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Abstract

BACKGROUND

Pulmonary fibrosis (PF) is a chronic interstitial lung disease characterized by
fibroblast proliferation and extracellular matrix formation, causing structural
damage and lung failure. Stem cell therapy and mesenchymal stem cells-
extracellular vesicles (MSC-EVs) offer new hope for PF treatment.

AIM

To investigate the therapeutic potential of MSC-EVs in alleviating fibrosis,
oxidative stress, and immune inflammation in A549 cells and bleomycin (BLM)-
induced mouse model.

METHODS

The effect of MSC-EVs on A549 cells was assessed by fibrosis markers [collagen I
and a-smooth muscle actin (0-SMA), oxidative stress regulators [nuclear factor E2-
related factor 2 (Nrf2) and heme oxygenase-1 (HO-1), and inflammatory regu-
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lators [nuclear factor-kappaB (NF-xB) p65, interleukin (IL)-1B, and IL-2]. Similarly, they were assessed in the lungs
of mice where PF was induced by BLM after MSC-EV transfection. MSC-EVs ion PF mice were detected by
pathological staining and western blot. Single-cell RNA sequencing was performed to investigate the effects of the
MSC-EVs on gene expression profiles of macrophages after modeling in mice.

RESULTS

Transforming growth factor (TGF)-p1 enhanced fibrosis in A549 cells, significantly increasing collagen I and 0-SMA
levels. Notably, treatment with MSC-EVs demonstrated a remarkable alleviation of these effects. Similarly, the
expression of oxidative stress regulators, such as Nrf2 and HO-1, along with inflammatory regulators, including
NF-xB p65 and IL-1B, were mitigated by MSC-EV treatment. Furthermore, in a parallel manner, MSC-EVs
exhibited a downregulatory impact on collagen deposition, oxidative stress injuries, and inflammatory-related
cytokines in the lungs of mice with PF. Additionally, the mRNA sequencing results suggested that BLM may
induce PF in mice by upregulating pulmonary collagen fiber deposition and triggering an immune inflammatory
response. The findings collectively highlight the potential therapeutic efficacy of MSC-EVs in ameliorating fibrotic
processes, oxidative stress, and inflammatory responses associated with PF.

CONCLUSION
MSC-EVs could ameliorate fibrosis in vitro and in vivo by downregulating collagen deposition, oxidative stress, and
immune-inflammatory responses.

Key Words: Mesenchymal stem cells; Extracellular vesicles; Pulmonary fibrosis; Oxidative stress response; Epithelial-
mesenchymal transition

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study unveils the innovative potential of mesenchymal stem cells-extracellular vesicles (MSC-EVs) in
mitigating pulmonary fibrosis (PF). MSC-EVs effectively countered transforming growth factor-1-induced fibrosis in A549
cells, showcasing a significant reduction in collagen I and a-smooth muscle actin. The treatment exhibited a dual impact,
alleviating oxidative stress and inflammatory responses in vitro. In PF mouse lungs, MSC-EV's demonstrated remarkable
downregulation of fibrotic markers and modulation of oxidative stress and inflammation.

Citation: Gao Y, Liu MF, Li Y, Liu X, Cao YJ, Long QF, Yu J, Li JY. Mesenchymal stem cells-extracellular vesicles alleviate
pulmonary fibrosis by regulating immunomodulators. World J Stem Cells 2024; 16(6): 670-689

URL: https://www.wjgnet.com/1948-0210/full/v16/i6/670.htm

DOI: https://dx.doi.org/10.4252/wjsc.v16.16.670

INTRODUCTION

Pulmonary fibrosis (PF) is a chronic and progressive interstitial lung disease of unknown etiology characterized by
fibroblast proliferation and extracellular matrix (ECM) formation and accompanied by inflammatory lesions and
structural damage[1-4]. PF prevalence is higher among males than females, and most patients are aged > 50 years at
diagnosis[5]. Globally, idiopathic PF incidence and prevalence are in the range of 0.09-1.30 and 0.33-4.51 per 10000
persons, respectively[6]. PF is associated with a poor prognosis, with a median survival time of 2-3 years after diagnosis
[7]. Chronic alveolar repetitive injury causes the excessive deposition and accumulation of ECM in the lungs[8]. With the
continuous deposition of ECM, structural damage, dysfunction, and, eventually, lung failure will appear[8]. Activated
fibroblasts are one of the primary sources of myofibroblasts. Transforming growth factor (TGF)-B plays a significant role
in promoting the activation, proliferation, and differentiation of epithelial cells and collagen-producing myofibroblasts.
Key initiators of fibrosis are epithelial damage, inflammation, epithelial-mesenchymal transformation (EMT), myofi-
broblast activation, and repetitive cycles of tissue injury[9]. Many patients are often misdiagnosed with heart failure or
chronic obstructive pulmonary disease, and the delays in diagnosis prevent early treatment, leading to a median survival
rate of 3 years[10-12]. Pirfenidone and nintedanib are the only recommended drugs available for PF treatment, as they
both target the fibrotic cascade, leading to a decline in fibroblast and myofibroblast production and ECM accumulation.
Still, they generally delay the disease progression[13,14]. Lung transplant and the development of the Lung Allocation
Score have increased lung transplantation and survival in recent years, but transplantation remains limited due to a lack
of donors[15]. Therefore, it is very necessary to explore alternative treatments for PF.

In recent years, cell therapy based on mesenchymal stromal cells (MSCs) has been widely used to treat various diseases
in the lung, liver, and kidney[16]. MSCs are usually obtained from the adult bone marrow, umbilical cord blood, adipose
tissue, lung tissue, and placenta[17]. MSCs showed excellent therapeutic effects on tissue injuries, including the lung[18-
20], liver[21], heart[22-24], skin[25-27], bone[28], and cartilage[29]. External MSCs are in vitro amplified from autologous
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or allogeneic sources[30]. External MSCs are known to modulate inflammation and regenerate damaged tissues, thereby
remodeling the ECMs, which modulate the apoptosis of stressed cells post-implantation[31]. MSCs from aged human
donors exhibit reduced growth rate and capacity and decreased differentiation potential, limiting their applications[32].
Compared with bone marrow-derived MSCs and adipose-derived MSCs, umbilical cord-derived MSCs (UMSCs) have
more advantages due to their stronger proliferation and differentiation abilities[33].

