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Background: Exosomes are nanoscale vesicles secreted by various types of cells that are responsible for 
intracellular communication. Despite that bronchoalveolar lavage fluid (BALF) has been proven to involve 
in tumor development, more efforts are required to investigate the impact of BALF on pulmonary fibrosis 
(PF). This study aimed to investigate the mechanism of how exosomal miR-204-5p from BALF facilitates PF 
progression in rats.
Methods: PF rat model was established by intratracheal injection of bleomycin. BALF-derived exosomes 
(Exo) were extracted from normal and PF rats. PF-Exo (BALF-derived Exo from PF rats) and miR-204-
5p antagomir were injected into rats to investigate the effect of exosomal miR-204-5p on PF. Collagen 
content in lung tissues of rats was assessed by Masson staining, hydroxyproline (HYP) content assay and 
immunohistochemistry (IHC). Primary lung fibroblasts were isolated, and treated by TGF-β1. After co-
transfection of PF-Exo, miR-204-5p inhibitor and sh-AP1S2, cell proliferation, levels of miR-204-5p, 
fibrotic markers α-SMA and collagen 1 (Col 1), and proteins of autophagy markers LC3II, LC3I and P62 
were measured. The interaction between miR-204-5p and AP1S2 was determined by bioinformatics online 
software TargetScan and dual-luciferase reporter assay. 
Results: miR-204-5p was abundantly expressed in the PF-Exo group. PF-Exo injection potentiated PF 
progression and proliferation ability of lung fibroblasts in vivo and in vitro. Injection with PF-Exo and 
miR-204-5p antagomir significantly increased the LC3II/I ratio and decreased the HYP content, proteins 
of α-SMA, Col 1 and P62, collagen content in rat lung tissues of PF rats. TGF-β1 induction elevated the 
LC3II/LC3I ratio, suppressed the cell proliferation rate, and decreased the levels of α-SMA, Col 1 and P62. 
Additionally, AP1S2 was a direct target of miR-204-5p. miR-204-5p inhibitor can counteract the effect of 
PF-Exo in proliferation of lung fibroblasts, while sh-AP1S2 eliminated the effect of miR-204-5p inhibitor.
Conclusions: Exosomal miR-204-5p from BALF inhibits autophagy to promote the progression of PF rats 
by targeting AP1S2.
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Introduction

Pulmonary fibrosis (PF) is a chronic, progressive and 
irreversible interstitial pneumonia with high rates of 
mortality and mortality, and idiopathic PF (IPF) is the 
most severe form of PF (1-3). Moreover, IPF as one of 
the late outcomes of pulmonary diseases, is featured by 
destruction of the alveolar histoarchitecture, infiltration 
of immunocytes, and irregular changes in fibroblasts (4). 
IPF is associated with poor prognosis with a mean survival 
period of less than 5 years (5). Therefore, the development 
of efficient therapy for IPF is urgently needed.

Exosomes (Exo) are nanoscale vesicles ranging in size 
from 30 nm to 150 nm, which originate from the endosomes 
by fusion of multivesicles with plasma membrane (6-9). 
Exo have been discovered in body fluids, including saliva, 
urine, breast milk, plasma, and the bronchoalveolar lavage 
fluid (BALF) (10-14). Growing evidence suggests that 
Exo play an essential role in various disease progression. 
For instance, Exo released by human umbilical cord-
mesenchymal stem cells can protect lipopolysaccharide-
induced acute lung injury by inducing autophagy (15). 
Additionally, an inhalation treatment of secretome and Exo 
shows the therapeutic potential for lung regeneration in PF 
models (16). More recently, studies have demonstrated that 
BALF-derived Exo may cause inflammation by promoting 
cytokine secretion and leukotriene C4 production (12,17). 
However, the effects of BALF-derived Exo on PF remain 
largely undetermined.

MicroRNA (miRNA) is a small non-coding RNA 
of approximately 22 nucleotides, which serves as post-
transcriptional regulatory factor of its messenger RNA 
(mRNA) target by translational repression or mRNA 
degradation (18,19). Interestingly, Exo can carry miRNA 
to affect recipient cell function, indicating that exosomal 
miRNAs play crucial role in intercellular communication 
(20-23). Former studies addressed that exosomal miRNAs 
could exert promotive effects on a variety of diseases in 
vitro. For example, exosomal miR-328 derived from M2 
macrophages can facilitate PF progression (24). Exosomal 
miR-1247-3p induces cancer-associated fibroblast  
activation (25). Furthermore, exosomal miR-204-5p can 
efficiently suppress the proliferation of cancer cells by 
specifically regulating its target gene (26). As a frequently 
researched miRNA, miR-204-5p is responsible for 
biological behavior of cancer cells. In non-small cell lung 
cancer, miR-204-5p is implicated in the proliferation and 
autophagy of cancer cells (27). In chronic obstructive 

pulmonary disease, miR-204-5p was highly expressed 
in BLAF-derived exosomes (28). However, there is no 
information about the function of miR-204-5p or exosomal 
miR-204-5p in the pathogenesis of PF. AP1S2 is a protein 
that in humans is encoded by the AP1S2 gene. It encoded 
σ1B subunit of the heterotetrameric adaptor protein-1 and 
found in the cytosolic side of coated vesicles in the Golgi 
compartment, which is responsible for the recognition 
of sorting signals of transmembrane receptors and the 
recruitment of clathrin (29). Existing study has reported 
that AP1S2 is a direct target of miR-204-5p (30). In light 
of recent data, we focused on exploring the potential 
interactions among exosomal miR-204-5p, AP1S2, and PF. 

