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Abstract 

Background  Acute lung injury (ALI) which is caused by Staphylococcus aureus (SA), is a serious lung disease 
that threatens human health. Although some current treatments are effective in alleviating ALI, they still have a sig-
nificant mortality rate. At present, adipose-derived mesenchymal stem cells (ADSCs)-derived extracellular vesicles 
(EVs) have been investigated for the treatment of various diseases. Here, we examined the role of ADSCs-derived EVs 
in regulating apoptosis and inflammation during ALI.

Results  We showed that ADSCs and ADSCs-derived EVs supplementation could improve lung injury, restore mito-
chondrial function, and inhibit inflammation and apoptosis in ALI mice. Furthermore, miR-320a was present in EVs 
derived from ADSCs, and it can be transferred into lung tissue. In vitro, Casitas B-lineage lymphoma (CBL) expression 
was inhibited by miR-320a mimics. Finally, we found that miR-320a alleviated mitochondrial damage, inflammation, 
and apoptosis via the CBL/AMPK/JNK pathway.

Conclusions  In conclusion, EVs from ADSCs could alleviate ALI via the CBL/AMPK signaling pathway. Therefore, 
the purpose of our study was to investigate the application of ADSC-derived EVs in mitigating ALI by modulating 
metabolic processes.
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Background
SA is a gram-positive bacterium that can cause ALI. 
SA is widespread in the natural environment, including 
human and animal skin, air, and sewage [1]. In addition, 
SA causes a wide range of hospital-acquired and commu-
nity-acquired infections commonly involving skin, bone, 
soft tissue, and lung infections [2]. Although antibiot-
ics are effective in treating SA, methicillin-resistant SA 
and drug-resistant SA are still difficult global healthcare 
problems [3]. SA-induced ALI is a complex and deadly 
disease that seriously threatens human health. Severe 
inflammation is accompanied by excessive production 
of reactive oxygen species (ROS) in ALI [4]. Further-
more, uncontrolled ROS generation causes structural 
cellular damage, particularly to mitochondria [5, 6]. 
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Damaged mitochondria result in epithelial cell apoptosis, 
alveolar damage, inflammatory cell aggregation, pulmo-
nary edema, and increased lung permeability [7]. Cur-
rent treatments for ALI include mechanical ventilation, 
restriction of fluid accumulation, application of antibi-
otics, and stem cell therapy. Although these treatments 
are effective in relieving ALI, recent data indicate that 
ALI still has substantial mortality [8]. However, the latest 
research indicates that mesenchymal stem cells (MSCs) 
therapy shows extremely promising applications in ALI 
[9]. Studies have demonstrated that MSCs have a positive 
function in ALI, and MSCs can not only promote regen-
eration and repair of damaged tissue but also regulate the 
immune process [10, 11].

MSCs have the ability to self-replicate and undergo 
multidirectional differentiation and can be isolated from 
adipose tissue, peripheral blood, bone marrow, and 
umbilical cord [12]. Furthermore, they can be induced to 
differentiate into adipocytes, chondrocytes, osteoblasts, 
and many other types of cells under specific conditions in 
vitro [13]. Thus, they are often considered ideal therapies 
for many medically intractable diseases. Recently, various 
studies have indicated that ADSCs play an important role 
in type 1 diabetes, skin repair, pain symptom relief, and 
immunomodulation [14–17]. In particular, ADSCs can 
enter damaged lung tissue and engraft as epithelial cells, 
endothelial cells, and fibroblasts to repair lung injury 
[18].

It has been demonstrated that EVs from ADSCs culture 
supernatant can reduce inflammation, decrease apopto-
sis, and promote the repair of pulmonary endothelial cells 
[19, 20]. EVs are small vesicles with a double membrane 
structure between 40–100  nm in diameter. The biogen-
esis of EVs involves double invagination of the plasma 
membrane and the formation of intracellular multivesic-
ular bodies containing intraluminal vesicles [21]. It was 
indicated that EVs were released from various types of 
cells and were found in urine, saliva, blood, sperm, amni-
otic fluid, ascites, and breast milk. EVs contain a variety 
of biological components such as proteins, lipids, DNA, 
mRNAs, and non-coding RNAs [21, 22]. Following the 
fusion of EVs with the cell membrane, the contents will 
gain access to the cytoplasm of the target cells, subse-
quently impacting the associated signaling pathways [23, 
24]. At present, miRNAs in EVs are becoming an increas-
ingly popular field of research. miRNAs are a type of 
short non-coding RNAs that are usually between 20–24 
nucleotides in length. Despite not encoding proteins, 
they are involved in the post-transcriptional control of 
gene expression. miRNAs suppress gene expression by 
targeting the 3’-untranslated region (3’-UTR) of specific 
mRNAs [25]. Moreover, miRNAs are involved in cell 

proliferation and differentiation, organismal metabolism, 
and host immunity [26].

It is widely acknowledged that ALI can lead to 
decreased mitochondrial function and energy metabo-
lism in alveolar cells [27, 28]. Adenosine monophos-
phate-activated protein kinase (AMPK) is a crucial 
kinase that regulates energy homeostasis. AMPK is a 
fundamental molecule in biological energy metabolism 
and is responsible for maintaining the balance between 
cellular energy input and output, thus ensuring the cor-
rect functioning of cellular physiological activities. Once 
activated by decreasing energy status, AMPK promotes 
adenosine triphosphate (ATP) production, while shut-
ting down the biosynthetic pathway to conserve ATP 
[29]. AMPK also regulates the expression of specific 
genes involved in energy metabolism to maintain body 
balance [30]. In addition, recent studies have revealed 
that AMPK can specifically regulate mitochondrial mor-
phology, number, and function to maintain homeostasis 
[31]. Activated AMPK can not only affect metabolism by 
regulating mitochondrial homeostasis but also decrease 
the inflammatory response by inhibiting the activation 
of leukocytes, reducing the expression of adhesion mol-
ecules, and weakening the migration and adhesion of 
inflammatory cells [32]. Its position at the crossroads of 
energy metabolism makes AMPK an attractive thera-
peutic target in various diseases. Moreover, it has been 
demonstrated that activation of AMPK reduces lung 
inflammation in different disease models [33–35]. For 
this reason, AMPK is seen as a promising strategy for 
treating inflammatory lung diseases.

In this study, we found the impact of ADSCs EVs on 
SA-induced ALI. ADSCs-derived EVs attenuated lung 
injury through the reduction of mitochondrial damage 
and apoptosis. Subsequently, we discovered that miR-
320a from EVs restored mitochondrial function and 
increased cellular activity by inhibiting CBL expression. 
In addition, CBL was shown to interact with AMPK and 
affect AMPK stability through ubiquitin modification. All 
these data suggest that ADSCs-derived EVs are a poten-
tially effective treatment for ALI.