The paracrine functions of MSCs can be mediated by extracellular vehicles (EVs)[34]. EVs are released from the
endosomal compartment and contain a cargo made of miRNA, mRNA, and proteins from their cells of origin[34]. As EVs
are enveloped with a lipid bilayer, the EV-carried cargo is protected from degradation, suggesting that EVs provide
advantages for storing and transporting their signaling molecules. Most of these effects may be mediated by their
embedded secretome[35].

During the process of PF, epithelial/endothelial cells are damaged in the earlier stage, and inflammatory cytokines are
released and initiate a cascade reaction. PF can occur at any age, although it is most prevalent between ages 40 and 70 and
is often related to lung aging and oxidative stress[36,37]. The injured alveolar epithelial cells secrete a variety of immune
mediators, including cytokines, growth factors, and chemokines, such as TGF-p, interleukin (IL)-1B, IL-2, IL-6, and matrix
metalloproteinases, that alter the pulmonary microenvironment and trigger pulmonary inflammatory responses and
subsequent fibrous scarring[38].

In this study, the role of MSC-EVs in alleviating PF in vitro and in vivo was examined. TGF-p1 induced fibrosis in A549
cells, as revealed by collagen I and a-smooth muscle actin (a-SMA) upregulation, but MSC-EV treatment could alleviate it.
Oxidative stress regulators [nuclear factor E2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1)] and inflammatory
regulators [nuclear factor-kappaB (NF-«B) p65, and IL-1p] were alleviated by MSC-EVs treatment in A549 cells. MSC-EVs
downregulated collagen I and a-SMA, oxidative stress regulators (Nrf2 and HO-1), and inflammatory regulators (NF-«xB
p65 and IL-1B) in the lungs of PF mice on day 28. In addition, mRNA sequencing of lungs from PF mice revealed upregu-
lation of pulmonary collagen fiber deposition and immune inflammatory response.

MATERIALS AND METHODS

Animal maintenance and ethics statement

The experimental animals selected in this study were adult male C57BL/6 mice, 8-12 wk old, weighing 20 + 2 g. They
were purchased from the Animal Experimentation Centre of the Air Force Military Medical University, China. The
experimental animals were bred in a special environment at the Xi’an Central Hospital Center of Science and Education.
The indoor temperature was maintained at 25 + 2 °C. The light/dark cycles, temperature, and humidity were maintained
according to experimental standards. The animals had free access to food and water. The feed and bedding were
regularly replaced to ensure healthy and stable growth. All animal procedures were performed in accordance with the
guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health[39]. All animal procedures
were approved by the ethics committee for animal use at Xi’an Central Hospital.

In this study, 90 experimental animals were used. The mice were randomly divided into nine groups, 7-d sham group,
7-d bleomycin (BLM) + phosphate-buffered saline (PBS) group, 7-d BLM + MSC-EVs group, 14-d sham group, 14-d BLM
+ PBS group, 14-d BLM + MSC-EVs group, 28-d sham group, 28-d BLM + PBS group, and 28-d BLM + MSC-EVs group,
with five mice in each group. The in vivo model was constructed when the condition of the mice was stable.

MSCs preparation from clinical samples

The donors were healthy, full-term women. The human umbilical cord tissue was from naturally delivered fetuses. For
the preparation of allogeneic umbilical cord MSCs, informed consent was obtained from the women before the cells could
be collected. Three healthy full-term mothers (27-29 years old) were selected as donors. The procedure conformed to the
guidelines of the National Institutes of Health and was approved by the Ethics Committee of Xi’an Central Hospital (No.
LW-2023-032).

Preparation of MSC-EVs

Complete media were used, including o-minimum essential media (Gibco, New York, United States) and 16.5% fetal
bovine serum (FBS) (Gibco, New York, United States) to amplify MSCs. Surface antigens were detected using primary
antibodies against CD105 (BD, United States), CD90 (BD, United States), CD73 (BD, United States), CD45 (BD, United
States), and CD34 (BD, United States). The multi-potency of MSCs was tested using the StemPro® osteogenesis, chondro-
genesis, and adipogenesis (Gibco, Maryland, United States) differentiation kits according to the manufacturer’s
instructions[40]. In order to meet the production requirements and culture conditions for obtaining EVs, 3-5 generations
of cells were used to collect the supernatant[41]. Exosomes were collected by ultra-centrifugation at 100000 x g (XPN-100,
Beckman, CA, United States) with conventional FBS for 18 h to prepare exosomal exhausted serum (FBS). The super-
natant of upper FBS was collected for subsequent culture. When UMSCs grew to 70% density, they were replaced with a
medium with EV-depleted FBS. After 24 h, the supernatant was collected, and the EVs were immediately isolated or
frozen at -80 °C[40].

EV separation was performed as we recently reported[42]. The collected supernatants were centrifuged for 300 x g for
10 min, 200 x g for 10 min, and 10000 x g for 30 min (ST16R, Thermo Fisher, United States). The EVs were centrifuged at
100000 x g for 70 min (XPN-100, Beckman Coulter, United States) and suspended in sterile PBS at -80 °C. The labeled
MSC-EVs were filtered through a 0.22-pm syringe filter immediately before use to avoid staining aggregates[40].

WIJSC | https://www.wjgnet.com 672 June 26,2024 | Volume16 | Issue6 |

Jaishideng®



Gao Y et al. MSCs-EVs alleviate PF

EV protein content was determined by the bicinchoninic acid (BCA) method. Western blotting was performed for CD9
(Abcam, United States) and calnexin (Abcam, United States). The size and morphology distribution of the EVs were
assessed using nanoparticle tracking analysis (NS300, Malvern, United Kingdom) and transmission electron microscopy
(JEM-1400, JEOL Ltd, Japan), respectively[42].