Herein, this research aimed to investigate the regulatory 
molecular mechanism of exosomal miR-204-5p from 
BALF in PF and its relationship with AP1S2. Our study 
elucidated that exosomal miR-204-5p derived from BALF 
may suppress autophagy to promote the progression of PF 
by targeting AP1S2. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at http://dx.doi.org/10.21037/atm-20-8033).

Methods

Animals

A total of 64 specific pathogen-free male Sprague Dawley 
(SD) rats (10–12 weeks old; weighing 220±20 g) were 
purchased from Beijing Vital River Lab Animal Technology 
Co., Ltd. (Beijing, China). Animal experiments were 
performed under a project license (No. 2020133) granted 
by the Ethics Committee of Zhejiang University, in 
compliance with the guidance of Animal Care and Use of 
Laboratory Animals.

Establishment of PF rat models

SD rats were acclimatized for 1 week at room temperature 
under free access to food and water. In this work, rats were 
subjected to intratracheal injection of bleomycin (Nippon 
Chemical Co., Ltd., Tokyo, Japan, 5 mg/rat, dissolved in 
normal saline). The details for PF model establishment 
refer to information in a previous study (31). Briefly, rats 
were anesthetized with 1% pentobarbital sodium, and 
the skin covering the neck was dissected to expose the 
trachea. Then, 0.2 mL of bleomycin A5 (5 mg/kg) dissolved 
in normal saline was injected into the trachea of rats to 
construct PF rat models.
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Isolation and characterization of Exo

After tracheal intubation of normal rats (n=2) and PF rats 
(n=2), the lungs were gently lavaged with 1 mL of ice, 
sterile PBS for three times. The BALF collected from 
rats were stored at −80 ℃ and instantly processed for Exo 
isolation. Exo isolation was conducted by differential 
ultracentrifugation as showed in previous publications 
(32,33). The protein concentration of Exo was utilized with 
the bicinchoninic acid (BCA) assay (Beyotime, Shanghai, 
China).

Transmission electron microscopy (TEM, Hitachi 
Limited, Japan) was employed to observe the morphology of 
Exo. A total of 20 μL of Exo was added onto a copper mesh 
grid for 1 min. Then, the Exo were dried with filter paper 
followed by adding 1 drop of 1% uranyl acetate before the 
Exo were dried again. After 1 min, the Exo were visualized 
by TEM and imaged. Afterwards, Exo (0.5 mL) was diluted 
with ultrapure water (4.5 mL) and passed through a 0.22 μm 
filter membrane, after which the size was determined by 
nanoparticle tracking analysis (NTA). Later, Western blot 
was conducted to assess the levels of the exosomal markers 
CD9, CD63 and Tsg101. Lastly, miR-204-5p expression 
was detected following the addition of RNase or RNase + 
Triton X-100 into culture medium to explore whether miR-
204-5 was expressed in the Exo. The Exo derived from 
normal and PF rats were renamed Sham-Exo and PF-Exo. 

Animal grouping

All 60 rats were randomly divided into the following groups: 
Sham group (treated with 0.05 mL of PBS), PF group 
(PF model establishment followed by tail vein injection of 
normal saline), Sham-Exo group (tail vein injection of Exo 
derived from BALF of normal rats), PF-Exo group (tail vein 
injection of Exo derived from BALF of PF rats), PF-Exo + 
antagomir NC group (PF-Exo injection and antagomir NC 
treatment), and PF-Exo + miR-204-5p antagomir group 
(injection of PF-Exo and miR-204-5p antagomir). Twenty-
one days after model establishment, the rats were injected 
with Sham-Exo/PF-Exo (0.5 mg/kg/day) and equivalent 
normal saline separately, or simultaneously injected with 
PF-Exo (0.5 mg/kg/day) and antagomir NC or miR-204-
5p antagomir (10 mg/kg in 50 μL saline), through the tail 
vein for consecutive 7 days. Antagomir NC and miR-204-
5p antagomir were purchased from Shanghai GenePharma 
Co., Ltd. Company (Shanghai, China). On the 28th day 
after modeling, lung tissues were collected. Histopathology 

was conducted by hematoxylin-eosin (H&E) staining and 
Masson staining. Hydroxyproline (HYP) in lung tissues was 
detected using corresponding detection kit and the collected 
tissues were subjected to qRT-PCR and Western blot.