Results
ADSCs relieve SA‑induced ALI
First, we investigated whether treatment with ADSCs 
relieved ALI in SA-infected mice. Mice were treated with 
ADSCs for 20 h after 4 h of infection (Additional file 1: 
Fig. S1A). A notable infiltration of inflammatory cells 
was found in the hematoxylin and eosin (H&E) stain-
ing after 24  h of infection. However, after intravenous 
injections of ADSCs, the histological lesions of the lungs 
were relieved compared with PBS and were accompa-
nied with a decreased lung injury score (Additional file 1: 
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Fig. S1B-C). TNF-α is a central cytokine in inflamma-
tory reactions. Therefore, we validated the inflammatory 
response in mice by examining TNF-α levels in differ-
ent groups. In infected mice, SA significantly increased 
TNF-α levels in lung tissue, as measured by immunohis-
tochemistry analysis (Additional file 1: Fig. S1D-E, Group 
2). Notably, ADSC treatment markedly attenuated this 
phenomenon (Additional file 1: Fig. S1D-E, Group 4). The 
BALF protein concentration was further detected and we 
found that SA significantly increased the BALF protein 
concentration, while ADSCs decreased the BALF pro-
tein concentration (Additional file  1: Fig. S1F). Moreo-
ver, the BALF and lungs of ADSCs-treated mice infected 
with SA had lower bacterial loads than those of untreated 
mice (Additional file  1: Fig. S1G-H). The expression of 
inflammatory cytokines was also detected. As expected, 
interleukin-1beta (IL-1β), interleukin-6 (IL-6), monocyte 
chemoattractant protein-1 (MCP-1), and tumor necro-
sis factor-alpha (TNF-α) secretion were enhanced by SA 
and hampered by ADSCs. The results also revealed that 
ADSCs reversed SA-induced pulmonary inflammation 
(Additional file  1: Fig. S1I-L). To explore how ADSCs 
relieve ALI, we focused on changes in cellular energy 
metabolism. We analyzed OCR, which are indicative of 
mitochondrial function, through Seahorse XF Analyzers. 
The level of OCR was downregulated in SA-stimulated 
A549 cells, which was alleviated upon treatment with 
ADSCs (Fig. 1A). In addition, the levels of ATP and mito-
chondrial DNA (mtDNA) that were compromised by SA 
stimulation were markedly increased upon the applica-
tion of ADSCs (Fig.  1B-C). Associated with this, Mito 
Tracker Red staining showed that ADSCs reduced the 
percentage of dysfunctional mitochondria (Fig.  1D-E). 
Mitochondrial membrane potential, as assessed by JC-1 
staining, decreased under SA infection and increased fol-
lowing ADSC treatment (Fig. 1F-G). And the ROS level 
was also reduced with ADSC treatment (Fig. 1H-I). Mito-
chondrial fragmentation could result from enhanced fis-
sion or decreased fusion [36]. We thus analyzed whether 
SA infectin would affect total levels of key mitochon-
drial dynamics mediators, i.e., Mfn1, Mfn2, and Drp1. In 
Fig. 1J, the mRNA level of Drp1, a gene associated with 

mitochondrial fission, was increased, while the levels of 
Mfn1 and Mfn2, genes associated with mitochondrial 
fusion, were decreased following SA infection. However, 
ADSC treatment alleviated mitochondrial fragmentation. 
These data collectively indicate that SA infection induces 
abnormal energy metabolism in lung cells, which is alle-
viated by ADSCs. To date, no studies have specifically 
investigated the mechanisms by which ADSCs mitigate 
energy metabolism disturbances caused by SA infec-
tion. Therefore, this study aims to further elucidate these 
underlying mechanisms. To confirm the anti-apoptotic 
effect of ADSCs, we assessed the impact of treatment on 
the apoptotic capabilities of A5439 cells by cell counting 
kit-8 (CCK-8) and Caspase 3 activity assays (Fig.  1K-L). 
Moreover, ADSCs were discovered to significantly reduce 
Caspase 3 and BCL2 associated X (Bax) protein levels 
and enhance the expression of B cell leukemia/lymphoma 
2 (Bcl-2) (Fig.  1M). Our data suggested that ADSCs 
played protective roles in SA-induced ALI.

ADSCs alleviate ALI via EVs
Previous studies have shown that EVs from ADSCs 
have therapeutic effects in a variety of diseases, includ-
ing cancer, polycystic ovary syndrome, tubulointerstitial 
fibrosis, and bone regeneration [37–40]. To determine 
whether EVs from ADSCs play an important role in 
ALI, we pretreated ADSCs with GW4869, an inhibitor 
of EVs secretion (Fig.  2A). We can find that GW4869 
did not affect the activity of ADSCs and secretion of 
other substances (IL-1β, IL-6, TNF-α) (Fig. 2B-C, Group 
2). As expected, GW4869 significantly inhibited EVs 
secretion (Fig.  2D). Interestingly, pretreated GW4869-
ADSCs did not relieve the histological lesions and dam-
age situations in the lung tissues very well (Fig.  2E-F). 
IHC analysis of lung tissue sections from mice using an 
anti-TNF-α antibody revealed stronger brown stain-
ing in the GW4869-pretreated ADSCs group compared 
to the ADSCs group, indicating higher TNF-α expres-
sion in the GW4869-treated mice (Fig.  2G-H). In addi-
tion, GW4869-pretreated-ADSCs group had higher 
BALF protein concentrations than the ADSCs treatment 
group (Fig. 2I). Mice that received the GW4869-ADSCs 

Fig. 1  ADSCs relieve SA-induced ALI in vitro. A Changes in cellular oxidative phosphorylation were detected by extracellular flux analysis. B and C 
ATP production and mtDNA expression in A549 cells. D Mito Tracker Red staining of mitochondria in A549 cells. Scale bar, 20 μm. Mito Tracker Red: 
red, DAPI: blue. E The quantitative analysis of mitochondrial fluorescence intensity. F The mitochondrial potential was observed via JC-1 staining. 
G The red to green fluorescence ratio was recorded to quantify the mitochondrial potential (rate). Scale bar, 20 μm. H ROS levels were assessed. 
I The relative fluorescence intensity ratio shown in (H) was analyzed. Scale bar, 20 μm. J qRT-PCR was performed to determine mRNA levels 
of mitochondrial fragmentation-related genes, including Drp1, Mfn1, and Mfn2. K Cell proliferation was determined by the CCK-8 assay. L Caspase 
3 activity was measured in different groups. M The expression levels of Caspase 3, Bcl-2, and Bax were analyzed by Western blotting. Fluorescence 
images and blots were representative of six independent experiments. All data are presented as the mean ± SEM of n = 6. ***p < 0.001, **p < 0.01, 
*p < 0.05, ns, no significance

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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pretreatment did not show a significant reduction in bac-
terial loads in the lungs and BALF (Fig. 2J-K). Moreover, 
inhibition of EVs release with GW4869 did not dramati-
cally delay the inflammatory response (Fig. 2L-O). Nota-
bly, pretreated GW4869-ADSCs played no therapeutic 
role, suggesting that targeting EVs secretion has thera-
peutic potential for ALI.

