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A B S T R A C T

Background: Pulmonary fibrosis (PF) is an irreversible and usually fatal lung disease. In recent 
years, the therapeutic role of exosomes derived from mesenchymal stem cells (MSC-exos) in anti- 
fibrotic treatment has received much attention. In this study, we aimed to determine the anti- 
fibrotic properties and related molecular mechanisms of MSC-exos in Bleomycin(BLM)-induced 
PF.
Methods: We used BLM-induced mice model of PF and in vitro model. MSC-exos were isolated 
from BMSCs cells using Exo Quick-TC kit and identified using conventional methods. Using cell 
counting kit-8 (CCK-8) to detect cell viability. Classic molecular biology approaches such as RT- 
qPCR, Western blot, immunofluorescence, and ELISA were used to examine molecular pathways. 
Histopathological examination was performed using HE and Masson staining.
Results: MSC-exos alleviated inflammation, inhibited epithelial-mesenchymal transition (EMT), 
and ameliorated PF. Further studies showed that MSC-exos regulated NOD1/NF-kB signaling 
pathway to suppress the activation of NLRP3 inflammasomes both in vivo and in vitro. Addi
tionally, overexpression of NLRP3 significantly reversed the anti-fibrotic effects of MSC-exos in 
BLM-induced lung epithelial cells.
Conclusion: MSC-derived exosome ameliorates pulmonary fibrosis by modulating NOD 1/NLRP3- 
mediated epithelial-mesenchymal transition and inflammation.

1. Introduction

Pulmonary fibrosis (PF) is a fatal, progressive, and chronic lung condition characterized by interstitial disease. It entails inflam
mation and substantial remodeling of the lungs due to the deposition of extracellular matrix (ECM). Consequently, widespread scar 
formation, respiratory failure, and eventual demise may ensue [1,2]. The lack of comprehensive insight into PF’s pathogenesis 
hampers the development of effective clinical interventions. It was estimated that the diagnosed PF patients typically have a median 
survival of merely 3–5 years [3]. Hence, it is crucial to conduct thorough investigations into PF’s pathogenesis and discover novel 
approaches for efficient clinical treatment.

Abbreviations: PF, Pulmonary fibrosis; ECM, Extracellular matrix; MSCs, Mesenchymal stem cells; NOD1, Domain-containing protein 1.
* Corresponding author.

E-mail address: ouyangshao2024@163.com (S. Ouyang). 

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2024.e41436
Received 8 April 2024; Received in revised form 12 December 2024; Accepted 20 December 2024  

Heliyon 11 (2025) e41436 

Available online 26 December 2024 
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:ouyangshao2024@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e41436
https://doi.org/10.1016/j.heliyon.2024.e41436
http://creativecommons.org/licenses/by-nc-nd/4.0/


Mesenchymal stem cells (MSCs) are a type of versatile stem cells that possess the capability of self-renewal and diverse differen
tiation [4], exhibiting properties beneficial for biological processes such as reducing inflammation, moderating the immune response, 
promoting tissue repair, and mitigating fibrosis [4,5]. In the past decade, the potential therapeutic value of MSCs in lung afflictions has 
garnered considerable interest. Research findings indicate that MSCs have the ability to profoundly alleviate lung inflammation, 
impede epithelial-mesenchymal transition (EMT), and curtail lung tissue damage and fibrosis [6]. The growing evidences indicate that 
the predominant mechanism underlying the therapeutic effectiveness of MSCs is through paracrine activity, wherein exosomes derived 
from MSCs (MSC-exos) play a pivotal role as the principal paracrine constituents responsible for their biologically advantageous 
functions [7,8].The MSC-exos has the potential to alleviate the inflammation and collagen accumulation observed in idiopathic PF in 
mice, ultimately leading to an improvement in the condition [9]. Additionally, exosomal miR-466f-3p sourced from MSCs has 
demonstrated its ability to hinder the progression of PF by impeding the c-MET mediated AKT/GSK3β signaling pathway, effectively 
preventing radiation-induced EMT [10]. In summary, these findings highlight the promising therapeutic possibilities of MSC-exos in 
the treatment of PF.