Lung histomorphological analysis

The lung tissues were fixed in 4% paraformaldehyde for 
24 h, and embedded in paraffin to prepare 4 μm paraffin 
sections. Then, sections were subjected to H&E and 
Masson staining. The pathological changes of lung tissues 
were observed under an optical microscope, and 10 different 
fields were randomly selected for each slide. Ashcroft 
score was used to assess the severity of PF according to 
status of interstitial proliferation and integrity of alveolar  
structure (34). The score was recorded by two pathologists 
in double-blind trials and the average score was taken. 
Image-Pro Plus 6.0 software was adopted to calculate the 
ratio of Masson-stained blue area in the total area, and thus 
to evaluate the collagen deposition.

Measurement of HYP content

The biochemical detection of HYP reflects the collagen 
content in tissues. Approximately 100 mg of lung tissues 
were homogenized. The experiment was hydrolyzed by 
alkali hydrolysis according to the manufacturer’s instruction 
(Nanjing Jiancheng Biological Engineering Institute, 
Nanjing, China).

Immunohistochemistry (IHC)

The protein levels of α-SMA and collagen 1 (Col 1) in 
lung tissues were detected by streptavidin peroxidase 
immunohistochemical kit. Paraffin sections were dewaxed 
by routine method, followed by 15 min of incubation with 
citrate antigen retrieval solution at 98 ℃. After rinsing with 
PBS, sections were blocked with goat serum and cultured 
with primary antibodies against α-SMA (1:500, ab108424, 
Abcam, Cambridge, MA, USA) and Col 1 (1:200, ab34710, 
Abcam) at 4 ℃ before PBS rinsing. PBS was utilized as 
negative control of primary antibodies. Thereafter, sections 
were incubated with biotin-labeled second antibody at  
37 ℃ for 30 min and subsequently stained by DAB. Slides 
were counter-stained with hematoxylin, dehydrated, and 
mounted with neutral resin. Images were captured using an 
optical microscope.
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Isolation and cultivation of cells

Primary lung fibroblasts were isolated from SD rats. 
Briefly, rats were sacrificed after a single intratracheal 
injection of bleomycin sulfate (5 mg/mL) dissolved in 
sterile saline (60 μL) for 7 days. The extracted lungs were 
rinsed 3 times with sterilized Hanks solution, after which 
the lung tissues were minced thoroughly and suspended 
in 0.5% trypsin (10 mL, 37 ℃, 40 min). Afterwards, tissue 
suspension was centrifuged at 1,500 r/min for 5 min and 
the precipitates were suspended in Dulbecco’s modified 
Eagle medium (DMEM), followed by centrifugation  
(800 r/min, 5 min). After another round of centrifugation 
(1,500 r/min, 5 min), the precipitated cells were resuspended 
in 10 mL DMEM-F12 medium containing 1% antibiotics 
(streptomycin and penicillin) and 10% heat-inactivated fetal 
bovine serum (GIBCO, NY) in a humidified incubator at  
37 ℃ and 5% CO2.

The cells were inoculated in 100 mm of culture dishes 
or 6-well plates for incubation after which the cells were 
randomly divided into the following 6 groups: Control 
group, TGF-β1 group, PF-Exo group, PF-Exo + inhibitor 
NC + sh-NC group, PF-Exo + inhibitor NC + sh-AP1S2 
group, and PF-Exo + miR-204-5p inhibitor + sh-AP1S2 
group. TGF-β1 (10 ng/mL) was incubated in medium for 
48 h. Then, primary lung fibroblasts were incubated with 
100 μg/mL of PF-Exo for 48 h. Inhibitor NC, miR-204-
5p inhibitor, sh-NC or sh-AP1S2 was then transfected 
into cells by using the Lipofectamine 2000 following the 
manufacturer’s protocol. Thereafter, cells were collected for 
the following analysis. miR-204-5p inhibitor/inhibitor NC 
and sh-AP1S2/sh-NC were obtained from GenePharma 
(Shanghai, China).

Internalization of Exo by pulmonary interstitial fibroblasts

PKH67 dye (diluted at 1:1,000) was mixed with Exo 
suspension (20 μg) and then incubated at 37 ℃ for  
15 min before the mixture was washed with PBS (70 min,  
100,000 ×g). Afterwards, PKH67-labeled Exo and pulmonary 
interstitial fibroblasts were co-cultured for 30 min. Finally, 
the uptake of Exo by pulmonary interstitial fibroblasts was 
observed by a confocal microscope.

Acridine orange staining

Primary lung fibroblasts (5×104/mL) were inoculated 
onto 6-well plates. After that, the cells were treated 

with acridine orange solution at a final concentration of  
1 mg/L, which were cultured at 37 ℃ for 15 min and 
washed with PBS twice. Images were obtained by an 
inverted optical microscope (Nikon Ti-S, Nikon, Japan).