EVs released by ADSCs alleviate mitochondrial dysfunction 
and apoptosis
Next, to investigate whether ADSCs-derived EVs had a 
therapeutic effect on ALI, we isolated EVs from ADSCs 
and transmission electron microscopy (TEM) images 
showed that these EVs were usually spherical and had 
the characteristics of EVs (Fig.  3A). In our study, non-
ADSC-derived EVs (293  T cell-derived EVs) were used 
as a negative control. As shown by nanoparticle analysis 
(NTA), the mean diameter of this particle was concen-
trated in the range of 50–100 nm (Fig. 3B). In addition, 
the typical EVs markers CD63 and CD9 were detected 
in the proteins extracted from EVs by Western blotting 
(Fig. 3C). Therefore, we confirmed that the isolated par-
ticles were indeed EVs (ADSC-derived EVs, non-ADSC-
derived EVs). Then the therapeutic effects of EVs were 
demonstrated in vitro. The level of OCR was significantly 
improved after treatment with ADSC-EVs (Fig.  3D, 
Group 2). In addition, the levels of ATP and mtDNA 
were markedly increased upon the application of ADSC-
EVs (Fig.  3E-F, Column 2). Relatedly, MitoTracker Red 
staining showed that mitochondrial damage was reduced 
by ADSC-EVs (Fig.  3G-H). Meanwhile, ADSC-EVs 
increased mitochondrial membrane potential (Fig. 3I-J), 
and decreased ROS release under SA infection (Fig. 3K-
L). The mRNA level of Drp1 was decreased, while the 
levels of Mfn1 and Mfn2 were increased following ADSC-
EVs treatment (Fig. 3M). Notably, we demonstrated that 
ADSCs-EVs also played an important role in alleviat-
ing apoptosis. This evidence can be obtained by CCK-8, 
Caspase 3 activity assays, and Western blotting analysis 
(Fig.  3N-P). Our results indicated that EVs released by 
ADSCs not only reduce lung injury and inflammation 
in vivo but also relieve mitochondrial damage and apop-
tosis in vitro. Interestingly, the inhibitor GW4869, by 

inhibiting the production and release of ADSC-derived 
EVs, significantly impaired the therapeutic efficacy of 
ADSCs in treating lung injury (Fig. 3D-P, Group 5). These 
findings suggest that the therapeutic effects of ADSCs 
are predominantly mediated through their EVs. Moreo-
ver, non-ADSC-EVs (293  T cell-derived EVs) failed to 
demonstrate comparable therapeutic effects (Fig.  3D-P, 
Group 6), further corroborating the unique role of mes-
enchymal stem cells in treatment and their functional 
dependence on specific EV-mediated mechanisms.

ADSCs‑derived EVs relieve ALI via delivery of miR‑320a
Currently, a significant number of miRNAs in EVs have 
demonstrated their importance in numerous diseases. 
In addition, we screened a number of prospective miR-
NAs based on the available literature [41]. To elucidate 
whether ADSCs-derived EVs miRNAs participate in the 
therapeutic process of ALI, we first compared the expres-
sion levels of different miRNAs in ADSCs-derived EVs. 
We noticed that the expression of miR-320a was the 
highest among the ten miRNAs determined in ADSCs-
derived EVs (Fig.  4A). To demonstrate that highly 
expressed miR-320a was encapsulated in EVs. We used 
quantitative real-time PCR (qRT-PCR) to prove that 
RNase A treatment did not change the expression of 
miR-320a, while Triton X-100 combined with RNase A 
treatment substantially decreased the level of miR-320a 
(Fig. 4B). In addition, miR-320a expression was extremely 
elevated in EVs-treated lung tissues (Fig.  4C). To dem-
onstrate the role of miR-320a, miR-320a knockout was 
performed using the CRISPR-Cas9 method based on 
ADSCs, and we isolated EVs from miR-320a KO-ADSCs 
for subsequent experiments. The knockout efficiency of 
miR-320a has been effectively validated (Additional file 1: 
Fig. S2A). TEM and NTA observations revealed that the 
knockout did not affect EV characteristics (Additional 
file 1: Fig. S2B-S2C). Similar results were obtained when 
EV markers were analyzed (Additional file  1: Fig. S2D). 
These findings suggest that miR-320a knockout has 
no impact on the quality of the EVs. Subsequently, an 
EV-based therapeutic model was established by intra-
venously administering EVs (WT-EVs and miR-320a 
KO-EVs) to mice (Fig.  4D). Interestingly, EVs deficient 

(See figure on next page.)
Fig. 2  ADSCs alleviate ALI via EVs. A Timeline diagram of intranasal delivery and intravenous injection of ADSCs or pretreated GW4869-ADSCs. B 
Cell vitality was determined by the CCK-8 assay. C qRT-PCR was performed to measure the mRNA levels of IL-1β, IL-6, and TNF-α. D ADSCs were 
incubated with conditioned medium and conditioned medium with GW4869. Extract and detect EVs. E H&E staining of lung tissues. Scale bar, 
400 μm. F The lung injury scores. G Immunostaining analysis of TNF-α expression in the lung tissues of mice. Scale bar, 100 μm. H Quantitative 
analysis of TNF-α-positive cells in the lung tissues. I The BALF protein concentration was determined by BCA (n = 6). J and K SA bacterial loads 
in the BALF and lungs from mice treated with PBS, ADSCs, and ADSCs plus GW4869. L-O The expression of IL-1β, IL-6, MCP-1, and TNF-α in BALF 
was tested by ELISA. HE, IHC images and blots were representative of six independent experiments. All data are presented as the mean ± SEM 
of n = 6. ***p < 0.001, **p < 0.01, *p < 0.05, ns, no significance
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Fig. 2  (See legend on previous page.)
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in miR-320a appeared to lose the ability to ameliorate 
ALI. The results indicated that miR-320a KO-EVs did not 
relieve the histological lesions and damage in the lung 
tissues very well (Fig. 4E-F). IHC analysis of lung tissue 
revealed higher TNF-α expression in miR-320a KO-EVs-
treated mice (Fig. 4G-H). These results suggest that miR-
320a plays a crucial role in the alleviation of lung injury 
through EVs. As shown in (Fig. 4I), the BALF protein lev-
els in mice treated with miR-320a KO-EVs were signifi-
cantly higher than those in the WT-EVs treatment group. 
Similarly, bacterial loads in the lungs and BALF were 
almost higher in the miR-320a KO-EVs treatment group 
(Fig.  4J-K). Moreover, only miR-320a enriched EVs had 
the ability to reduce the secretion of the inflammatory 
factors IL-1β, IL-6, MCP-1, and TNF-α and delay the 
inflammatory response (Fig. 4L-O). The analysis showed 
that EVs-derived miR-320a from ADSCs played a crucial 
role in mitigating lung injury.