The pathogenesis of PF is highly intricate and involves various factors, including inflammation, degradation of the ECM, EMT, and 
imbalanced deposition of collagen. NLRP3 serves as a prominent innate immune system sensor and represents the most distinctive and 
extensively implicated inflammasome in both acute and chronic lung diseases [11]. The activation of the NLRP3 inflammasome can 
hasten the onset and progression of PF [12,13]. Studies have shown that the NLRP3 inflammasome in alveolar epithelial cells may 
expedite the process of EMT through pathways such as TGF-β or NF-κB, ultimately leading to scar formation and collagen deposition in 
lung tissue, thereby exacerbating PF [14,15]. Research indicates that baicalin contributes to the improvement of PF by inhibiting 
NF-κB/NLRP3 mediated EMT and inflammation [14]. Additionally, the administration of NecroX-5 can mitigate inflammation, reduce 
oxidative stress, hinder EMT, and enhance the condition of PF by suppressing the NLRP3 inflammasome [16]. Consequently, inhibiting 
the activation of the NLRP3 inflammasome to suppress the EMT process and inflammatory response shows potential as a strategy to 
treat PF.

In our study, we found that decreased bleomycin (BLM)-induced inflammation, EMT, and PF in mice. Furthermore, our findings 
showed that MSC-exos reduce PF in vivo and in vitro via modulating the NOD1/NF-kB/NLRP3 pathway, which inhibits BLM-induced 
inflammation and EMT processes. This finding suggests a novel function for MSC-exos in PF.

2. Methods and materials

2.1. Animal

C57BL/6J mice, aged between 6 and 8 weeks, and weighing approximately 20 ± 2 g, were procured from the Experimental Animal 
Center at Hunan University of Traditional Chinese Medicine. The mice were accommodated in a meticulously regulated environment 
maintained at a constant temperature of 25 ◦C, relative humidity of 50 %, and a light-dark cycle of 12 h each. Adequate nutrition and 
purified water were available ad libitum. This animal experiment was approved by the Experimental Animal Ethics Review Committee 
of Guangzhou Seyotin Biotechnology Co., LTD (SYT2023036).

2.2. BLM-mediated PF in mice

Following a week of acclimatization, the mice underwent random allocation into three distinct experimental groups: control group, 
BLM group, and BLM + MSC-exos group(n = 3). A pulmonary fibrosis model was established based on previous reports [14]. The mice 
in the BLM group and BLM + MSC-exos group were anesthetized with 1 % pentobarbital sodium via intraperitoneal injection, and then 
3 mg/kg of BLM (Zhejiang Hisun Pharmaceutical Co., Ltd., China) was intratracheally injected. The control group mice were intra
tracheally injected with an equal amount of sterile saline. Additionally, after the modeling was completed, the mice in the BLM +
MSC-exos group were treated with 20 μg MSC-exos in 100 μL PBS via tail vein injection [17]. The mice were euthanized after a duration 
of 21 days. Their lung tissues were subsequently fixed in a solution of 4 % formaldehyde, embedded in paraffin, and subjected to both 
HE and Masson staining. The microscopic (Leica, Germany) was allowed for the observation of pathological alterations in the lung 
tissues.

2.3. Cell culture

The non-small cell lung cancer cells(A549) and BMSCs were obtained from Procell Life Science&Technology Co.,Ltd.(wuhan, 
China). They were cultured in RPMI1640 medium. The culture conditions included maintaining a stable CO2 level of 5 % and a 
temperature of 37 ◦C. To establish an in vitro injury model,1* 105 A549 cells were inoculated into the 24-well plate and stimulated 
with 50 μM BLM for 24 h [16].Then, cells were collected for follow-up detection after exosome (2 μg/mL) treatment.

2.4. Isolation of MSC-exos

MSC-exos were obtained from BMSCs through the utilization of the Exo Quick-TC kit (Precision Medicine Technology Co. Ltd, 
Beijing, China). In short, BMSCs were inoculated into T75 cell vials and replaced with exosom-free media when the cells had grown to 
50%–70 %,the cell supernatant was collected after 48 h of culture.Then,the cell supernatant were underwent centrifugation at 3,000g 
for a duration of 15 min to eliminate cells and cellular debris. The resulting supernatant was moved to a sterile container and an 
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appropriate quantity of Exo Quick-TC (1:5) was added. The sample underwent gentle mixing and was subsequently incubated over
night at a temperature of 4 ◦C. Subsequently,The sample again was centrifuged at 1,500g for a duration of 30 min to obtained MSC- 
exos. Finally, the utilization of a transmission electron microscope (JSM-IT300, Japan) facilitated the observation of the morphological 
characteristics of MSC-exos.