EdU assay

Cells in 5×103/well were cultured with 100 μL of 50 μM 
EdU (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) 
at 37 ℃ for 4 h before cells were fixed by 4% formaldehyde 
for 30 min and neutralized with glycine. Then, cells were 
cultured with reaction mixture of 1× Apollo (100 μL, 
Ribbio, China) for 30 min before 0.5% Triton X-100 was 
used for permeation for 10 min. Subsequently, cell nucleus 
was stained using Hoechst 33342 solution. Finally, cells 
were observed under a fluorescence microscope (Olympus, 
Tokyo, Japan).

qRT-PCR

Total RNAs were extracted from lung tissues and cells 
by utilizing TRIzol reagent. Then, RNA was reverse 
transcribed into cDNA using reverse transcription kit. The 
sequences of the primers for qRT-PCR synthesized by 
Sangon Biotech (Shanghai) Co., Ltd. (China) are indicated 
in Table 1. cDNA (10 μL) was extracted and reactions were 
run on a Roche 480 real-time PCR instrument using SYBR® 
Green RealTime PCR Master Mix. The internal parameter 
of miR-204-5p was U6 and the internal parameter of AP1S2 
was GAPDH. The data analysis was conducted by the 2-ΔΔCt 
method.

Western blot analysis

Lung tissues and cells of rats were lysed by RIPA 
containing proteinase inhibitor to extract proteins. Protein 
concentrations were measured with the BCA method 
(Beyotime, Shanghai, China), and then an appropriate 
amount of 5× SDS-PAGE sample buffer was added. Equal 
amount of protein (15 μL) was electrophoresed with 10% 
SDS-PAGE at 300 mA. The protein was then transferred 
onto a PVDF membrane and blocked with 5% skim milk 
powder. Subsequently, membranes were incubated with 
primary antibodies against LC3Ⅱ/LC3Ⅰ (Cell Signaling, 
#12741, 1:1,000), P62 (Cell Signaling, #88588, 1:1,000), 
and GAPDH (Cell Signaling Technology, Beverly, MA, 
USA, #5174, 1:1,000) overnight at 4 ℃ before TBST 
washing, after which second antibody (Abcam, Cambridge, 
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MA, USA, ab6728, 1:2,000) was added. After extensive 
washing with TBST, chemiluminescent solution was added. 
GAPDH was served as the internal control, and the results 
were analyzed by Image J software. LC3 is a marker of 
autophagy process and mainly involved in the formation 
of autophagosomes. LC3-II/LC3-I ratio is the hallmark of 
the degree of autophagy activation, and decreased ratio of 
LC3II/LC3I indicates suppressed autophagy level. P62, a 
classical receptor of autophagy, targets other proteins that 
bind to it for selective autophagy. 

Dual-luciferase reporter assay

Bioinformatics online software TargetScan (http://www.
targetscan.org/) was applied to predict the possible binding 
sites for miR-204-5p in the 3'UTR of the AP1S2 mRNA. 
Dual-luciferase reporter assay confirmed the interplay 
between miR-204-5p and AP1S2.

The AP1S2-3'UTR fragment containing the putative 
binding sequences of the wide-type AP1S2 (AP1S2-WT) 
and mutant AP1S2 (AP1S2-MUT) were cloned into 
pmirGLO vectors and these vectors were separately co-
transfected with miR-204-5p mimic into primary lung 
fibroblasts. After 48 h of transfection, cells were collected. 
The activities of firefly luciferase and Renilla luciferase were 
measured using dual-luciferase assay (Beyotime, Shanghai, 
China) following the manufacturer’s protocol.

Statistical analysis

SPSS 18.0 (IBM Corp., Armonk, NY, USA) and GraphPad 
Prism 7.0 (GraphPad Software Inc.) were conducted for 
statistical analyses. Data are represented as mean ± standard 
deviation (x±s). The t-test was used for comparison between 
two groups, and one-way ANOVA was used for comparison 
among multiple groups. P<0.05 was deemed as statistically 
significance.

Results

Isolation and identification of Exo

Extensive evidences have demonstrated that Exo can be 
isolated from airway biofluids including BALF. To study the 
effects of BALF-derived Exo on PF rats, BALF-derived Exo 
were extracted from normal and PF rats and observed by 
TEM (Figure 1A). Besides, the particle size of Exo mainly 
distributed at 100 nm was probed by NTA (Figure 1B). 
Western blot determined the levels of exosomal markers 
CD9, CD63 and Tsg101 (Figure 1C), confirming the 
successful isolation of Exo.

PF-Exo stimulates PF in rats 

The Exo derived from normal or PF rats was injected 
into PF rats by tail vein after model establishment  
(Figure 2A). The morphology of lung tissues was evaluated 
by H&E staining. As shown in Figure 2B, the Sham group 
had normal structure of lung tissues with no obvious 
inflammatory cell infiltration. While the PF group and the 
Sham-Exo group appeared destroyed alveoli, thickened 
pulmonary interalveolar septa and infiltrated inflammatory 
cells. These effects were further aggravated in the PF-
Exo group rather than in the PF group. Ashcroft score 
revealed that compared with the PF group, the Sham group 
had lower scores, whilst PF-Exo group had higher scores 
(P<0.05). There were no obvious changes between Sham-
Exo group and PF group (P>0.05).