miR‑320a from EVs alleviates mitochondrial dysfunction 
and apoptosis
We used in vitro experiments to further demonstrate the 
role of miR-320a in mitochondrial damage. The level of 
OCR in A549 cells was significantly improved after trans-
fection of the miR-320a mimic (Fig.  5A). Relatedly, the 
levels of ATP and mtDNA were markedly increased upon 
the application of the miR-320a mimic and decreased 
upon the application of the miR-320a inhibitor (Fig. 5B-
C). In addition, mitochondrial damage was reduced by 
the miR-320a mimic, as shown by MitoTracker Red stain-
ing (Fig.  5D-E). miR-320a mimic increased mitochon-
drial membrane potential (Fig.  5F-G), and decreased 
ROS release under SA infection (Fig. 5H-I). The mRNA 
level of Drp1 was decreased, while the levels of Mfn1 
and Mfn2 were increased following miR-320a mimic 
treatment (Fig.  5J). Meanwhile, we found that the miR-
320a mimic also reduced apoptosis, as demonstrated by 
CCK-8 assays, Caspase-3 activity assays, and Western 
blotting analysis (Fig.  5K-M). Collectively, these results 
indicated that miR-320a could alleviate mitochondrial 

damage and restore energy metabolism in SA-infected 
ALI.

CBL is a direct target of miR‑320a
AMPK regulates energy metabolic processes by modu-
lating the morphology, number and function of mito-
chondria to maintain homeostasis [30]. Previous results 
have indicated that ADSCs-derived EVs can enhance 
energy metabolism in ALI (Figs.  2, 3), prompting fur-
ther investigation into the regulation of AMPK in this 
process. We next investigated whether miR-320a targets 
and regulates specific genes during SA infection, thereby 
modulating AMPK activity. To acquire functional anno-
tations and reference sequences, TargetScan.org was 
used to predict the targets of miR-320a. According to 
the prediction results, miR-320a targets six candidate E3 
ligases (TRAF7, NEDD4L, MGRN1, SMURF2, RNF20, 
CBL) (Fig.  6A). In our study, we discovered that when 
CBL was inhibited by siRNA, protein levels of AMPK 
increased significantly (Fig.  6B). Therefore, these results 
reveal that no other E3 ligases are involved in this pro-
cess, and CBL was selected for further study. CBL had a 
specific binding site for miR-320a in its 3’-UTR (Fig. 6C). 
Then we cotransfected miR-320a mimic and luciferase 
reporter constructs containing the WT or Mut-type 
UTR of CBL into HEK-293  T cells for dual-luciferase 
reporter (DLR) analysis. Our results showed that the 
miR-320a mimic dramatically inhibited the activity of the 
WT UTR of CBL, but not the Mut-type UTR (Fig. 6D). 
Moreover, we transfected miR-320a mimics into A549 
cells and detected lower expression of CBL, while inhibi-
tion of miR-320a by the inhibitor significantly enhanced 
the level of CBL (Fig.  6E-F). In addition, both the miR-
320a mimic and EVs significantly decreased the protein 
levels of CBL, as shown by the Western blotting results 
(Fig.  6G-H). Taken together, these data suggested that 
CBL was a direct target of miR-320a.

To evaluate the specificity of miR-320a targeting CBL, 
miR-320a was knocked out for functional validation. In 
our study, we built a co-culture model (Fig. 7A). In brief, 

Fig. 3  EVs released by ADSCs alleviate mitochondrial dysfunction and apoptosis. A EVs from cells (ADSCs, 293 T cells) were extracted and identified 
by TEM. Scale bar, 100 nm. B EVs detection by NTA in FBS-free media. C Positively expressed EV markers CD63 and CD9 were detected by Western 
blotting. D Changes in cellular oxidative phosphorylation were detected by extracellular flux analysis. E The generation of ATP in different groups. 
F Assay of mtDNA expression in A549 cells. G Mito Tracker Red staining of mitochondria in different groups. Scale bar, 20 μm. Mito Tracker Red: 
red, DAPI: blue. H The quantitative analysis of mitochondrial fluorescence intensity. I The mitochondrial potential was observed via JC-1 staining. 
J The red to green fluorescence ratio was recorded to quantify the mitochondrial potential (rate). Scale bar, 20 μm. K ROS levels were assessed. L 
The relative fluorescence intensity ratio shown in (K) was analyzed. Scale bar, 20 μm. M qRT-PCR was performed to determine mRNA levels 
of mitochondrial fragmentation-related genes, including Drp1, Mfn1, and Mfn2. N Cell proliferation was determined by the CCK-8 assay. O Caspase 
3 activity was measured in the control and EVs treated groups. P The expression levels of Caspase 3, Bcl-2, and Bax were analyzed by Western 
blotting. TEM, fluorescence images and blots were representative of six independent experiments. All data are presented as the mean ± SEM of n = 6. 
***p < 0.001, **p < 0.01, *p < 0.05, ns, no significance

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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miR-320a was knocked out in ADSCs, and EVs were 
extracted from the cell culture medium using the previ-
ously described method (Fig. 4D). The miR-320a knock-
out efficiency was verified (Additional file  1: Fig. S2A). 
Subsequently, EVs were co-cultured with A549 cells (WT, 
si-CBL) for 24 h. The knockdown efficiency of CBL was 
validated (Fig.  7B). As shown in Fig.  7C, we found that 
the expression of miR-320a was increased in A549 cells 
following WT-EVs treatment (Column 2). This finding 
indicates that EVs can be delivered into A549 cells. Addi-
tionally, the expression of CBL was decreased by WT-
EVs treatment (Fig. 7D-E, Column 2, Lane 2). There was 
no significant difference in the expression of miR-320a 
in A549 cells following miR-320a KO-EV treatment, and 
similar results were observed for CBL levels (Fig. 7D-E, 
Column 3, Lane 3). The level of OCR in A549 cells was 
significantly improved after treating WT-EVs (Fig.  7F). 
Relatedly, the levels of ATP and mtDNA were markedly 
increased upon the application of WT-EVs (Fig.  7G-
H). In addition, mitochondrial damage was reduced by 
WT-EVs, as shown by MitoTracker Red staining (Fig. 7I-
J). WT-EVs partially restored mitochondrial function, 
including an increase in mitochondrial membrane poten-
tial (Fig.  7K-L) and a decrease in ROS release under 
SA infection (Fig.  7M-N). The expression of Drp1 was 
decreased, while the expression of Mfn1 and Mfn2 was 
increased by WT-EV treatment (Fig.  7O). Notably, we 
demonstrated that WT-EVs also possess the capability 
to reduce apoptosis (Fig. 7P-R). The therapeutic effect of 
EVs was abolished upon miR-320a knockout (Fig. 7F-R, 
Group 3), whereas CBL knockdown resulted in a thera-
peutic effect similar to that of WT-EVs (Fig. 7F-R, Group 
4). These results suggest that miR-320a specifically tar-
gets CBL and exerts its effects by inhibiting CBL.

miR‑320a regulates the ubiquitination of AMPK 
by targeting CBL
Based on previous results, CBL was found to regulate 
AMPK (Fig. 6B). The mechanism underlying this regula-
tion will be further explored. Firstly, AMPK expression 
showed an opposite trend to CBL under the miR-320a 
mimic treatment, and a decline in CBL was accom-
panied by an increase in AMPK expression (Fig.  8A). 