2.5. Nanoparticle tracking analysis (NTA)

The exosomes were were diluted with TPM to a 1 mL volume. The size of exosomes was determined using a ZetaView PMX 110 
(Particle Metrix, Meerbusch, Germany).

2.6. Cell proliferation assay

In order to evaluate the proliferation of A549 cells, A549 cells(5 × 103 cells) were inoculated in 96-well plates and incubated 
overnight at 37 ◦C. A549 cells were stimulated with 50 μM BLM for 24 h, and then treated with MSC-exos for 24 h.Next, 10 μL CCK-8 
solution was added to each well and incubated at 37 ◦C for 2 h. The absorbance was measured at 450 nm.

2.7. RT-qPCR

The extraction of total RNA from lung tissues and A549 cells was performed using TriPure reagent (BioTeke Bio., Beijing, China) 
following the guidelines provided by the manufacturer. Subsequently, the obtained RNA underwent reverse transcription into cDNA 
employing the BeyoRT™ II M-MLV reverse transcription kit (Beyotime Biotechnology, Shanghai, China). In the end, the synthesized 
cDNA underwent RT-qPCR reaction utilizing Takara’s sybr premix ex taq 2 kits from Japan. The genes primers sequences in Table 1. 
The 2–ΔΔCT method was employed to analyze the relative expression levels of the desired genes, with GAPDH serving as the reference 
gene.

2.8. Western blot

The proteins were obtained from lung tissues and A549 cells, and the concentration of protein was evaluated using the BCA assay 
kit (Beyotime Biotechnology, Shanghai). SDS-PAGE was utilized to separate the desired proteins, which were subsequently transferred 
onto a PVDF membrane. To prevent non-specific binding, the membrane was treated with 5 % skim milk for 2 h, followed by incu
bation with primary antibodies, MMP2 (A6247,abclonal, Wuhan, China), MMP9 (A0289,abclonal, Wuhan, China), N-cadherin 
(A0432,abclonal, Wuhan, China), snail (A24806,abclonal, Wuhan, China), vimentin (ab92547,abcam, shanghai, China), fibronectin 
(A12977, abclonal,Wuhan, China), E-cadherin (A3044, abclonal, Wuhan, China), NOD1 (A1246,abclonal, Wuhan, China), p-p65 
(AP1294, abclonal, Wuhan, China), p65 (80979-1-RR,proteintech, Wuhan, China), NLRP3 (A5652,abclonal, Wuhan, China), Caspase1 
(A23429, abclonal, Wuhan, China), caspase11 (A16792,abclonal, Wuhan, China), ASC (A1170,abclonal, Wuhan, China), IL-1beta 
(A16288,abclonal, Wuhan, China), IL-18 (A1115,abclonal, Wuhan, China), CD9 (A19027,abclonal, Wuhan, China), CD63 (A19023, 
abclonal, Wuhan, China), TSG-101(A2216,abclonal, Wuhan, China), and GAPDH (60004-1-Ig,Proteintech, Wuhan, China) overnight 
at 4 ◦C. Following a 1-h incubation with secondary antibodies at room temperature, the SuperSignal™ chemiluminescent substrate was 
implemented to visualize the protein bands (Thermo Fisher Scientific, Shanghai, China).

Table 1 
Primer sequences.

Genes Forward(5′-3′) Reverse(5′-3′)