Culture of A549 cells

The alveolar type II epithelial cells A549 were purchased from the Shanghai Institute of Biochemistry and Cell Biology,
Chinese Academy of Sciences (SIBCB, Shanghai, China), and cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Gibico; Thermo Fisher Scientific, Inc.) in an incubator containing 5% CO, at 37 °C. The medium was changed every 2 d.
The cells in the logarithmic growth phase were treated with 0.02% ethylenediamine tetraacetic acid for digestion and
collected for subsequent experiments.

Cell counting kit-8 assay

Cell counting kit-8 (CCK-8) kit (C0038, Beyotime, Beijing, China) was used to detect the effects of different concentrations
of TGF-1 on cell proliferation. The A549 cells were inoculated into 96-well plates at a density of 5 x 10° cells/well and
divided into five groups with TGF-B1 concentrations of 2.5, 5, 10, 20, and 40 ng/mL, respectively. Cells were detected at
12, 24, 36, and 48 h. After removing the original medium, 10 pL CCK-8 solution was added to each well mixed with 90 pL
DMEM and incubated in an incubator for 2 h. The proliferation of the different groups of cells was calculated by
measuring the absorbance at the wavelength of 450 nm with a microplate reader.

Establishment of cell model and EV therapy

For the in vitro experiment, the cells were divided into four groups: Control group, control + MSC-EVs group, control +
TGEF-B1 group, and TGF-B1 + MSC-EVs group. In the control group, normal cells were added without any interventions.
In the control + MSC-EVs group, MSC-EVs were added to normal cells to verify whether EVs would turn toxic to normal
cells. In the control + TGF-B1 group, TGF-B1 was added to the normal cells to induce fibrosis in the cells. In the TGF-p1 +
MSC-EVs, MSC-EVs were added to cells having fibrosis to observe the therapeutic effect of MSC-EVs on fibrosis. TGF-p1
induced the fibrosis of A549 cells[43], and the collected cells were plated in 6-well plates at a density of 4 x 10°/well. The
cells in all groups were starved for 24 h before the original medium was discarded. MSC-EVs and TGF-$1 solution were
diluted with DMEM containing 10% FBS. Then, 2 mL diluted TGF-B1 solution was added to the control + TGF-B1 group
and was gently shaken and mixed before being placed in an incubator for 24 h. The TGF-p1 + MSC-EVs group was first
cultured with the same volume of TGF-f1 as the model group for 24 h, then the original solution was discarded, and 2 mL
10 pg/mL EVs were added for 12 h. The other groups were added with equal volumes of PBS, and the cells in each group
were collected after 24 h of culture for subsequent experiments.

Establishment of animal model and EV therapy

Intratracheal BLM induces PF in mice[44]. The mice were randomly divided into the sham group, BLM + PBS group, and
BLM + MSC-EVs group. The mice were anesthetized by intraperitoneal injection of 4% chloral hydrate (10 mL /kg). The
mice were hung on the operating table of the endotracheal experiment at 60°-70° degrees. The mice were intubated with a
22 G trocar. BLM (5 U /kg) was injected into the trachea of the mice in the BLM + PBS group, and 0.5 mL of air was
injected into the trachea with a 1 mL syringe to make the drug enter the lungs. The trocar was pulled out, and the mice
were rotated alternately clockwise and counterclockwise to ensure the drug was evenly distributed in both lungs. The
mice in the BLM + MSC-EVs treatment group were first injected with BLM in the same way into the trachea. Three hours
later, 50 pg of MSC-EVs were injected into the trachea of each mouse again, while PBS of the same concentration was
dropped into the trachea of the sham group. The samples were collected at 14 and 28 d. Specimens were used for
subsequent experiments.

Hematoxylin and eosin staining and Masson staining

The lung tissue of PF mice was fixed with 4% paraformaldehyde. Paraffin embedding was performed after gradient
ethanol dehydration. The specimens were cut into 4-pm-thick sections, dewaxed, stained with hematoxylin for 5 min,
processed with alcohol hydrochloride for several seconds, and washed with tap water. Then, the sections were stained
with an eosin solution for 5 min. An immunohistochemical (IHC) pen was then used to draw a circle around the tissue to
prevent fluid from spilling. Lilchun red was dyed for 8 min, and aniline blue was redyed for 2 min. After washing with
anhydrous alcohol three times, neutral gum was added to seal the sections for the microscopic examination.

IHC staining

The fixed specimens were washed, dehydrated, and paraffin-embedded. Citrate buffer pH = 6.0 was added for antigen
retrieval. The sections were incubated with 3% hydrogen peroxide for 25 min and washed with PBS thrice. The sections
were circled with an IHC pen to prevent the reagent from flowing out. Then, 10% normal goat serum was added to cover
the sections evenly, followed by incubation at room temperature for 30 min. The serum was removed, and diluted
primary antibody was added and incubated overnight at 4 °C. The sections were rewarmed at room temperature for 30
min and washed with PBS thrice. The diluted secondary antibody was added and incubated at room temperature for 50
min, followed by washing with PBS three times. DAB chromogenic agent was used to cover the sections, followed by
hematoxylin for 2 min. Finally, the sections were dehydrated, sealed, and examined under the microscope.
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Figure 1 Extraction and identification of mesenchymal stem cells-extracellular vesicles. A: Expression of mesenchymal stem cell (MSC) and MSC-
extracellular vesicles (EVs) related proteins (calnexin is the signature protein of MSC, CD9, and TSG101 are the signature proteins of MSC-EVs. The expression
level of calnexin in MSC is more obvious than that in MSC-EVs, while the expression level of TSG-101 and CD9 in MSC-EVs is more obvious than that in MSC; B:
Morphology of MSC-EVs under electron microscope. MSC: Mesenchymal stem cell; EV: Extracellular vesicle.