Furthermore, we found that MG132 (a proteasome inhib-
itor) could further enhance the level of AMPK (Fig. 8B). 
Therefore, we speculated that the E3 ligase CBL may 
have affected AMPK stability. The interaction between 
CBL and AMPK was tested by using coimmunopre-
cipitation (Co-IP). We confirmed that endogenous CBL 
interacted with AMPK in A549 cells (Fig.  8C). We also 
found an interaction between CBL and AMPK (Fig. 8D). 
To further explore the mechanism of CBL-mediated 
AMPK degradation, we conducted ubiquitination assays. 
When CBL was inhibited by siRNA, the ubiquitination of 
AMPK was reduced (Fig. 8E). As expected, inhibition of 
CBL by miR-320a mimics decreased the ubiquitination of 
AMPK (Fig. 8F). In Fig. 8G, we also confirmed that CBL 
promoted the formation of AMPK polyubiquitin chains 
(Fig. 8G). In the presence of Lys-48 and Lys-63 mutants, 
polyubiquitination of AMPK is not properly catalyzed by 
CBL (Fig.  8H). These observations suggested that CBL 
catalyzed AMPK to form Lys-48 and Lys-63 linked poly-
ubiquitin chains, leading to the degradation of AMPK. 
Furthermore, the existing literature indicated that AMPK 
activation could inhibit the c-Jun N-terminal kinase 
(JNK) pathway and suppress the inflammatory response 
during hypoxia and reoxygenation [42]. We discovered 
that activated AMPK inhibited the phosphorylation of 
JNK (Fig. 8I). All these findings suggested that miR-320a 
alleviated ALI via the CBL/AMPK/JNK pathway.

Collectively, our results indicate that we discovered a 
novel therapeutic approach for regulating energy metab-
olism with ADSCs-derived EVs to alleviate ALI. miR-
320a targets CBL and results in the activation of AMPK, 
thus leading to the inhibition of mitochondrial damage 
and cell apoptosis (Fig. 9).

Discussion
Reduced mitochondrial function in alveolar cells is 
known to occur in ALI. For example, mitochondrial dys-
function increased pulmonary microvascular hyperper-
meability and disruption of mitochondrial bioenergetics 
induced endothelial barrier permeability [27, 28]. It has 
been demonstrated that enhanced mitochondrial bio-
genesis could rescue damaged type 2 pneumocytes and 
lung function in a mouse model of ALI [7]. Similarly, 

(See figure on next page.)
Fig. 4  ADSCs-derived EVs relieve ALI via delivery of miR-320a. A The expressions of different miRNAs were analyzed by qRT-PCR in ADSCs-derived 
EVs. B qRT-PCR was used to determine EVs-derived miR-320a expression in the control, RNase A, and RNase A plus Triton X-100 groups. C 
miR-320a expression in mice lung tissues was detected by qRT-PCR. D Timeline diagram of intranasal delivery and intravenous injection of WT-EVs 
or miR-320a KO-EVs. E H&E staining of lung tissues. Scale bar, 400 μm. F The lung injury scores. G Immunostaining analysis of TNF-α expression 
in the lung tissues of mice. Scale bar, 100 μm. H Quantitative analysis of TNF-α-positive cells in the lung tissues. I BALF protein concentration 
was determined by BCA (n = 6). J and K SA bacterial loads in BALF and lungs from mice treated with PBS, WT-EVs, and miR-320a KO-EVs. L-O The 
expression of IL-1β, IL-6, MCP-1, and TNF-α in BALF was tested by ELISA. HE, IHC images were representative of six independent experiments. All data 
are presented as the mean ± SEM of n = 6. ***p < 0.001, **p < 0.01, *p < 0.05, ns, no significance
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increased pulmonary ATP availability and turnover could 
also attenuate ALI in a rat model of acute pneumococ-
cal pneumonia [43]. Therefore, alleviation of ALI through 
improvement of mitochondrial dysfunction is gradually 
being recognized as a valuable area of research. Previous 
studies have shown that MSCs have therapeutic effects 
in a variety of lung diseases, including ALI. For instance, 
miRNA-377-3p released from MSCs regulated autophagy 
and ameliorated lipopolysaccharide-induced ALI by tar-
geting regulatory-associated proteins of mechanistic 
target of rapamycin [11]. Bone marrow mesenchymal 
stromal cells derived EVs alleviated sepsis-related ALI by 
inhibiting neutrophil extracellular trap formation [44]. 
miR-451 from MSCs-EVs reduced ALI by targeting the 
MIF-PI3K-AKT signaling pathway to modulate mac-
rophage M2 polarization [45]. Notably, we focused on 
ADSCs-derived EVs to mitigate ALI by regulating mito-
chondrial homeostasis and energy metabolism. Our data 
are consistent with previous studies showing that MSCs 
are beneficial in the treatment of ALI. Interestingly, in 
our study, ADSCs were isolated from male mice for fur-
ther investigation, with experimental methods based on 
established protocols [46]. Previous studies have reported 
that sex differences may influence the proliferation and 
differentiation capacities of ADSCs. For instance, ADSCs 
derived from female adipose tissue typically exhibit 
higher proliferative potential, whereas those from males 
may possess greater differentiation potential [47]. Despite 
these differences, current research suggests that sex 
itself does not significantly affect the therapeutic poten-
tial of ADSCs, particularly in in vitro experiments. This 
is because the therapeutic effects of ADSCs are primar-
ily attributed to the secretion of cytokines and growth 
factors, which are more influenced by the cells’ intrinsic 
states and culture conditions rather than direct effects 
of sex differences [48, 49]. Therefore, although this study 
did not account for sex as a variable, it remains appropri-
ate for evaluating the therapeutic potential of ADSCs.