IL-1β AGCTGAAAGCTCTCCACCTC TGGGTGTGCCGTCTTTCATT
IL-18 ACTTTGGCCGACTTCACTGT CAGTCTGGTCTGGGGTTCAC
NLRP3 CCAGGAGGACAGCCTTGAAG GCGCGTTCCTGTCCTTGATA
NOD1 TGGCCCTAGACCTGGACAAC ACCCAGGAACGTCACGATCT
Caspase1 GGACTGACTGGGACCCTCAA GCTCCAACCCTCGGAGAAAG
Caspase11 TCTCACTGAGGTATGGGGCT TGGTGTTCTGAGAGTGCAGC
ASC CGTATGGCTTGGAGCTCACA TGCTGGTCCACAAAGTGTCC
MMP2 CAACGGTCGGGAATACAGCA GCTGTCCATCTGCATTGCCA
MMP9 GGTGTAGCACAACAGCTGAC AGTGGTGCAGGCAGAGTAGG
N-cadherin GCTCAGGACCCCGATCGATA AGGCGGGATTCCATTGTCAG
E-cadherin TTGAGAGGGAGACAGGCTGG TCTCCATGGGATCCTCCACC
snail CACACGCTGCCTTGTGTCTG GGTTGGAGCGGTCAGCAAAA
vimentin GCACGTCTTGACCTTGAACG AGGCTTGGAAACGTCCACAT
fibronectin GCACCACCCAGAACTACGAT GCCCAGGTCATGCTGCTTAT
α-SMA CTTCAATGTCCCCGCCATGT GCCCTCATAGATAGGCACGT
Co1-I CTTCAGGGAATGCCTGGTGA ACCACTGGGACCAGCTTCAC
GAPDH CCTGCACCACCAACTGCTTA ATCACGCCACAGCTTTCCAG
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2.9. ELISA

The expression of IL-1beta and IL-18 was detected using the IL-1beta ELISA Kit (ab214025, abcam, Shanghai, China) and IL-18 
ELISA Kit (ab215539, abcam, Shanghai, China), respectively. Each experiment was repeated at least three times.

2.10. Statistical analysis

The utilization of GraphPad Prism software facilitated the execution of statistical analysis, wherein the outcomes were denoted as 
mean ± SD. To compare between different groups, the intergroup comparisons were performed by employing one-way ANOVA. 
Significantly distinct differences were considered when P < 0.05.

3. Result

3.1. Isolation and Identification of MSC-exos

The exosome isolation reagent kit to extract MSC-exos from BMSCs cells. The intact exosome membrane structures, exhibiting the 
characteristic cup-shaped morphology, were observed through transmission electron microscopy (Fig. 1A). Nano-particle tracking 
displayed diameters ranging from 100 to 1000 nm for the obtained MSC-exos (Fig. 1B). Protein imprinting technique confirmed the 
presence of common exosome markers, among them CD63, TSG101, CD9 and Calnexin, in MSC-exos (Fig. 1C). Consequently, these 
findings establish the successful isolation of MSC-exos from stem cells.

3.2. MSC-exos alleviate BLM-induced PF progression

MSCs are a type of multipotent stem cells with biological characteristics such as anti-inflammatory, immunomodulatory, and 
antifibrotic effects [4,5]. In recent years, the therapeutic effects of MSC-exos in lung injury diseases through paracrine pathways have 
attracted attention [17]. To investigate the role of MSC-exos in fibrosis, mice were induced with BLM to induce PF. Compared to the 
control group, PF mice exhibited significantly thickened alveolar walls and inflammatory infiltration. The PF mice treated with 
MSC-exos significantly alleviated the fibrotic symptoms (Fig. 2A). Masson’s staining revealed the formation of significant blue-stained 
fibrous strands and collagen deposition in the lung tissues of fibrotic mice. However, this condition was significantly reversed in the 
lung tissues of fibrotic mice treated with MSC-exos, reducing collagen deposition in the lung tissues (Fig. 2B). Subsequently, RT-qPCR 
was used to measure the mRNA levels of fibrotic biomarkers α-SMA and Co1-I, as shown in Fig. 2C. The expression of α-SMA and Co1-I 

Fig. 1. Isolation and Identification of MSC-exos. A. Transmission electron microscopy observation of exosomes. B. Exosome size analysis. C. 
Protein imprint detection of CD9, CD63, TSG-101 expression.
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Fig. 2. MSC-exos alleviate BLM-induced PF progression. A. HE staining evaluation of mouse lung tissue pathology. B. Masson staining evaluation 
of lung tissue pathology. C. RT-qPCR detection of α-SMA and Co1-I expression in mouse lung tissue. D-E. Immunofluorescence detection of α-SMA 
and Co1-I in mouse lung tissue. F. Quantification of immunofluorescence images of α-SMA and Co1-I. n = 3; *P < 0.05, **P < 0.01vs Control group, 
#P < 0.05, ##P < 0.01 vs BLM group.
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was upregulated in BLM-induced PF mice, but the expression was decreased in PF mice treated with MSC-exos (Fig. 2C). In addition, 
immunofluorescence experiments showed a similar change in the levels of α-SMA and Co1-I mRNA. The expression levels of α-SMA 
(Fig. 2D) F and Co1-I(Fig. 2E and F) were significantly reduced in the lung tissues of PF mice treated with MSC-exos. These results 
indicate that MSC-exos significantly improve the progression of BLM-induced PF in mice.