mRNA sequencing

Combined with previous pathological staining results, four mice in the sham and BLM + PBS groups were sacrificed 28 d
after administration to remove lung tissue. The lung specimens were immersed in a 1.5 mL enzyme-free centrifuge tube
containing RNA Wait (Solarbio, SR0020, Beijing, China). Then, it was refrigerated at 4 °C for 24 h and stored at -80 °C.
Total RNA was extracted from the tissue samples by RNAiso Plus Total RNA extraction reagent (Cat#9109, TAKARA)
according to the manufacturer’s procedures, and it was subjected to electrophoresis for quality inspection and
purification. The purified total RNA was separated and segmented. The first and second strand cDNA were synthesized,
modified, and enriched for inspection again. According to the Illumina user operation manual, the flow cell carrying the
cluster was checked on the computer, and the pair-end program was selected to carry out double-end sequencing and
analyze real-time data. Finally, edgeR was used to analyze the differentially expressed genes between samples, and the
difference multiple (fold change) > 2 and P < 0.05 were used as the criteria to screen the differentially expressed mRNAs.

Western blot analysis

Total proteins extracted from cells and tissues using RIPA buffer (Beyotime, Shanghai, China) were quantified using a
BCA detection kit (Beyotime, Shanghai, China). The isolated proteins were electrically transferred to a polyvinylidene
fluoride membrane by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Beyotime, Shanghai, China). The
membrane was sealed with 5% skim milk for 2 h. After the sealing, the membranes were washed thrice with PBS, 10 min
each time. Rabbit anti-a-SMA (Proteintech, 14395-1-AP 1:6000), rabbit anti-collagen I (Abcam, AB260043, 1:1000), rabbit
anti-NRF2 (Invitrogen, PA5-27882, 1:1000), rabbit anti-HO-1 (Proteintech, 10701-1-AP 1:3000), mouse anti-NF-kB p65 (Cell
Signaling Technology, 6956S, 1:1000), rabbit anti-IL-2 (Cell Signaling Technology, 12239, 1:1000), rabbit anti-IL-1p (Cell
Signaling Technology, 31202, 1:1000), rabbit anti-B-actin (ABclonal, AC026, 1:100000), rabbit anti-CD9 (Abcam, AB92726,
1:2000), and rabbit anti-TSG101 (Abcam, AB125011, 1:2000) were used to soak the membranes, followed by overnight
incubation in a dark environment at 4 °C. The next day, the membranes were removed, rewarmed at room temperature
for 1 h, and washed three times with PBS for 10 min each. Goat anti-mouse antibody (Thermo, 1:50000) with horseradish
peroxidase combined with immunoglobulin G and goat anti-rabbit antibody (Thermo, 1:25000) were incubated for 2 h
and immunized with enhanced chemiluminescence (Millipore, BB-3501, Ameshame, United Kingdom). The protein
bands were imaged and analyzed using the Bio-Rad imaging system (California, United States).

Statistical analysis

All data were analyzed using SPSS 26.0 (IBM, Armonk, NY, United States). Image-pro Plus was used to perform statistical
analysis on the lesion area size of the pathological sections. The graphs were plotted using GraphPad Prism 8. The data
were expressed as means * SD. One-way analysis of variance (ANOVA) was used to compare multiple groups, and the
independent sample t-test was used to compare two groups. P < 0.05 indicated statistically significant differences.

RESULTS
Extraction and identification of MSC-EVs

MSC culture, extraction, and identification of MSC-EVs were performed. Vesicle-like material ranging from 40-200 nm in
diameter was observed by transmission electron microscopy. The expression levels of CD9, TSG101, and calnexin in the
MSC and MSC-EVs groups were detected by western blot. The results showed that the CD9 and TSG101 expression levels
were significantly higher in the MSC-EVs group than in the MSC group, as they are typical EV surface markers, and the
expression level of calnexin in the MSC group was higher than in the MSC-EVs group (Figure 1A and B). These results
confirmed that the EVs derived from umbilical cord MSCs were purified in accordance with the standard to be used for
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Figure 2 Bleomycin can induce pulmonary fibrosis and inflammatory infiltration in mice. A: Hematoxylin and eosin (HE) staining of lung tissue of
mice in each group on days 14 and 28 after administration. Inflammatory cells are basophilic (blue-purple granules), and their number represents the severity of
inflammation in the lung tissue of mice; B: The quantitative statistical analysis of HE staining on days 14 and 28 among the three groups. The ordinate represents the
percentage of the inflammatory area in the total area, and the abscissa represents the grouping. In the bleomycin group, there were significant inflammatory reactions
on day 14 (°P < 0.01 vs sham group) and day 28 (°P < 0.01 vs sham group). After exosome treatment, the inflammatory reactions were significantly improved on day
14 (°P < 0.001) and day 28 (°P < 0.01); C: Masson staining of lung tissue of mice in each group on days 14 and 28 after administration. Collagen fibers appear blue,
and their number represents the severity of collagen deposition in the lungs of mice; D: The quantitative statistical analysis of Masson staining. The ordinate
represents the percentage of collagen fiber deposition area in the total area, and the abscissa represents the grouping. In the bleomycin group, significant collagen
deposition occurred on day 14 (PP < 0.001 vs sham group) and day 28 (P < 0.001 vs sham group). After exosome treatment, the collagen deposition decreased on
day 14 (°P < 0.001) and day 28 (°P < 0.001). MSC: Mesenchymal stem cell; EV: Extracellular vesicle; BLM: Bleomycin; PBS: Phosphate buffered saline.

further experimental studies.