At present, miR-320 is associated with a wide range 
of disease processes. A recent study showed that EVs-
derived miR-320a from MSCs suppressed hepatocellular 

carcinoma cell proliferation, migration, and metastasis by 
targeting pre-B-cell leukemia homeobox 3 [50]. Another 
study pointed out that miR-320a rescued mitochondrial 
ROS and cell death by regulating autophagy and lysoso-
mal pathways in Parkinson’s disease stress conditions 
[51]. Moreover, it has been reported that miR-320a could 
function as an anti-rheumatoid arthritis miRNA by sup-
pressing CXC chemokine ligand 9 expression [52]. Our 
results showed that miR-320 from ADSCs-derived EVs 
alleviated SA-related ALI both in vivo and in vitro. We 
also observed that miR-320a targeted and inhibited CBL 
to upregulate AMPK-mediated metabolic pathways. 
In addition, we speculate that other miRNAs may also 
play a similar role and act synergistically with miR-320a 
in alleviating ALI. In Fig.  4A, the miRNAs significantly 
upregulated in the EVs include miR-100-5p, let-7i-5p, 
miR-24-3p, miR-199b-3p, and miR-199a-3p. Previous 
studies have demonstrated that certain miRNAs (let-
7i-5p, miR-24-3p) can alleviate mitochondrial damage 
[53, 54], suggesting that these miRNAs may have poten-
tial therapeutic roles in the treatment of ALI. While 
our study focused on miRNA, especially miR-320a, we 
acknowledge that EVs contain a diverse array of bioactive 
molecules, including proteins, lipids, and other RNAs 
[55, 56], which may also contribute to their therapeutic 
effects. A more comprehensive characterization of EV 
contents will be a priority in future research.

In addition, as it is difficult to achieve better engraft-
ment and differentiation efficacy of MSCs, more 
researchers have paid attention to MSCs-derived EVs. 
Surprisingly, MSC-EVs could retain the biological capa-
bilities of MSCs and exhibit lower chances of stimu-
lating tumorigenesis. This leads to a more dependable 
therapy with fewer adverse reactions [20]. Therefore, 
MSC-EVs could represent an innovative cell-free thera-
peutic approach. Currently, clinical trials explore miR-
NAs as therapeutics concentrate on tumors such as lung 
and liver cancers and other diseases. There exists a pau-
city of clinical trials investigating miRNAs for the diag-
nosis or treatment of ALI. However, more than 2000 
miRNA genes have been identified in the human genome 

Fig. 5  miR-320a from EVs alleviates mitochondrial dysfunction and apoptosis. A Changes in cellular oxidative phosphorylation were detected 
by extracellular flux analysis. B and C ATP production and mtDNA expression in A549 cells after transfection with miR-320a inhibitor and miR-320a 
mimics. D Mito Tracker Red staining of mitochondria in A549 cells. Scale bar, 20 μm. Mito Tracker Red: red, DAPI: blue. E The quantitative analysis 
of mitochondrial fluorescence intensity. F The mitochondrial potential was observed via JC-1 staining. G The red to green fluorescence ratio 
was recorded to quantify the mitochondrial potential (rate). Scale bar, 20 μm. H ROS levels were assessed. I The relative fluorescence intensity ratio 
shown in (H) was analyzed. Scale bar, 20 μm. J qRT-PCR was performed to determine mRNA levels of mitochondrial fragmentation-related genes, 
including Drp1, Mfn1, and Mfn2. K CCK-8 assay was used to determine the Cell proliferation. (L) Caspase 3 activity was measured in the control, 
miR-320a mimics, and miR-320a inhibitor groups. (M) The expressions of Caspase 3, Bcl-2, and Bax were analyzed by Western blotting. Fluorescence 
images and blots were representative of six independent experiments. All data are presented as the mean ± SEM of n = 6. ***p < 0.001, **p < 0.01, 
*p < 0.05, ns, no significance

(See figure on next page.)
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Fig. 6  CBL is a direct target of miR-320a. A The candidate E3 ligase targeted by miR-320a. B siRNA was transfected into A549 cells. The expressions 
of AMPK was analysed by Western blotting. C Predicted binding site of miR-320a and CBL 3’-UTR. D Luciferase activities in HEK-293 T cells 
cotransfected with miR-320a mimic and luciferase reporter constructs containing WT or Mut-type UTR of CBL. E A549 cells were transfected 
with control inhibitor, miR-320a inhibitor, NC mimics, and miR-320a mimics, the expression of miR-320a was detected by qRT-PCR. F qRT-PCR 
was used to detect the mRNA levels of CBL after transfection with the control inhibitor, miR-320a inhibitor, NC mimics, and miR-320a mimics. 
G-H A549 cells were treated with miR-320a mimic and EVs, and then cells were collected for Western blotting to show CBL expression. Blots 
were representative of six independent experiments. All data are presented as the mean ± SEM of n = 6. ***p < 0.001, **p < 0.01, *p < 0.05, ns, 
no significance

Fig. 7  The specificity of miR-320a targeting CBL. A A schematic diagram of the cellular model. B si-CBL was transfected into A549 cells. The 
expressions of CBL was analysed by Western blotting. C A549 cells were co-cultured with EVs (WT-EVs, miR-320a KO-EVs), and the expression 
of miR-320a was detected by qRT-PCR. D qRT-PCR was used to detect the mRNA levels of CBL after treatment with EVs (WT-EVs, miR-320a KO-EVs). E 
A549 cells were treated with EVs (WT-EVs, miR-320a KO-EVs), and then cells were collected for Western blotting to show CBL expression. F Changes 
in cellular oxidative phosphorylation were detected by extracellular flux analysis. G and H ATP production and mtDNA expression in A549 cells 
after treatment with EVs (WT-EVs, miR-320a KO-EVs). I Mito Tracker Red staining of mitochondria in A549 cells. Scale bar, 20 μm. Mito Tracker Red: 
red, DAPI: blue. J The quantitative analysis of mitochondrial fluorescence intensity. K The mitochondrial potential was observed via JC-1 staining. 
L The red to green fluorescence ratio was recorded to quantify the mitochondrial potential (rate). Scale bar, 20 μm. M ROS levels were assessed. 
N The relative fluorescence intensity ratio shown in (M) was analyzed. Scale bar, 20 μm. O qRT-PCR was performed to determine mRNA levels 
of Drp1, Mfn1, and Mfn2. P CCK-8 assay was used to determine the Cell proliferation. Q Caspase 3 activity was measured in the control, miR-320a 
mimics, and miR-320a inhibitor groups. R The expressions of Caspase 3, Bcl-2, and Bax were analyzed by Western blotting. Fluorescence images 
and blots were representative of six independent experiments. All data are presented as the mean ± SEM of n = 6. ***p < 0.001, **p < 0.01, *p < 0.05, 
ns, no significance

(See figure on next page.)
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[57]. The increasing availability of human genome data 
inspires optimism that miRNAs can be used as diagnostic 
and treatment targets for ALI.