3.3. MSC-exos inhibit EMT process in BLM-induced mouse PF model

The process of EMT is a crucial factor contributing to fibrosis [18]. EMT plays a role in the pathogenesis of fibrotic diseases, 
including lung fibrosis, kidney fibrosis, and liver fibrosis [19]. In this study, we aimed to investigate the impact of MSC-exos on the 
occurrence of EMT in a mouse model of pulmonary fibrosis induced by BLM. The RT-qPCR analysis revealed an upregulation in the 
mRNA levels of fibronectin, vimentin, N-cadherin, MMP-2, MMP-9, and Snail, along with a downregulation in the mRNA levels of 
E-cadherin in the lung tissues of BLM-induced pulmonary fibrosis mice (Fig. 3A), indicating the presence of EMT during BLM-induced 
pulmonary fibrosis. However, the lung tissues of PF mice treated with MSC-exos exhibited a noticeable reversal in this trend. 

Fig. 3. MSC-exos inhibit EMT process in BLM-induced PF model. A. RT-qPCR detection of MMP2, MMP9, N-cadherin, snail, vimentin, fibro
nectin, and E-cadherin expression in mouse lung tissue. B. Protein imprint detection of MMP2, MMP9, N-cadherin, snail, vimentin, fibronectin, and 
E-cadherin expression in mouse lung tissue.n = 3; **P < 0.01, ***P < 0.001 vs Control group, #P < 0.05, ##P < 0.01 vs BLM group.
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Fig. 4. MSC-exos suppress inflammation in the BLM-induced PF model by regulating the NOD1/NF-κB/NLRP3 pathway. A. RT-qPCR 
detection of NLRP3, NOD1, Caspase1, caspase11, ASC, IL-1beta, IL-18 expression in lung tissue. B. Protein imprint detection of NLRP3, Cas
pase1, caspase11, ASC, IL-1beta, IL-18 expression in lung tissue. C-D. Quantification of protein imprint results using image J. E. Protein imprint 
detection of NOD1, p-p65, and p65 expression in lung tissue. F. Immunofluorescence detection of NOD1, NLRP3 expression in lung tissue. G. ELISA 
analysis of IL-1beta, IL-18 content in serum. n = 3; *P < 0.05, **P < 0.01, ***P < 0.001 vs Control group, #P < 0.05, ##P < 0.01 vs BLM group.
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Fig. 5. MSC-exos inhibit BLM-induced inflammation through the NOD1/NF-κB/NLRP3 pathway in vitro. A. Immunofluorescence tracking of 
A549 cells’ uptake of exosomes. B.Cell viability was measured by CCK8. C. Protein imprint detection of p-p65, p65, Caspase1, caspase11, ASC, IL- 
1beta, IL-18 expression in A549 cells. D. Quantification of protein imprint results using image J. E. RT-qPCR detection of NLRP3, NOD1, Caspase1, 
caspase11, ASC, IL-1beta, IL-18 expression in A549 cells. F. Immunofluorescence detection of NOD1, NLRP3 expression in A549 cells. G. ELISA 
analysis of IL-1beta, IL-18 content in cell supernatant.n = 3; *P < 0.05, **P < 0.01, ***P < 0.001 vs Control group, #P < 0.05, ##P < 0.01 vs 
BLM group.

W. Chen et al.                                                                                                                                                                                                          Heliyon 11 (2025) e41436 

8 



Specifically, the mRNA levels of fibronectin, vimentin, N-cadherin, MMP-2, MMP-9, and Snail decreased, while the mRNA levels of 
E-cadherin increased (Fig. 3A). Western blot analysis further confirmed these findings, as the protein levels of fibronectin, vimentin, 
N-cadherin, MMP-2, MMP-9, and Snail were elevated in the BLM group, whereas E-cadherin protein expression was diminished. 
Conversely, in the MSC-exos group, the expression levels of fibronectin, vimentin, N-cadherin, MMP-2, MMP-9, and Snail decreased, 
while E-cadherin protein expression increased (Fig. 3B). These results provide evidence that MSC-exos effectively inhibit the EMT 
process in a mice model of BLM-induced PF.