BLM can induce PF and inflammatory infiltration in mice

The lung tissues of BLM-treated mice in each group were stained with hematoxylin and eosin and Masson staining. In the
sham group, there were no obvious inflammatory cell infiltration and collagen deposition in the lung tissue of mice, the
alveolar structure was clear and intact, and there were no obvious congestion, edema, or widening of alveolar septa
(Figure 2A and B). In the BLM + PBS group, inflammatory cell infiltration (Figure 2A and B) and collagen fiber deposition
(Figure 2C and D) were significantly higher in the lung tissue compared to other groups, collapsed alveolar structure, and
dilated capillaries were observed around the alveoli, with widening of the alveolar septa. However, significant structural
changes were observed in the lungs after intratracheal infusion of MSC-EVs. Compared with the sham group, the degree
of inflammatory injury and collagen deposition in the lung tissue of mice in the BLM + PBS group were significantly
increased after 14 and 28 d. After the infusion of MSC-EVs, a significant decline in the lesions was observed (P < 0.05)
(Figure 2B and D).

The pathogenesis of PF may involve collagen deposition, oxidative stress, and immunoinflammatory response
According to the previous pathological staining results, the inflammatory infiltration and collagen deposition in the lungs
of mice were more obvious 28 d after administration. Therefore, lung tissues of mice in the sham group and BLM + PBS
group 28 d after administration were used for mRNA sequencing to screen for related differentially expressed genes.
Screening was based on the absolute fold change value of > 2 and P < 0.05. A total of 133 upregulated genes and 124
downregulated genes were screened (Figure 3A-C). The screening results showed that a differential expression mainly
occurred in genes involved in collagen deposition, microfiber-associated protein, and immunoglobulin structure,
including nuclear factor receptor subfamily and other related genes. Therefore, the development of PF in C57BL/6 mice
may be related to oxidative stress and the activation of immune pathways, leading to collagen deposition in lung tissue.

Assessing the optimal concentration and time of fibrosis in A549 cells

The optimum concentration and time of TGF-p1 in A549 cells were screened by the CCK8 method. The larger the OD
value, the higher the number of viable cells. Simultaneously, the higher the slope between adjacent gradient concen-
trations, the higher the number of proliferating cells at that concentration. The optimal concentration of TGF-p1 was
finally screened as 10 ng/mL, and the optimal culture time was 48 h (Figure 4).

MSC-EVs may alleviate PF by inhibiting EMT

The influence of TGF-P1 on the expressions of collagen I and a-SMA related molecules on A549 cells was verified by
western blot. TGF-B1 could promote fibrosis in A549 cells, and the expression levels of collagen I and 0-SMA were
significantly increased compared with those of the control group (P < 0.05). After MSC-EVs treatment, the fibrosis
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Figure 3 The pathogenesis of pulmonary fibrosis may be related to collagen deposition, oxidative stress, and immunoinflammatory
response. A: Volcano map of differentially expressed genes between sham group and bleomycin (BLM) + PBS group; B: Scatter plot of differentially expressed
genes between the sham and BLM + PBS groups; C: Heat map of differentially expressed genes between the sham and BLM + PBS groups. BLM: Bleomycin; PBS:
Phosphate buffered saline.

induced by TGF-B1 was significantly reduced (P < 0.05). However, the addition of MSC-EVs in normal A549 cells did not
alter collagen I and a-SMA levels compared with controls (P > 0.05) (Figure 5A-C). Meanwhile, IHC staining was used to
verify the expression of the above proteins in the lung tissue of mice in the in vivo model. TGF-B1 expression in the lung
tissue of mice treated with BLM + PBS was significantly higher than in the sham-treated mice (P < 0.05), and collagen I
and a-SMA expression was significantly increased in the lung tissue of mice (P < 0.05). After MSC-EVs treatment, the
expression of TGF-p1, collagen I, and a-SMA was decreased compared with the BLM + PBS group (P < 0.05) (Figure 5D-I).
Similarly, western blot results from the in vivo experiments were consistent with the IHC results (P < 0.05) (Figure 5]J-L).
Therefore, TGF-f1 can induce fibrosis of alveolar epithelial cells, BLM can induce EMT in mouse lung tissue, MSC-EVs
may alleviate PF by regulating this mechanism, and MSC-EVs do not cause fibrosis in normal cells.

MSC-EVs may alleviate PF in mice by requlating oxidative stress response in lung tissue
Nrf2 and HO-1 are key molecules involved in regulating oxidative stress, and they were verified by western blot. Under
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Figure 4 The optimum concentration and time were screened using the cell counting kit-8 method.

certain circumstances, TGF-p1 could induce oxidative stress in A549 cells, and Nrf2 and HO-1 expression levels
significantly increased after TGF-p1 addition (P < 0.05). Their expression levels were significantly downregulated after
MSC-EV treatment (P < 0.05). MSC-EVs did not upregulate the expression of oxidative stress-related molecules in normal
cells (P > 0.05) (Figure 6A-C). Meanwhile, IHC staining was used to verify in vivo the results obtained in vitro. Nrf2 and
HO-1 expression in the lung tissue of the mice in the BLM + PBS group was significantly higher than in the sham group (
P < 0.05). After treatment with MSC-EVs, the expression of Nrf2 in the BLM + MSC-EVs group did not change signi-
ficantly at 14 d after administration (P > 0.05), but there was a significant shift on day 28 (P < 0.05). In addition, Nrf2
downstream molecule HO-1 expression in the BLM + PBS group was significantly higher than in the sham group at 14
and 28 d after administration. In comparison, the HO-1 expression in the MSC-EVs group was significantly lower at 14
and 28 d (P < 0.05) (Figure 6D-G). Similarly, western blot results of lung tissue of mice in each group showed that the
changes in Nrf2 in the BLM + PBS and BLM + MSC-EVs group on days 7 and 14 (P < 0.05) were the same as those in the
IHC group on day 14. The changes at 28 d after administration were consistent with IHC staining (P < 0.05). Secondly, the
expression of HO-1 in the lung tissues of the mice in each group was also consistent with the change in IHC staining (P <
0.05) (Figure 6H-]). Our findings indicated that MSC-EV's did not induce oxidative stress in normal cells but could rapidly
regulate the oxidative stress response after oxidative stress in cells to improve oxidative damage and further alleviate PF.
In addition, other mechanisms may regulate the oxidative stress response between Nrf2 and HO-1 in PF.

