue 
injury, alveolar epithelial cell changes, epithelial cell 
proliferation and apoptosis, and changes in EMT as 
the starting points. hAMSCs safeguard PF by targeting 
TGFBR1 through the delivery of miR-181a-5p (Fig. 6). 
Our findings provide a basis for the basic research on 

the early intervention of hAMSCs in the clinical treat-
ment of PF, at the same time provide a new idea for 
the development of hAMSCs biomedical products and 
technologies.

Main reagents

Name Manufacturer

Stem cell lipid differentiation 
medium

Cyagen HUXXC-90031

Stem cell osteogenic differentia-
tion medium

Cyagen HUXXC-90021

Stem cell flow phenotypic identi-
fication kit

BD 562245

DMEM/F12 Gibco C11330500BT

FBS Gibco A5669701

P/S Gibco 15,640,055

miRNA agomir, miRNA antagomir Suzhou Genepharma Co.,Ltd

OPTI-MEM GIBCO 31985070

LIPO-2000 Solarbio L7800

TRIzol reagent Invitrogen

RNA isolation kit Qiagen

Primer, miRNA reverse transcrip-
tion kit, miRNA fluorescence 
quantitative PCR kit

Sangon

PrimeScript™ RT reagent Kit (Per-
fect Real Time)

Takara RR037A

TB Green® Premix Ex Taq™(Tli 
RNaseH Plus)

Takara RR420A

Fig. 6  Article summary drawing
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Name Manufacturer

BLM MCE HY-17565

α-Smooth Muscle Actin(D4K9N)
XP® Rabbit mAb

Cell Signaling TECHNOLOGY #19,245

Vimentin(D21H3)XP® Rabbit mAb Cell Signaling TECHNOLOGY #5741

PCNA Antibody(PC10) SANTA sc-56

Anti-Fibronectin Antibody abcam ab268020

GAPDH(14C10)Rabbit mAb Cell Signaling TECHNOLOGY #2118

E-Cadherin(24E10)Rabbit mAb Cell Signaling TECHNOLOGY #3195

Anti-Collagen Type I/COL1A1 
Antibody

BOSTER BA0325

N-Cadherin (D4R1H) XP® Rabbit 
mAb

Cell Signaling TECHNOLOGY #13,116

Anti-TGF beta Receptor I abcam ab235578

BAX Polyclonal antibody proteintech 50,599–2-Ig

TGFβ1 MCE HY-P7118

PKH-26 sigma-aldrich PKH26GL

YF® Dye/Rhodamine Phalloidin 
Conjugates

UE YP0059S

EdU Dyeing kit RIBOBIO C10310-1

Annexin V-FITC/PI Cell apoptosis 
detection kit

YEASEN 40302ES50

Main instruments and consumables

Name Manufacturer

Micropipette Eppendorf

Flow cytometer USA Becton Dickinson FACSAriaII

Ice machine JPN SANYO SIM-F124

Gel imaging system USA Bio-Rad ChemiDoc touch

Water purification apparatus USA MILLI-Q

Refrigerated centrifuge GER EPPENDORF Centrifuge 5804R

Inverted phase contrast micro-
scope

JPN Olympus IX-71-S8F

Fluorescence microscope Leica DMi8

Microplate reader AUS Tecan Tecan Safire

Electronic scales GER Sartorius BP121S

Automatic high-pressure disinfec-
tion cabinet

CHN MMM-group Ecocell

CO2 incubator ThermoForma 3141-I/R

−80°C ultra cold storage freezer CHN Haier DW-86L486

Cell culture bottle USA CORNING 25cm2/75cm2 

24-well round cell crawl WHB WHB-24-CS

TRANSWELL Co-culture plate BIOFIL TCS016006

Endotracheal microsyringe Shanghai Yuyan Instruments Co.,Ltd. 
YAN 30012

Visual ear harvester Xiaomi Technology Co., Ltd Bebird 
R1
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AT2	� Alveolar epithelial type II cells

ɑ-SMA	� α-Smooth muscle actin
BAX	� BCL2-associated X protein
BCA	� Bicinchoninic acid assay
BLM	� Bleomycin
CCK-8	� Cell counting Kit-8
cDNA	� Complementary deoxyribonucleic acid
COL1A1	� Collagen type I alpha 1 chain
ECL	� Enhanced chemiluminescence
E-CAD	� E-cadherin
EdU	� 5-Ethynyl-2’- deoxyuridine
EMT	� Epithelial-mesenchymal transition
FBS	� Fetal Bovine Serum
FITC	� Fluorescein isothiocyanate isomer I
FN1	� Fibronectin-1
GAPDH	� Glyceraldehyde-3-phosphate dehydrogenase
hAMSCs	� Human Amniotic Mesenchymal Stem Cells
N-CAD	� N-cadherin
NSCLC	� Non-small-cell lung cancer
PBS	� Phosphate-Buffered Saline
PCNA	� Proliferating cell nuclear antigen
PF	� Pulmonary fibrosis
PI	� Propidium iodide
RIPA	� RIPA Lysis Buffer
RNA	� Ribonucleic acid
P/S	� Penicillin-streptomycin
RT-qPCR	� Reverse transcription-quantitative realtime PCR
SDS	� Sodium dodecyl sulfate
SPC	� Surfactant protein C
TBS	� Tris Buffered Saline
TGFβ1	� Transforming growth factor beta 1
TGFBR1	� Transforming growth factor beta receptor 1
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ZO-1	� Zonula occludens-1
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