Conclusions
Our research presents miR-320a in MSCs-derived EVs 
that play a key role in regulating energy metabolism, 
inflammation, and apoptosis in ALI. Evidence from in 
vivo and in vitro experiments supports the benefits of 
ADSCs and ADSCs-derived EVs supplementation in 
improving lung injury, restoring mitochondrial function, 
and inhibiting inflammation and apoptosis. We further 
demonstrated the role of miR-320a in SA-induced ALI. 
The expression level of miR-320a in the lung showed 
a significant increase after the administration of EVs 
derived from ADSCs. This suggests that the EVs trans-
ferred miR-320a to the lung tissue. Furthermore, elevated 
miR-320a was found to inhibit CBL expression, which 
led to decreased ubiquitination of AMPK and increased 
AMPK accumulation. Finally, miR-320a alleviated mito-
chondrial damage, inflammation, and apoptosis via the 
CBL/AMPK/JNK pathway. Overall, our study expounded 
a theoretical basis for applying ADSCs-derived EVs to 
treat ALI.

Methods
ALI mice model
C57BL/6 male mice (body weight 20 ± 2 g) aged 8 weeks 
were purchased from Hunan SJA Laboratory Animal Co., 
Ltd. (Hunan, China) and raised in SPF with free access to 
food and water. The mice were intranasal delivery with 
around (2 × 108 CFU, 30 μL) SA (strain USA300) (or PBS 
as a control) for 4 h, and then the mice were given ADSCs 
(5 × 105) or EVs (10 μg/mL, 100 μL) by intravenous injec-
tion. After 20  h, the mice were euthanized by cervical 
dislocation. And bronchoalveolar lavage fluid (BALF) 
samples and lung tissues were collected for subsequent 
experiments. The total quantity of protein in BALF was 
measured using a bicinchoninic acid (BCA) protein assay 
kit provided by Beyotime Biotechnology. The lung tissues 
were collected for CFU assay or histopathology analysis.

Dislocation of the cervical vertebra
The murine tail is firmly grasped at its proximal segment 
with one hand, followed by positioning the animal on 
the cage grid. Simultaneous caudal traction and dorsal 
immobilization are achieved by securing the tail while 
applying forward pressure along the cervicothoracic axis 
using the middle and ring fingers, ensuring complete 
restraint. Press the mouse head down with the thumb 
and index finger of the other hand. Quickly pull the spi-
nal cord and brain cord apart with force, and the mouse 
will generally die immediately. Postmortem protocols 
require prompt transfer of the specimen to a designated 
−20℃ cryopreservation unit for terminal storage.

Cell culture and treatment
ADSCs isolation and primary culture were performed 
as previously described [58]. Briefly, adipose tissue was 
collected from the inguinal of wildtype C57BL/6 mice 
(6-week-old, male, health). The adipose tissues were 
dispersed into small pieces and digested with 1  mg/mL 
collagenase I (Gibco, Darmstadt, Germany) at 37°C for 
30  min. Then, an equal volume of DMEM/F12 medium 
(Gibco, Thermo Fisher Scientific, USA) containing 15% 
fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific, 
USA) was added to the digested tissues. The cell suspen-
sions were filtered and then centrifuged at 1,000 rpm for 
5  min. Removed the supernatant and ADSCs were cul-
tured with DMEM/F12.

A549 and HEK-293  T cells were obtained from the 
American Type Culture Collection (ATCC, Manassas, 
VA). The medium used in the experiment was com-
posed of Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco, USA), along with 10% FBS. All cells were kept in a 
humidified incubator at 37°C with CO2.

A549 cells were infected with SA at a MOI of 10 for 
12 h.

Plasmid construction and cell transfection
CBL (NM_005188.4) and AMPK (NM_001355035.2) 
coding sequences were inserted into the pCMV-Flag and 
pCMV-Myc vectors, respectively, as indicated. Primers 
consist of the following: 

(See figure on next page.)
Fig. 8  miR-320a regulates the ubiquitination of AMPK by targeting CBL. A A549 cells were treated with the NC mimic and miR-320a mimic, 
and then cells were collected for Western blotting to show the expressions of CBL and AMPK. B A549 cells were treated with NC mimic or miR-320a 
mimic for 24 h, followed by MG132 treatment (20 μM) for 2 h. Expression of AMPK was assessed by Western blotting analysis. C The endogenous 
interaction of CBL and AMPK was tested in A549 cells. D Flag-CBL and Myc-AMPK plasmids were transfected into HEK-293 T cells, and CO-IP 
detected the interaction between CBL and AMPK. E Ubiquitination of AMPK was analyzed in WT and si-CBL A549 cells. F Ubiquitination of AMPK 
was analyzed in A549 cells transfected with NC mimics, and miR-320a mimics. G Flag-CBL, Myc-AMPK, and HA-ub plasmids were transfected alone 
or cotransfected into HEK-293 T cells, and the ubiquitination of AMPK was detected by CO-IP. H HEK-293 T cells were transfected with ubiquitin 
mutants (K48R and K63R), Myc-AMPK, and Flag-CBL. interaction between AMPK and ubiquitin was detected by Co-IP. I AMPK and p-JNK were 
detected by Western blotting. Blots were representative of six independent experiments
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Flag-CBL, F- ATA​TGG​ATC​CTC​CTT​GCA​GCT​
GCT​TAG​ACG​CTG,
R-TTA​ACT​CGA​GGG​TAG​CTA​CAT​GGG​CAGG; 
Myc-AMPK, F-CCG​GAA​TTC TTA​TGC​TGC​AGG​
TGG​ATC​CCA​TGA​AGA, R-CGG​GGT​ACC​TTA​
TTG​TGC​AAG​AAT​TTT​AAT​TAG.

A549 and HEK-293  T cells were transfected with 
mmu-miR-320a mimic (5’-AAA​AGC​UGG​GUU​GAG​
AGG​GCGA-3’), mmu-miR-320a inhibitor (5’-UCG​
CCC​UCU​CAA​CCC​AGC​UUUU-3’), and their cor-
responding negative controls (GenePharma, China) 
by Lipofectermine 3000 (Thermo Fisher Scientific) 
for 48  h. siRNAs that target CBL were acquired 
from GenePharma (NCBI accession number: 
NM001284214.2) (Guangzhou, Guangdong, China). 
The Lipofectamine RNAiMAX reagent (Thermo Fisher 
Scientific) was used to transfect siRNAs according to 
the manufacturer’s instructions. si-CBL for A549 cells: 
5’- UCU​UCU​UCA​CGU​UGC​CGG​CCA-3’.

Generation of CRISPR‑Cas9‑based knockout cells
miR-320a knockout (KO) cells were generated using the 
CRISPR-Cas9 method. sgRNAs (miR-320a KO-sgRNA: 
GGC​AAT​ACC​CAG​ATA​CCT​CA) were incorporated 
into the pSpCas9 (BB)−2A-Puro (PX459) plasmid after 
Bbs I digestion. The recombinant was then transfected 
into ADSCs by using Lipo 3000 Transfection Reagent 
(Invitrogen). After 48 h, puromycin (3 μg/mL) was used 
for the screening of individual colonies.