MSC-EVs can inhibit the inflammatory response in the process of PF

NF-xB p65, IL-1B, and IL-2 play key regulatory roles in various immune-inflammatory diseases and were detected in
Ab549 cells by western blot. TGF-f1 induced fibrosis in A549 cells produced an inflammatory reaction at the same time.
NF-xB p65 and IL-1p expression levels were significantly increased after TGF-B1 addition, and they were significantly
downregulated after MSC-EV treatment (P < 0.05). Still, there were no significant changes when MSC-EVs were
administered to normal cells (P > 0.05) (Figure 7A-C). Meanwhile, IHC staining was used to verify in vivo the results
obtained in vitro. The expression of inflammation-related proteins (NF-xB p65, IL-1p, and IL-2) in lung tissues of mice
treated with BLM + PBS was significantly higher than in sham-treated mice (P < 0.05). After MSC-EV treatment, NF-«B
p65, IL-1B, and IL-2 expression levels were significantly decreased compared with the BLM + PBS group (P < 0.05)
(Figure 7F-I). The western blot results were consistent with the IHC results (P < 0.05) (Figure 7D and E). These results
indicated that the development of PF may be accompanied by acute and chronic inflammatory reactions in lung tissue,
which may further cause lung tissue injury, leading to PF. MSC-EVs could not change the physiological state of normal
cells, but they could improve the immune inflammatory response in the process of cell fibrosis. MSC-EVs can alleviate
lung tissue injury by inhibiting lung tissue fibrosis accompanied by an immune inflammatory response, downregulating
the PF process.

DISCUSSION

PF is a chronic progressive disease with high incidence and poor prognosis. Several factors contribute to PF, including
exposure to toxins, tobacco smoke, medical conditions, radiation therapy, viral infections, and some drugs[45,46].
Damage and abnormal repair of the lung interstitium leads to the formation of scar tissue that is different from the
structure and function of the normal lung interstitium[4]. In the process of PF, epithelial/endothelial cells are damaged,
releasing inflammatory cytokines, further triggering a cascade of reactions[9]. Loss of antifibrotic properties of intact
epithelial cells and increased secretion of pro-fibrotic factors from damaged epithelial cells may lead to fibrosis[47]. At
present, the treatment of PF is limited and has many adverse reactions that greatly limit the application of drugs. It is
difficult to perform lung transplantation in respiratory diseases because of the small number of donors. Therefore, finding
new therapeutic strategies for PF is highly important. In this study, the role of MSC-EVs in alleviating PF in vivo and in
vitro was examined. MSC-EV treatment could alleviate TGF-B1-induced fibrosis in A549 cells, which was confirmed by
the downregulation of collagen I and 0-SMA, oxidative stress regulators (Nrf2 and HO-1) and inflammatory regulators
(NF-xB p65 and IL-1p). Like the PF mice model, MSC-EVs infusion into the lungs could downregulate collagen I and -
SMA, oxidative stress regulators (Nrf2 and HO-1), and inflammatory regulators (NF-«B p65 and IL-1B). Upregulation of
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Figure 5 Mesenchymal stem cells-extracellular vesicles may alleviate pulmonary fibrosis by inhibiting epithelial-mesenchymal
transformation. A: The expressions of collagen | and a-smooth muscle actin (a-SMA) in A549 cells of each group were verified by western blot; B and C: The
statistical analysis of the expression levels of each protein. Mesenchymal stem cells-extracellular vesicles (MSC-EVs) did not affect normal cell proliferation and
differentiation (P > 0.05). Transforming growth factor (TGF)-B can induce epithelial-mesenchymal transformation of cells (collagen I: 9P < 0.05 vs control group; a-
SMA: 'P < 0.001 vs control group). However, MSC-EVs can reverse the epithelial-mesenchymal transformation process caused by TGF-B (collagen I: 2P < 0.05; a-
SMA: °P < 0.001); D-I: The expression of TGF-B1, collagen I, and a-SMA in lung tissue was observed by immunohistochemical (IHC) staining (D, F, and H). The
statistical analysis of the expression level of TGF-p, collagen |, and o-SMA in IHC staining (E, G, and I). On day 14 and day 28, TGF-B1 (14 d: /P < 0.001 vs sham
group; 28 d: P < 0.001 vs sham group), collagen | (14 d: P < 0.001 vs sham group; 28 d: P < 0.001 vs sham group) and a-SMA (14 d: °P < 0.05 vs sham group; 28
d: P < 0.01 vs sham group) deposition were observed in the bleomycin + phosphate buffered saline group, and the above pathological changes could be reversed
after MSC-EVs treatment [TGF-B1 (14 d: °P < 0.001; 28 d: °P < 0.001)], collagen | (14 d: °P < 0.001; 28 d: °P < 0.001) and o-SMA (14 d: °P < 0.01; 28 d: °P < 0.001);
J: The western blot results of each protein’s expression in mice’s lung tissue in each group; K and L: The statistical analysis of western blot results of each protein in
mouse lung tissue. No matter whether on day 7, 14, or 28, the expression of epithelial-mesenchymal transformation gene-related collagen | (7 d: ®P < 0.01 vs sham
group; 14 d: °P < 0.01 vs sham group; 28 d: °P < 0.01 vs sham group) and o-SMA (7 d: °P < 0.01 vs sham group; 14 d: ®P < 0.01 vs sham group; 28 d: %P < 0.05 vs
sham group) in lung tissue of mice was significantly higher than that in the sham group. After MSC-EVs treatment, the expression of collagen | and a-SMA decreased
significantly at 7 d (collagen I: 2P < 0.05; a-SMA: °P < 0.01) in the acute phase, 14 d in the subacute phase (collagen I: °P < 0.01; a-SMA: °P < 0.01) and 28 d in
chronic phase (collagen I: 2P < 0.05; a-SMA: ®P < 0.01). These results indicate that the development of pulmonary fibrosis is long-term, and the anti-epithelial
mesenchymal transformation of MSC-EVs is stable and long-lasting. MSC: Mesenchymal stem cell; EV: Extracellular vesicle; BLM: Bleomycin; PBS: Phosphate
buffered saline; TGF: Transforming growth factor; a-SMA: Alpha smooth muscle actin.
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Figure 6 Mesenchymal stem cells-extracellular vesicles may alleviate pulmonary fibrosis in mice by regulating oxidative stress response
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in lung tissue. A: The expressions of nuclear factor E2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) in A549 cells of each group were verified by western
blot; B and C: The statistical analysis of the expression levels of each protein. Mesenchymal stem cells-extracellular vesicles (MSC-EVs) can't cause oxidative stress
in cells (P > 0.05), and transforming growth factor (TGF)-B can cause obvious oxidative stress in A549 (Nrf2: °P < 0.01 vs control group; HO-1: /P < 0.001 vs control
group), while MSC-EVs can reverse the above pathological process brought about by TGF-B (Nrf2: 2P < 0.05; HO-1: °P < 0.001); D-G: The expression of Nrf2 and
HO-1 in lung tissue was observed by immunohistochemical (IHC) staining (D and F). The statistical analysis of the expression level of each protein in IHC staining (E
and G). On day 14 and day 28, Nrf2 (14 d: P > 0.05; 28 d: P < 0.001 vs sham group), HO-1 (14 d: P < 0.001 vs sham group; 28 d: /P < 0.001 vs sham group)
deposition was observed in the bleomycin + phosphate buffered saline group, and the above pathological changes could be reversed after MSC-EVs treatment [Nrf2
(14 d: P> 0.05; 28 d: °P < 0.001), HO-1 (14 d: °P < 0.001; 28 d: °P < 0.001)]; H: The western blot results of the expression of Nrf2 and HO-1 in lung tissue of mice in
each group; | and J: The statistical analysis of western blot results of each protein in mouse lung tissue. There were no significant changes in Nrf2 expression on day
7 (P> 0.05) and day 14 (P > 0.05) of pulmonary fibrosis development, but an increase in Nrf2 expression could be detected on day 28 (PP < 0.001 vs sham group).
No matter whether on day 7, 14, or 28, the expression of HO-1 (7 d: °P < 0.05 vs sham group; 14 d: P < 0.001 vs sham group; 28 d: °P < 0.01 vs sham group) in lung
tissue of mice was significantly higher than that in the sham group. After MSC-EVs treatment, the expression of HO-1 decreased significantly at 7 d (*P < 0.05) in the
acute phase, 14 d in the subacute phase (°P < 0.001), and 28 d in the chronic phase (°P < 0.01). However, the expression of Nrf2 decreased significantly only on day
28 (°P < 0.001). MSC: Mesenchymal stem cell; EV: Extracellular vesicle; BLM: Bleomycin; PBS: Phosphate buffered saline; Nrf2: Nuclear factor E2-related factor 2;
HO-1: Heme oxygenase-1.