Next, collagen deposition in lung tissues in each group 
was measured by Masson staining, as shown in Figure 2C. 
Compared with the Sham group, the alveolar structures of 
PF and Sham-Exo groups were unclear and also showed a 
large amount of blue collagen deposition. In comparison 
with the PF group, these symptoms were further 
exacerbated in the PF-Exo group. HYP, one of the main 
components of collagen, reflects collagen content in lung 
tissues indirectly. As shown in Figure 2D, among Sham, 

Table 1 Primer sequence for qRT-PCR to determine the expression 
levels of miR-204-5p, AP1S2, Col 1, and α-SMA 

Name of primer Sequences

miR-204-5p-F TCCGTATCCTACTGTT

miR-204-5p-R GCAGGGTCCGAGGTATTC

U6-F TCGCTTCGGCAGCACATATAC

U6-R GCGTGTCATCCTTGCGCAG

AP1S2-F CGAAGCTTTCCCTGACGACT

AP1S2-R TGTCAGGGCGTTTACTGTGC

COl 1-F TGGGCATCTGCTTTAGCCTC

COl 1-R TTCGATGACTGTCTTGCCCC

α-SMA-F TGAAGGCGCTGATCCACAAA

α-SMA-R AACCCTTGACACAAGGCCAA

GAPDH-F ACCACAGTCCATGCCATCAC

GAPDH-R TCCACCACCCTGTTGCTGTA

F, forward; R, reverse.
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PF and PF-Exo groups, the HYP content of the PF-Exo 
group was the highest, while the Sham group was the lowest 
(P<0.05). HYP content showed no significant changes 
between PF group and Sham-Exo group (P>0.05). These 
results indicated that the injection of PF-Exo can further 
promote the deposition of collagen fibers in the lung tissues 
of PF rats instead of the injection of Sham-Exo in rats.

To further determine the effect of BALF-derived Exo on 
PF rats, the protein expressions of fibrotic markers α-SMA 
and Col 1 in lung tissues were assessed by IHC. The results 
displayed that in the Sham group, Col 1 was weakly positive 
and mainly distributed around bronchi, blood vessels and 
alveolar septa. In the PF group, Col 1 expression was 
significantly increased, especially in the bronchial and 
perivascular fibrosis area. In contrast to the PF group, the 
PF-Exo group had higher Col 1 expression (Figure 2E, 
P<0.05), while Col 1 expression remained unchanged in the 
Sham-Exo group (Figure 2E, P>0.05). Besides, the Sham 
group showed that expression of α-SMA was weakly positive 
and mainly detected in smooth muscle cells. However, 

expression of α-SMA was significantly increased, and 
strong positive expression of α-SMA was observed in the 
pulmonary interstitium, alveolar epithelium and peripheral 
vessel in the PF group. Compared with PF group, PF-Exo 
group had strongly α-SMA expression (Figure 2F, P<0.05), 
whilst there was no obvious change of α-SMA expression 
between Sham-Exo and PF groups (Figure 2F, P>0.05).

Downregulation of miR-204-5p mitigates PF-Exo induced 
PF deterioration

We found that injection of PF-Exo promoted the PF 
procession, while injection of Sham-Exo had no effects 
on PF rats. We further detected whether miR-204-5p was 
aberrantly expressed in PF-Exo. qRT-PCR described that 
miR-204-5p was highly expressed in the PF-Exo group 
(vs. Sham-Exo group) (Figure 3A, P<0.05). Moreover, the 
expression of miR-204-5p remained unchanged after RNase 
treatment (vs. Control group), while miR-204-5p expression 
was decreased effectively after co-treatment of RNase 

Figure 1 Successful isolation of Sham-Exo and PF-Exo. The morphology of BALF-derived Exo from normal and PF rats was analyzed 
using TEM (A). The particle size of Exo was assessed by NTA (B). Western blot analysis determined the levels of exosomal markers CD9, 
CD63 and Tsg101 (C). PF, pulmonary fibrosis; TEM, transmission electron microscopy; Exo, exosomes; NTA, nanoparticle tracking 
analysis.
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and TritonX-100 (Figure 3B, P<0.01), which supported 
that miR-204-5p was membrane-enclosed. As shown in  
Figure 3C, the PF group had increased miR-204-5p 
expression (vs. Sham group), while PF-Exo group had 
elevated miR-204-5p expression (vs. PF group) (P<0.05). 
There was no significant change of miR-204-5p expression 
in Sham-Exo and PF groups (P>0.05). Above results 
supported that miR-204-5p may play an essential role in  
PF rats.

To determine the effect of exosomal miR-204-5p on 
PF rats, PF-Exo and miR-204-5p antagomir were injected 
into rats (Figure 3D). Lowly expressed miR-204-5p was 
noticed in the PF-Exo + miR-204-5p antagomir group 
rather than the PF-Exo + antagomir NC group (Figure 3E, 
P<0.01). Additionally, H&E staining presented that in the 
PF-Exo + antagomir NC group, the alveolar structure was 
seriously damaged, and the surrounding alveolar septa were 
thickened with increased infiltration of the inflammatory 
cells, while these effects were alleviated in the PF-Exo + 
miR-204-5p antagomir group (Figure 3F). Ashcroft score 
displayed that the PF-Exo + miR-204-5p antagomir group 
had decreased scores (vs. PF-Exo + antagomir NC group) 
(Figure 3G, P<0.05).