Fig. 6. Overexpression of NLRP3 reverses the effects of MSC-exos on BLM-induced EMT and extracellular matrix deposition in vitro. A. 
Protein imprint detection of MMP2, MMP9, N-cadherin, snail, vimentin, fibronectin, and E-cadherin expression. B. Quantification of protein imprint 
results using image J. C. RT-qPCR detection of MMP2, MMP9, N-cadherin, snail, vimentin, fibronectin, and E-cadherin. D. RT-qPCR detection of 
α-SMA and Co1-I expression in A549 cells. E. Immunofluorescence detection of α-SMA and Co1-I expression in A549 cells. n = 3; *P < 0.05, **P <
0.01, ***P < 0.001 vs Control group, $P < 0.05, $$P < 0.01, $$$P < 0.001 vs BLM group, #P < 0.05, ##P < 0.01 vs BLM + MSC-exos group.
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3.4. MSC-exos suppress inflammation in the BLM-induced PF model by regulating the NOD1/NF-κB/NLRP3 pathway

The role of excessive inflammatory response is crucial in the onset of PF [20]. Hence, our study aimed at exploring the impact of 
MSC-exos on lung inflammation in PF mice by modulating NLRP3 inflammasome. RT-qPCR results showed upregulation of NLRP3 
inflammasome activation in BLM-induced PF mice, with an upregulation in the mRNA expression levels of NLRP3, caspase-1, cas
pase-11, ASC, IL-1beta, and IL-18. In contrast, the mRNA expression levels of caspase-11, NLRP3, caspase-1, ASC, IL-1beta, and IL-18 
were decreased in the lung tissues of PF mice treated with MSC-exos (Fig. 4A). Western blotting results showed that the protein levels 
of NLRP3, caspase-1, caspase-11, ASC, IL-1beta, and IL-18 were increased in the BLM group, while the levels were significantly 
decreased in the lung tissues of PF mice treated with MSC-exos, except for caspase-11 (Fig. 4B–D). These results demonstrate that 
MSC-exos suppress inflammation in BLM-induced mouse PF model by inhibiting the activation of the NLRP3 inflammasome. NOD1, 
which belongs to the cytoplasmic NOD-like receptor (NLR) family, has the ability to activate NF-κB and trigger inflammation [21]. It is 
well-known that the activation of the NF-κB signaling pathway plays a crucial role in the activation of the NLRP3 inflammasome [22]. 
Thus, we hypothesized that MSC-exos might hinder the activation of the NLRP3 inflammasome through the NOD1/NF-κB pathway. As 
anticipated, the findings from the protein imprinting experiments demonstrated a significant upregulation of NOD1 expression in 
BLM-induced PF mice, alongside an increased ratio of phosphorylated p65 to total p65 (p-p65/p65). Conversely, the protein levels of 
NOD1 and the p-p65/p65 ratio were reduced in the lung tissues of PF mice that were treated with MSC-exos (Fig. 4E). Immunoflu
orescence also confirmed these results, with significant upregulation of NOD1 and NLRP3 levels in the lung tissues of BLM-induced PF 
mice, while the levels were significantly decreased in the lung tissues of PF mice treated with MSC-exos (Fig. 4F). Additionally, ELISA 
results showed that the levels of IL-1beta and IL-18 in the serum of BLM-induced PF mice were significantly increased, while the levels 
were significantly decreased in the lungs of PF mice treated with MSC-exos (Fig. 4G). Overall, our experimental results demonstrate 
that MSC-exos suppress inflammation in the BLM-induced mouse PF model by regulating the NOD1/NF-κB/NLRP3 pathway.