H&E staining and score
The lung tissue samples were fixed in 4% paraformal-
dehyde, paraffin embedded, and cut into 4 µm sections. 
H&E staining was carried out after deparaffinization 
of the slides. The lung injury score was calculated by 
a standard as follows: 0: no injury, 1: slight injury, 2: 
moderate injury, 3: serious injury, 4: very serious histo-
logical injury.

Fig. 9  miR-320a from ADSCs-derived EVs alleviates ALI. In the EVs-treated ALI mouse model, miR-320a decreased the ubiquitination of AMPK 
by inhibiting CBL expression. The accumulation of AMPK reduced the activation of the JNK pathway and alleviated mitochondrial damage, 
inflammation, and apoptosis
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Immunohistochemistry
The lung tissues were segmented, fixed in 10% PFA, and 
embedded in paraffin. Sections were prepared at a thick-
ness of 5 μm, followed by antigen retrieval. For IHC stain-
ing, the sections were incubated with a primary antibody 
against TNF-α (Beyotime, AF8208, 1:200), then with an 
HRP-conjugated secondary antibody (Beyotime, Jiangsu, 
China). The immunostaining signal was developed using 
3,3-diaminobenzidine (DAB) substrate, and nuclei were 
counterstained with hematoxylin.

ELISA assay
The concentrations of IL-1β, IL-6, MCP-1, and TNF-α 
were analyzed in BALF of mice in each group through an 
ELISA kit (Thermo Fisher Scientific). The optical density 
was assessed by a microplate reader at 450 nm.

EVs extraction and identification
EVs derived from ADSCs cells were isolated by the EVs 
isolation kit (Umibio, Shanghai, China). The EVs were 
observed through a TEM and the markers CD63 and 
CD9 were confirmed through Western blotting analysis.

Luciferase reporter assay
The relative activity of CBL was determined by Dual-
Luciferase reporter assay as previously described [59]. 
In brief, HEK-293  T cells were cotransfected with miR-
320a or NC mimic and luciferase reporter constructs 
containing the WT or Mut-type UTR of CBL. After 24 h 
luciferase activities were measured by Dual-Luciferase 
reporter assay system (Promega).

Cell activity and apoptosis analysis
The CCK-8 Kit assay (Beyotime Biotechnology, China) 
and the Caspase 3 Activity Assay Kit (Biomol Research 
Laboratories, Plymouth Meeting, PA, USA) were used to 
test cell activity and apoptosis.

MitoTracker Red staining
A549 cells were seeded with 1 × 105 cells per well in 
twelve-well plates. According to the manufacturer’s 
instructions, living cells were directly stained with 
MitoTracker Red probes (Beyotime, China). Fluorescence 
microscopy was employed to observe cells and the inten-
sity of fluorescence was quantified by ImageJ.

JC‑1 staining
Mitochondrial membrane potential was assessed using 
the JC-1 assay (Beyotime, C2006) according to the manu-
facturer’s instructions. Cells were washed with PBS and 
incubated with the JC-1 probe for 30 min at 37°C in a 5% 
CO2 environment, protected from light. Unbound dye 
was then removed with PBS, and fluorescence images 

were captured using a fluorescence microscope. Changes 
in mitochondrial membrane potential were quantified 
based on the red-to-green fluorescence ratio. For immu-
nofluorescence analysis, the red and green fluorescence 
signals were converted to average grayscale intensities 
and analyzed using ImageJ software.

ROS production detection
Oxidative stress was measured using H2DCFDA (D399, 
Invitrogen) following the manufacturer’s protocol. 
Briefly, cells were incubated with 10  μM H2DCFDA in 
culture medium at 37°C for 30 min. ROS levels were then 
evaluated by fluorescence microscopy.

ATP measurement
ATP was assayed using an ATP quantification biolumi-
nescent kit (Beyotime Biotechnology, China) according 
to the manufacturer’s instructions.

Extraction of mitochondrial DNA
According to the manufacturer’s instructions, mitochon-
dria were isolated using a Cell Mitochondria Isolation kit 
(Beyotime Biotechnology, China). And then use a Flexi-
Gene DNA extraction kit (Qiagen, Germany) to extract 
the mitochondrial DNA.

Extracellular flux analysis
Oxygen consumption rates (OCR) was measured using 
an XFe96 Extracellular Flux Analyzer (Seahorse Bio-
science, USA). Processed as follows: the ATP synthase 
inhibitor oligomycin (1  μM), the mitochondrial oxida-
tive phosphorylation uncoupling agent FCCP (0.5  μM) 
to uncouple mitochondria, the mitochondrial complex 
I inhibitor rotenone (100  nM), and the mitochondrial 
complex III inhibitor antimycin A (1 μM). The basal OCR 
was determined by subtracting the OCR after exposure 
to rotenone and antimycin A from the OCR before oli-
gomycin treatment. The maximal OCR was determined 
by subtracting the OCR after rotenone and antimycin A 
treatment from the OCR measured after the addition of 
FCCP.

Immunoblot and immunoprecipitation
Lung tissues, cells, and EVs were lysed in RIPA buffer. 
The protein concentration was determined by the BCA 
method. The primary antibodies used were as follows: 
Caspase 3 (NOVUS, NB100-56708, 1:1000), Bcl-2 (Beyo-
time, AF0060, 1:1000), Bax (Beyotime, AF0057, 1:1000), 
CBL (Santa Cruz, sc-1651, 1:1000), AMPK (CST, 83,506, 
1:1000), Flag (Beyotime, AF0036, 1:1000), Myc (Beyo-
time, AF5054, 1:1000), HA (Beyotime, AF5057, 1:1000), 
and p-JNK (Beyotime, AJ516, 1:1000). Lysates were incu-
bated overnight at 4°C with the appropriate antibodies 
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and Protein A/G beads (Thermo Fisher Scientific) for 
Co-IP, followed by immunoblotting.

Quantitative real‑time PCR
RNAs from ADSCs-EVs and lung tissues by qRT-PCR 
experiments were performed using a SuperScript III 
One-Step RT-PCR kit (Thermo Fisher Scientific). The 
data were expressed using the 2−ΔΔCt method. Primers 
are listed in Additional file 2: Table S1.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism 5 software. All data were derived from at least 
six independent experiments and were presented as 
mean ± standard error of the mean (SEM). The difference 
between the control and the experimental groups was 
analyzed using ANOVA and t-test. A p value of ≤ 0.05 
was considered statistically significant.
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IL-1β	� Interleukin-1beta
MCP-1	� Monocyte chemoattractant protein-1
mtDNA	� Mitochondrial DNA
Bax	� BCL2 associated X
TEM	� Transmission electron microscopy
qRT-PCR	� Quantitative real-time PCR
Co-IP	� Coimmunoprecipitation
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