Next, collagen content in lung tissues in each group 
was analyzed by Masson staining, HYP content assay and 
IHC. The PF-Exo + antagomir NC group revealed a 
damaged alveolar structure and a large area of blue collagen 
deposition, however, such negative effects were ameliorated 
by injection of PF-Exo and miR-204-5p antagomir into 
rats. Besides, the decreases in collagen area, HYP content 
as well as protein levels of α-SMA and Col 1 were found in 
the PF-Exo + miR-204-5p antagomir group (vs. PF-Exo + 
antagomir NC group) (Figure 3H,I,J, P<0.05). These data 
implied that downregulation of miR-204-5p could relieve 
PF procession promoted by PF-Exo.

miR-204-5p from PF-Exo suppresses autophagy in PF rats

External stimuli activate autophagy in lung tissues 
through eliminating pathogens, degrading damaged 
organelles and regulating inflammation, proliferation 
and apoptosis, thus exerting protective effects for lung 
tissues. The dysregulation of autophagy would accelerate 
the progression of lung diseases. Therefore, the levels 
of autophagy markers LC3II, LC3I and P62 in lung 
tissues of each group were analyzed by Western blot. The 
results showed that PF induction enhanced p62 level and 
diminished the ratio of LC3Ⅱ/LC3Ⅰ in lung tissues (the PF 

group vs. the Sham group), and these responses were further 
enhanced following PF-Exo injection (P<0.05), indicating 
PF-Exo inhibited autophagy. Compared with the PF-Exo + 
antagomir NC group, the PF-Exo + miR-204-5p antagomir 
group had increased ratio of LC3II/LC3I and decreased 
level of p62 in rat lung tissues (Figure 4, P<0.05), suggesting 
that knockdown of miR-204-5p promoted autophagy. 
There was no obvious change in the LC3II/LC3I ratio and 
the expression of p62 between the PF and Sham-Exo groups 
(P>0.05). These results indicated that miR-204-5p from 
PF-Exo inhibited autophagy, and miR-204-5p knockdown 
could partially reverse the inhibitory effect of PF-Exo 
on autophagy in the lung tissues of PF rats. Combined 
with the above results, we concluded that PF-Exo may 
inhibit autophagy to promote PF by regulating exosomal  
miR-204-5p.

PF-Exo inhibits autophagy and promotes proliferation of 
primary lung fibroblasts

Primary lung fibroblasts were isolated from lung tissues to 
decipher the function of PF-Exo on PF. Firstly, primary 
lung fibroblasts were stimulated with TGF-β1 and then 
incubated with Exo. The uptake of Exo by pulmonary 
interstitial fibroblasts was observed under confocal 
microscope, as shown in Figure 5A. Green fluorescence 
was observed in PKH67-labeled Exo. After 30 min of co-
culture of PKH67-labeled Exo and pulmonary interstitial 
fibroblasts, the slight green fluorescence of the PKH67-
labeled Exo was observed, suggesting that a small number of 
the PKH67-labeled Exo entered the pulmonary interstitial 
fibroblasts. Furthermore, with the extension of co-culture 
time, the pulmonary interstitial fibroblasts can absorb an 
increasing number of PKH67-labeled Exo. At 24 h, there 
was an obvious increase in the uptake of PKH67-labeled 
Exo, highlighting that pulmonary interstitial fibroblasts 
could internalize Exo. Besides, miR-204-5p was greatly 
increased in the TGF-β1 group (vs. Control group), and 
further enhanced after co-culture with PF-Exo (Figure 5B, 
P<0.05). 

Uncontrolled cell proliferation of fibrosis-related 
cells is one of the causes of fibrosis. In this regards, the 
proliferation of primary lung fibroblasts was detected by 
EdU assay. The cell proliferation rate was increased in the 
TGF-β1 group (vs. Control group), and further elevated in 
the PF-Exo group (vs. TGF-β1 group) (Figure 5C, P<0.05).

Thereafter, the mRNA level of α-SMA and Col 1 were 
measured by qRT-PCR. TGF-β1 induction increased the 
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mRNA levels of α-SMA and Col 1 (the TGF-β1 group vs. 
the Control group), which were further enhanced following 
co-treatment with PF-Exo (Figure 5D, P<0.05). These data 
confirmed that PF-Exo may promote the proliferation of 
primary lung fibroblasts.

The effect of PF-Exo on autophagy was further verified. 
Acridine orange staining revealed that the number of 
acidic organelles was decreased in TGF-β1-treated cells (vs. 
Control group), and number of acidic organelles was further 
decreased after co-treatment with PF-Exo (vs. TGF-β1 
group) (Figure 5E, P<0.05). 

Next, the protein levels of autophagy markers LC3II, 
LC3I and P62 were assessed by Western blot. TGF-β1 
group had decreased LC3II/LC3I ratio and increased P62 
protein level (vs. Control group), suggesting that autophagy 
was inhibited in TGF-β1-induced cells. LC3II/LC3I ratio 
was inhibited and P62 protein was increased in the PF-Exo 
group (vs. TGF-β1 group) (Figure 5F, P<0.05). Collective 
data corroborated that BALF-derived Exo inhibited 
autophagy and promoted proliferation of primary lung 
fibroblasts.