pulmonary collagen fiber deposition and immune inflammatory response were observed from the lungs of PF mice
through mRNA sequencing.

EMT has been a research hotspot in PF in recent years. Among the many molecules that cause EMT, TGF- is
considered a key molecule that induces EMT in lung tissues during the process of PF[48]. In the present study, immuno-
histochemical staining of the lung tissue of C56BL/6 mice revealed that BLM could upregulate TGF-p expression in the
lung tissue of mice, leading to EMT. After MSC-EVs treatment, TGF-B1 levels were downregulated in lung tissue, and
EMT was relieved. The downregulation of collagen I and a-SMA confirmed the results, revealing the reduction in
collagen deposition in the lung. Therefore, it was concluded that BLM-induced PF in mice caused collagen deposition in
the lung, and MSC-EV treatment could significantly alleviate the above pathological changes.

Oxidative stress is caused by the imbalance between oxidants and antioxidants, which is related to the patho-
physiological characteristics of PF[49]. Nrf2, also known as nuclear transcription factor E2-related factor 2, is a key
molecule in regulating oxidative stress. Under oxidative stress, Nrf2 inhibitor Kelch-like erythroid cell-derived protein
CNC homologous associated protein 1 can release Nrf2, which binds to the sequence of antioxidant response elements in
the nucleus, hence having antioxidant effects. BLM could induce more severe PF in Nrf2 knockout mice compared with
wild-type mice, supporting the protective role of Nrf2 against PF[50]. It has been reported that Nrf2 has a potential
protective effect in human chronic fibrotic lung disease[51]. Zaafan et al[52] showed that amitriptyline attenuates PF
through the inhibition of the NF-xB/TNF-a/TGF-p pathway, accompanied by a decrease in Nrf2 expression but its
accumulation in nuclei. Considering that Nrf2 blocks the epithelial-to-mesenchymal transition in PF and regulates
oxidative stress[53], the decreased Nrf2 expression is possibly a consequence of the less pro-fibrotic environment. In
addition, its accumulation in the nuclei would increase the production of antioxidant proteins[54]. In the present study,
the IHC results showed that the Nrf2 content in the lung tissue of the mice was significantly higher than in the sham
group on day 28 after BLM modeling (P < 0.05) but significantly decreased after MSC-EVs treatment. However, there was
no significant difference on day 14 after modeling. The results were consistent with those obtained by western blot. The
lack of difference in Nrf2 on day 14 after treatment could be because the occurrence and development of PF is a chronic,
progressive, evolutive process. Hence, because the process of PF is slow, the lung tissues on day 14 are in an acute or
subacute inflammation phase, and the lung oxidative stress response has not been activated yet. On the other hand, on
day 28, the development of PF reached a stage where oxidative stress was present, activating the Nrf2 antioxidant
response. After MSC-EVs treatment, the oxidative stress environment in the lung was less severe, leading to a lower Nrf2
expression because of a weaker needed response. Of course, that hypothesis will have to be confirmed in future studies.