3.5. MSC-exos inhibit BLM-induced inflammation through the NOD1/NF-κB/NLRP3 pathway in vitro

We conducted further investigations to determine the potential impact of MSC-exos on BLM-induced inflammation via the NOD1/ 
NF-κB/NLRP3 pathway in vitro. The co-culture experiment involving A549 cells and MSC-exos was conducted, and in Fig. 5A revealed 
successful uptake of MSC-exos by A549 cells. To assess the growth rate of A549 cells, the CCK-8 assay was employed to viability. 
Notably, the result in Fig. 5B indicate that MSC-exosomes enhanced cell viability. Following this, RT-qPCR and Western blotting were 
employed to verify the activation NOD1/NF-κB/NLRP3 pathway in the BLM-stimulated cell model, show casing an increase in the 
expression levels of NOD1, p-p65/p65, NLRP3, caspase-1, caspase-11, ASC, IL-1beta, and IL-18 in A549 cells. Remarkably, the 
treatment of MSC-exos to A549 cells demonstrated a reversal of these effects (Fig. 5C–E). Furthermore, immunofluorescence staining 
experiments exhibited heightened NOD1 and NLRP3 levels in BLM-induced A549 cells. In contrast, treatment with MSC-exos 
significantly diminished the expression levels of both NOD1 and NLRP3 (Fig. 5F). Additionally, ELISA results indicated an increase 
in the concentrations of IL-1beta and IL-18 in the supernatant of BLM-treated A549 cells. However, the treatment with MSC-exos led to 
a significant reduction in the levels of IL-1beta and IL-18 within the supernatant (Fig. 5G). Collectively, these findings suggest that 
MSC-exos effectively inhibit BLM-induced inflammation through the NOD1/NF-κB/NLRP3 pathway in vitro.

3.6. Overexpression of NLRP3 reverses the effects of MSC-exos on BLM-induced EMT and extracellular matrix deposition in vitro

To examine the crucial role played by the NLRP3 inflammasome in the antifibrotic effects of MSC-exos, we decided to boost NLRP3 
expression in A549 cells. The outcomes of both Western blotting and RT-qPCR analyses revealed that the overexpression of NLRP3 
(OE-NLRP3) counteracted the inhibitory impact exerted by MSC-exos on EMT. Specifically, we observed an upregulation in the 
expression levels of MMP2, MMP9, N-cadherin, snail, vimentin, and fibronectin, while the expression of E-cadherin was down
regulated within the A549 cells (Fig. 6A–C). Additionally, through RT-qPCR analysis, OE-NLRP3 a significant increase in the 
expression of α-SMA and Co1-I within A549 cells that had been treated with MSC-exos and simultaneously OE-NLRP3 (Fig. 6D). This 
finding was further verified via immunofluorescence staining, which exhibited a pronounced elevation in the expression levels of 
α-SMA and Co1-I within A549 cells that had been treated with MSC-exos and OE-NLRP3 (Fig. 6E). Collectively, these experimental 
findings provide solid evidence that the overexpression of NLRP3 can reverse the influence of MSC-exos on EMT and the deposition of 
extracellular matrix components in vitro.

4. Discussion

PF is an incurable, progressive interstitial lung disease with a bad prognosis and few treatment options [23]. Consequently, there is 
an urgent need to investigate prospective targets and novel treatment strategies for PF in the clinical setting. Recent studies have 
extensively examined the therapeutic potential of MSC-exos in various lung diseases. For instance, exosomes obtained from human 
embryonic stem cells have been found to deter PF by targeting thrombospondin-2 [24]. Similarly, exosomes derived from human 
umbilical cord mesenchymal stem cells have demonstrated alleviating effects on PF in mice by inhibiting EMT [25]. The aim of our 
study was to isolate exosomes from HUCMSCs and investigate the role they play, as well as the molecular mechanisms involved, in PF. 
Our findings highlight that MSC-exos possess inhibitory properties against BLM-induced PF, both in vivo and in vitro. These MSC-exos 
effectively reduce the levels of α-SMA and CoL-I, leading to an improvement in collagen deposition within the fibrotic model induced 
by BLM. Furthermore, we provide evidence demonstrating that MSC-exos alleviate PF by restraining the EMT process through the 
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NOD1/NLRP3 pathway in vivo and in vitro.
Increasing evidence suggests that the EMT process is a key initiator and contributor in PF [26,27]. In the progression of PF, 

epithelial cells lose epithelial adhesion proteins such as E-cadherin, accompanied by the acquisition of mesenchymal cell markers, 
including N-cadherin and α-SMA in mesenchymal cells [28,29]. Our results suggest that EMT contributes to the pathogenesis of PF, 
which is consistent with previous studies [16]. Furthermore, we found that MSC-exos inhibit BLM-induced EMT both in vivo and in 
vitro, reducing the expression levels of EMT markers such as Fibronectin, Vimentin, N-cadherin, MMP-2, MMP-9, and Snail at the 
protein and mRNA levels, and upregulating the expression of E-cadherin, revealing the improvement of PF through the inhibition of 
EMT by MSC-exos.