AP1S2 is a target gene of miR-204-5p

The target gene of miR-204-5p was predicted by 
TargetScan, and the results manifested that miR-204-5p 
specifically bind to the 3'UTR of AP1S2 mRNA to regulate 
AP1S2 expression, as depicted in Figure 6A. Further, dual-
luciferase reporter assay uncovered that the luciferase 
activity of AP1S2-WT in the miR-204-5p mimic group was 
strikingly dwindled (vs. mimic NC group) (P<0.01), but no 
notable difference of luciferase activity of AP1S2-MUT 
was found in the both miR-204-5p and mimic NC groups  
(Figure 6B, P>0.05).

To further determine the targeting relationship between 
miR-204-5p and AP1S2, the mRNA and protein levels of 
AP1S2 were analyzed in the PF-Exo, Sham-Exo, mimic 
NC, miR-204-5p mimic, inhibitor NC and miR-204-
5p inhibitor groups. The detection corroborated that the 
levels of AP1S2 were substantially decreased in the PF-
Exo group (vs. Sham-Exo group) and miR-204-5p mimic 
group (vs. mimic NC group), and prominently increased in 
the miR-204-5p inhibitor group (vs. inhibitor NC group) 
(Figure 6C,D, P<0.05). Collectively, these findings clearly 
showed that overexpression of miR-204-5p could target 
and downregulate AP1S2 expression in the primary lung 
fibroblasts.
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Exosomal miR-204-5p from BALF represses autophagy to 
promote lung fibroblast proliferation in vitro by regulating 
AP1S2 expression

This step was further to ascertain the function of miR-
204-5p or AP1S2 on proliferation of lung fibroblasts. 
The detection on the levels of miR-204-5p and AP1S2 in 
the PF-Exo + inhibitor NC + sh-AP1S2 group and PF-
Exo + miR-204-5p inhibitor + sh-AP1S2 group indicated 
high transfection efficiency (Figure 7A,B). Besides, cell 
proliferation was measured by EdU assay (Figure 7C) and 
the mRNA levels of α-SMA and Col 1 were detected by 
qRT-PCR (Figure 7D). The detection showed that the 
PF-Exo + inhibitor NC + sh-AP1S2 group had increased 
proliferation rate in addition to elevated mRNA levels of 
α-SMA and Col 1 (vs. PF-Exo + inhibitor NC + sh-NC 

group). However, the proliferation rate as well as mRNA 
levels of α-SMA and Col 1 were prominently suppressed 
in the PF-Exo + miR-204-5p inhibitor + sh-AP1S2 group 
rather than the PF-Exo + inhibitor NC + sh-AP1S2 group 
(Figure 7C,D, P<0.05). These results implied that exosomal 
miR-204-5p from BALF may promote lung fibroblast 
proliferation through AP1S2 in vitro.

Acridine orange staining revealed that the PF-Exo + 
inhibitor NC + sh-AP1S2 group had decreased number 
of acidic organelles (vs. PF-Exo + inhibitor NC + sh-NC 
group), while PF-Exo + miR-204-5p inhibitor + sh-AP1S2 
had elevated number of acidic organelles (vs. PF-Exo + 
inhibitor NC + sh-AP1S2 group) (Figure 7E, P<0.05). The 
levels of autophagy-related proteins were determined by 
Western blot as shown in Figure 7F. The PF-Exo + inhibitor 
NC + sh-AP1S2 group had decreased LC3II/LC3I ratio 

Figure 6 miR-204-5p negatively targets AP1S2. The binding sites between miR-204-5p and 3'UTR of AP1S2 were predicted using 
TargetScan (A). The interaction between AP1S2 and miR-204-5p was verified by dual-luciferase reporter assay (B). qRT-PCR and Western 
blot were used to assess the levels of AP1S2 in the PF-Exo and Sham-Exo group (C). The levels of AP1S2 in the mimic NC, miR-204-5p 
mimic, inhibitor NC and miR-204-5p inhibitor groups were determined by qRT-PCR and Western blot (D). n=3, *, P<0.05; **, P<0.01; ns 
means P>0.05; PF, pulmonary fibrosis; Exo, exosomes.
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and elevated P62 protein level (vs. PF-Exo + inhibitor NC + 
sh-NC group), while these effects were further enhanced in 
the PF-Exo + miR-204-5p inhibitor + sh-AP1S2 group (vs. 
PF-Exo + inhibitor NC + sh-AP1S2 group) (P<0.05). These 
results indicated that miR-204-5p inhibitor promoted 
AP1S2 expression and activated autophagy. Taken together, 
miR-204-5p from PF-Exo inhibited autophagy to promote 
proliferation of lung fibroblasts by AP1S2 in vitro.

Discussion

In the present report, we sought to ascertain the effect 
of exosomal miR-204-5p from BALF on PF. Initially, we 
found high level of miR-204-5p in Exo derived from BALF 
of PF rats. Mechanistically, exosomal miR-204-5p from 
BALF inhibited autophagy and promoted the progression 
of PF by regulating AP1S2 expression. Collectively, the 
strategy focusing on exosomal miR-204-5p provided a novel 
therapeutic target for PF.