HO-1 is a key antioxidant enzyme widely present in various mammalian tissues and plays many key roles in the
oxidation/antioxidant reactions in vivo. HO-1 can also play anti-inflammatory, antioxidant, and other physiological roles
in vivo. It is the main downstream target of Nrf2[55]. Under normal circumstances, HO-1 expression is low in vivo, but its
expression can be significantly increased by hypoxia, inflammation, and other factors that may induce oxidative stress
[56]. Jin et al[57] concluded that the expression levels of HO-1 were significantly increased in the early stage of PF induced
by BLM in experimental animals. Meanwhile, in our study, both in vitro and in vivo concluded that HO-1 expression
levels were significantly increased at 14 and 28 d after BLM administration (P < 0.05), and MSC-EVs treatment could
reverse the BLM-induced increase in the expression level of this molecule (P < 0.05). Therefore, MSC-EVs can alleviate the
oxidative stress response of lung tissue by regulating Nrf2 and further regulating the expression of HO-1 in the deve-
lopment of PF and then improve PF.

IL-1B is a potent proinflammatory mediator activated by one of several inflammasome complexes, such as NLRP3, also
known as Pyrin domain containing 3. Upon activation of this inflammasome, IL-1p is released, which was confirmed in
chronic obstructive pulmonary disease, severe asthma, and respiratory infections[58]. The promoter region of the IL-1p
gene contains the binding site of the NF-xB transcription factor, and the binding of NF-kB to this region activates the
transcription of IL-1p. Thus, IL-1p expression is regulated by NF-kB[59]. NF-kB is an important target of the PTEN/PI3K/
Akt pathway and regulates the secretion of various cytokines. In addition, NF-xB activation is also involved in the
senescence process of various cells[60]. It is clear from previous studies on PF that inhibition of NF-xB signaling can
inhibit the development of PF in BLM-induced PF model[61]. In the present study, in vitro and in vivo experiments
showed that the expression of NF-«B and IL-1p was upregulated when PF occurred and downregulated after MSC-EVs
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Figure 7 Mesenchymal stem cells-extracellular vesicles can inhibit the inflammatory response in the process of pulmonary fibrosis. A:
The expressions of nuclear factor-kappaB (NF-kB) p65 and interleukin (IL)-1f in A549 cells of each group were verified by western blot; B and C: The statistical
analysis of the expression levels of each protein. MSV-EVs can't induce an immune inflammatory response (P > 0.05). Transforming growth factor (TGF)-B can
induce the immune inflammatory response of cells (NF-kB p65: P < 0.05 vs control group; IL-1B: ®P < 0.01 vs control group). However, mesenchymal stem cells-
extracellular vesicles (MSC-EVs) can reverse the immune inflammatory response caused by TGF-f (NF-kB p65: 2P < 0.05; IL-1p: 2P < 0.05); D: The expression of IL-
1B in lung tissue was observed by immunohistochemical (IHC) staining; E: The statistical analysis of the expression level of IL-1 in IHC staining. On day 14 and day
28, IL-1B (14 d: P < 0.001 vs sham group; 28 d: P < 0.001 vs sham group) deposition was observed in the bleomycin + phosphate buffered saline group, and the
above pathological changes could be reversed after MSC-EVs treatment (14 d: °P < 0.001; 28 d: °P < 0.001); F: The western blot results of each protein’s expression
in mice’s lung tissue in each group; G-I: The statistical analysis of western blot results of each protein in mouse lung tissue. No matter whether on day 7, 14, or 28,
the expression of immune inflammatory response gene-related nuclear factor-kappaB (NF-kB) p65 (7 d: °P < 0.05 vs sham group; 14 d: ®P < 0.01 vs sham group; 28
d: ¢P < 0.05 vs sham group), IL-2 (7 d: ®P < 0.01 vs sham group; 14 d: P < 0.001 vs sham group; 28 d: ®P < 0.01 vs sham group) and IL-1B (7 d: ®P < 0.01 vs sham
group; 14 d: 9P < 0.05 vs sham group; 28 d: 9P < 0.05 vs sham group) in lung tissue of mice was significantly higher than that in the sham group. After MSC-EVs
treatment, the expression of NF-kB p65, IL-2, and IL-1B decreased significantly at 7 d (NF-B p65: 2P < 0.05; IL-2: °P < 0.001; IL-1p: °P < 0.01) in the acute phase, 14
d in subacute phase (NF-kB p65: °P < 0.01; IL-2: °P < 0.001; IL-1B: %P < 0.05) and 28 d in chronic phase (NF-kB p65: 2P < 0.05; IL-2: °P < 0.001; IL-1B: 2P < 0.05).
MSC: Mesenchymal stem cell; EV: Extracellular vesicle; BLM: Bleomycin; PBS: Phosphate buffered saline; TGF: Transforming growth factor; NF-kB: Nuclear factor-
kappaB; IL: Interleukin.

3%9@) WIJSC | https://www.wjgnet.com 686 June 26,2024 | Volume16 | Issue6 |



Gao Y et al. MSCs-EVs alleviate PF

treatment, indicating that MSC-EV's could significantly inhibit the inflammatory response in the process of PF.

CONCLUSION

BLM can induce PF in vivo, while TGF-B1 can induce PF in vitro. MSC-EVs can improve the EMT, oxidative stress
response, and immune-inflammatory response during the development of PF. Through this experiment, based on further
understanding of the occurrence and development mechanism of PF, the present study has shed some light on the role of
MSC-EVs in PF. It can pave the way for new direction and theoretical basis for developing new treatment strategies.

Some limitations in this study were that it only verified the key molecules of the three main mechanisms of EMT,
oxidative stress, and immune inflammatory response in vitro and in vivo, but did not knockdown or overexpress the
important molecules of one of the pathways and verify the expression of upstream and downstream molecules, which is
yet to be performed. In addition, the study was limited to establishing cell and experimental animal models and
mechanism discussions and did not involve human specimens. Therefore, whether the results of this study can provide
support for clinical trials is still lacking more precise evidence.
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