Imbalanced inflammation also contributes to the development of PF according to previous research [20]. Inflammasomes play a 
crucial role in regulating inflammation and fibrosis in the lungs, with NLRP3 being the most notable inflammasome [30,31]. Although 
the activation of NLRP3 inflammasomes has been confirmed to promote the progression of PF, the underlying mechanisms remain not 
fully understood. Specifically, when the inflammatory sensor recognizes patterns associated with pathogens (PAMPs) or damage 
(DAMPs), it triggers the activation of the NF-κB signaling pathway. Consequently, there is an increase in the expression of components 
related to inflammasomes (e.g., NLRP3, pro-IL-1β, and pro-IL-18) at the transcriptional level. Subsequently, the adapter protein ASC is 
recruited to NLRP3, facilitating its interaction with caspase-1 and leading to caspase-1 activation. The active caspase-1 can then 
facilitate the maturation of pro-inflammatory cytokines IL-1β and IL-18 [32,33]. Additionally, the non-canonical caspase-11 inflam
masome pathway can also promote the maturation and secretion of IL-1β by triggering the activation of the classical NLRP3 
inflammasome [34]. Our study consistently detected upregulation of NLRP3, Caspase1, Caspase11, ASC, IL-1β, and IL-18 in the 
BLM-induced lung fibrotic model. Importantly, we observed that MSC-exos can inhibit the activation of the NLRP3 inflammasome and 
alleviate inflammation in PF by regulating caspase-1 rather than caspase-11, which aligns with previous findings [16].

Nucleotide-binding oligomerization domain-containing protein 1 (NOD1) is a member of the NLR family and is a cytoplasmic 
innate immune receptor that drives innate immune responses and triggers a series of inflammatory signaling events upon sensing 
pathogens or tissue damage [35]. Early studies have shown that NOD1 and NOD2 mediate the activation of the transcriptional reg
ulatory factor nuclear factor kappa B (NF-κB), known to be upstream of NLRP3. Previous studies have reported that NOD1 enhances 
and induces NLRP3 inflammasome activation [36,37]. In this study, we found that BLM-induced PF model promotes NOD1 signaling, 
NF-κB p65 phosphorylation, and subsequently induces NLRP3 inflammasome activation, which is consistent with previous reports 
[37]. Interestingly, we also found that MSC-exos significantly inhibit NOD1 and NF-κB p65 phosphorylation in the BLM-induced PF 
model. Therefore, our experimental results suggest that MSC-exos may inhibit NLRP3 inflammasome activation through the 
NOD1/NF-κB pathway.

In addition, several studies have reported that NLRP3 inflammasome activation accelerates EMT in the progression of PF [38,39]. 
Therefore, we hypothesize that MSC-exos alleviate BLM-induced PF by inhibiting NLRP3 inflammasome activation and subsequently 
suppressing the EMT process. We upregulated the expression of NLRP3 in A549 cells and found that OE-NLRP3 abolished the 
inhibitory effect of MSC-exos on EMT and promoted fibrosis in A549 cells. This experimental result suggests that MSC-exos improve 
BLM-induced PF by inhibiting the EMT process, which depends on the inhibition of NLRP3 inflammasome.Based on our research, it is 
evident for the very first time that MSC-exos possess the capability to impede the activation of NLRP3 inflammasome by acting on the 
NOD1/NF-κB pathway. This action leads to the inhibition of inflammation as well as the EMT process, ultimately resulting in the 
amelioration of PF advancement.

Our study shows the potential of MSC-exos in the treatment of PF, but there are still many challenges in translating these findings 
into clinical application. First, we need to isolate MSC-exos on the scale of GMP and ensure that the quality and biological activity of 
MSC-exos meet the requirements of GMP production. Secondly, we need to conduct strict preclinical and clinical trials to verify the 
safety and effectiveness.

5. Conclusions

Our study conclusively confirms the therapeutic potential of MSC-exos in attenuating the progression of pulmonary fibrosis. 
Furthermore, we have discussed the underlying mechanisms, offering a promising strategy for the clinical treatment of PF.
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