A growing volume of literature documented that Exo, 
as a specific type of extracellular vesicles existed in several 
biofluids including BALF could alter their composition in 
the process of diseases (35-37). Here, BALF-derived Exo 
were extracted from normal and PF rats in the present 
study. Previous study has revealed that BALF-derived Exo 
are an important indicator involved in lung cancer growth 
and progression (38). HYP is a key amino acid of collagen 
synthesis in fibrotic lung tissues (39). Our results found 
elevated HYP levels and obvious collagen deposition in lung 
tissues of rats after injection of PF-Exo. Thereafter, results 
from IHC disclosed that injection of PF-Exo had increased 
protein levels of fibrotic markers α-SMA and Col 1 in lung 
tissues. Collectively, these findings corroborated that PF-
Exo aggravates PF in rats.

Existing literature has unearthed abnormal expression 
of exosomal miRNAs in the progression of lung diseases, 
such as IPF, chronic obstructive pulmonary disease and  
asthma (28). For instance, exosomal miR-126, as a 
circulating biomarker, regulates cancer progression in non-
small-cell lung cancer (40). Our report uncovered that 
BALF-derived Exo carrying miR-204-5p can enhance PF 
progression. Also, high level of miR-204-5p was observed 
during PF progression. Then, PF-Exo and miR-204-5p 
antagomir were injected into rats to further decipher the 
function of exosomal miR-204-5p on PF rats. We found 
that miR-204-5p expression was downregulated and the 
alveolar structure was improved with reduced alveolar septa 
and infiltration of the inflammatory cells. Also, there was an 

ameliorated alveolar structure and decreased blue collagen 
deposition. Besides, it also showed an increase of collagen, 
HYP content as well as protein levels of fibrotic markers. 
These data highlighted that overexpression of miR-204-5p 
could attenuate PF procession promoted by PF-Exo, albeit 
the mechanism is less well characterized.

A growing number of researches indicated that autophagy 
served a very important function on the development of 
human diseases (41,42), including the progression of fibrotic 
disease (43). Besides, mounting evidences have reported 
that miR-204-5p could inhibit autophagy in various 
diseases including retinoblastoma, non-small cell lung 
cancer and diabetic retinopathy (27,44,45). In the present 
study, the detection on the levels of autophagy markers 
LC3II, LC3I and P62 indicated that PF-Exo inhibited 
autophagy by carrying miR-204-5p in lung tissues, and 
miR-204-5p depletion could partially reverse the inhibition 
of PF-Exo on autophagy in the lung tissues of PF rats. 
One of the causes of fibrosis may due to the uncontrolled 
proliferation of fibrosis-related cells. TGF-β, as a growth 
factor, exerts a key role in fibroblast proliferation, affecting 
collagens and destroying lung structure to cause lung 
dysfunction (46,47). A series of studies showed that cell 
proliferation rate as well as mRNA levels of fibrotic markers 
were significantly increased after TGF-β1 treatment, 
which were further augmented following co-treatment 
of PF and Exo, indicating PF-Exo boost proliferation of 
primary lung fibroblasts. It was reported that TGF-β1 
stimulation suppressed autophagy flow in fibroblasts (48). 
Also, study has displayed that the decreased autophagy 
activity induced by TGF-β1 facilitated the development of  
IPF (49). Consistently, our results presented that autophagy 
activity was significantly inhibited in lung fibroblasts treated 
with TGF-β1, implicating BALF-derived Exo promoted 
proliferation of primary lung fibroblasts by inhibiting 
autophagy in vitro.

miRNAs are a type of non-coding RNA that could 
modulate the expression of target genes and a wide range 
of biological processes, including cell proliferation, 
apoptosis, differentiation, and metabolism (50). Given that 
exosomal miR-204-5p was up-regulated in PF, we tried to 
explore the downstream regulatory molecule of miR-204-
5p. Previously, the interaction between miR-204-5p and 
AP1S2 has been implicated in the metastasis of malignant 
melanoma (30). Here, our research proved that AP1S2 was 
a target gene a miR-204-5p and the levels of AP1S2 were 
substantially declined after transfection of PF-Exo or miR-
204-5p, indicating miR-204-5p could downregulate AP1S2 
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expression in the primary lung fibroblasts. Besides, our 
findings suggested that miR-204-5p from PF-Exo promoted 
lung fibroblast proliferation through regulating AP1S2 
expression in vitro. Also, the present study corroborated 
that miR-204-5p inhibitor promoted AP1S2 expression 
and activated autophagy. Together, these data clarified that 
miR-204-5p from PF-Exo inhibited autophagy to promote 
proliferation of lung fibroblasts in vitro by modulating 
AP1S2 expression.

This research clearly showed that exosomal miR-204-5p 
from BALF facilitated the progression of PF via inhibiting 
autophagy and AP1S2 in vitro and in vivo. However, these 
investigations had only been explored in vitro or in animals, 
and large amount of experiments should be conducted 
before these treatments yield health benefits in the clinic. 
Although miR-based therapeutics are still in the infancy, 
our study found that miR-204-5p can be regarded as a key 
element in the course of PF and as potent therapeutic target 
in the future.
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