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A B S T R A C T   

Silicosis is one of several potentially fatal occupational pathologies caused by the prolonged inhalation of 
respirable crystalline silica. Previous studies have shown that lung epithelial-mesenchymal transition (EMT) 
plays a significant role in the fibrosis effect of silicosis. Human umbilical cord mesenchymal stem cells-derived 
Extracellular vesicles (hucMSC-EVs) have attracted great interest as a potential therapy of EMT and fibrosis- 
related diseases. However, the potential effects of hucMSC-EVs in inhibiting EMT in silica-induced fibrosis, as 
well as its underlying mechanisms, remain largely unknown. In this study, we used the EMT model in MLE-12 
cells and observed the effects and mechanism of hucMSC-EVs inhibition of EMT. The results revealed that 
hucMSC-EVs can indeed inhibit EMT. MiR-26a-5p was highly enriched in hucMSC-EVs but was down-regulated 
in silicosis mice. We found that miR-26a-5p in hucMSC-EVs was over-expressed after transfecting miR-26a-5p 
expressing lentivirus vectors into hucMSCs. Subsequently, we explored if miR-26a-5p, attained from hucMSC- 
EVs, was involved in inhibiting EMT in silica-induced lung fibrosis. Our findings suggested that hucMSC-EVs 
could deliver miR-26a-5p into MLE-12 cells and cause the inhibition of the Adam17/Notch signalling pathway 
to ameliorate EMT in silica-induced pulmonary fibrosis. These findings might represent a novel insight into 
treating silicosis fibrosis.   

1. Introduction 

Silicosis is classified as an occupational disease, which is caused by 
prolonged inhalation of respirable crystalline silica, which results in 
respiratory dysfunction and generalised lung fibrosis (Fan et al., 2022). 
Despite the long-term efforts by the WHO who have attempted to 
eliminate silicosis, the burden of silicosis remains high (The Lancet 
Respiratory, 2019). So far, although silicosis has a clear etiology, its 
complicated pathogenesis restricts its treatment options. As per pub-
lished research findings, the underlying pathogenesis pertaining to 
silicosis pulmonary fibrosis constitutes of the impairment of alveolar 
epithelial cells, up-regulated activation of macrophage cells, increased 
fibroblast proliferation, and ultimately collagen deposition (Chanda 
et al., 2019). The progression of pulmonary fibrosis diseases is consid-
ered to be highly dependant on the degree of fibroblast proliferation 

(Wang et al., 2021). Previously, studies suggest that Epithelial Mesen-
chymal Transition (EMT) is considered as one source of fibroblasts 
(Duffield et al., 2013). During EMT, epithelial cells lose their epithelial 
proteins including E-cadherin and ZO1, subsequently, the cell converts 
into a mesenchymal phenotype as it gains mesenchymal markers such as 
Vimentin and α-smooth muscle actin (α-SMA) (Sheng et al., 2020). 
Multiple studies have put forward that Transforming growth factor-β1 
(TGF-β1) is a general means to produce experimental silica-stimulated 
EMT and fibrosis (Cheng et al., 2021; Wang et al., 2017). We created 
the EMT model in silica-induced fibrosis by stimulating it with TGF-β1 in 
our previous study and the results showed that the inhibition of EMT 
down-regulated the expression of Col1a1 and α-SMA (Wang et al., 
2021). Therefore, it seems that restraining the activation of EMT can 
affect the progress of pulmonary fibrosis. 

Extracellular vesicles (EVs) including exosomes and microvesicles 
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are involved in a spectrum of biological processes via delivering 
microRNAs (miRNAs), mRNAs, and proteins to target cells, are consid-
ered as important mediators of intercellular communication (Wiklander 
et al., 2015). Multiple studies have reported that the EVs form human 
umbilical cord mesenchymal stem cells (hucMSC-EVs) can carry bio-
logically active molecules such as miRNAs that modulate the expression 
of EMT markers in recipient cells (Abbaszadeh et al., 2020; Li et al., 
2021; Qiu et al., 2022; Yaghoubi et al., 2019). Meanwhile, our previous 
study found that hucMSC-EVs can ameliorate lung fibrosis and deliver 
let-7i-5p to inhibit fibroblast activation in silicosis (Xu et al., 2022). In a 
previous study, we identified miRNAs using high-throughput sequences 
between hucMSC-EVs and MRC-5-EVs (Xu et al., 2020). We revealed 
that the expression of miR-26a-5p was significantly enriched in 
hucMSC-EVs and down-regulated in silicosis mice. Recent research 
shows that miRNAs regulates EMT programs and ameliorates silicosis 
lung fibrosis by targeting key proteins (Qi et al., 2020). However, up to 
now, no study has investigated the mechanism of miR-26a-5p in the 
process of EMT during silicosis. 

We identified that the interactions that occur between miR-26a-5p 
and Adam17 were involved in EMT (Chung et al., 2022; Shi et al., 
2021; Sisto et al., 2021). As a member of the family of 
membrane-tethered disintegrins and metalloproteases, Adam17 is 
known to be a multifunctional proteinase (Calligaris et al., 2021). 
Studies show that Adam17 promotes idiopathic pulmonary fibrosis via 
EMT activation; they suggest that Adam17 plays a critical role in the 
regulation of the EMT and fibrosis (Sisto et al., 2021). Lu et al. identified 
that by inhibiting the expression of Adam17 the EMT process is reversed 
owing to the suppression of the Notch signalling pathway (Lu et al., 
2019). The cleavage of Notch receptors, mediated by Adam17, is an 
important step in the activation of the Notch signalling pathway 
(Christian, 2012). Activation of Notch1 was shown to induce the tran-
scriptional factor Snail expression, involved in TGF-β induced EMT 

(Saad et al., 2010). Here, our study aims to explore the function of 
hucMSC-EVs-delivered-miR-26a-5p in inhibiting EMT and ameliorating 
silicosis lung fibrosis. This process suggests that hucMSC-EVs might be 
used a beneficial therapeutic carrier used in silicosis. 

2. Results 

2.1. HucMSCs-EVs inhibits TGF-β1-induced EMT in MLE-12 cells 

We expanded the growth of hucMSCs within eight days using the 3D 
dynamic culturing method (Fig. 1A). EVs from hucMSCs were isolated, 
characterised, and quantified by the same method we described in our 
previous study (Xu et al., 2020). The results demonstrated that hucMSCs 
are able to produce EVs. In our experiments we were able to isolate 
hucMSC-EVs. 

To obtain insight into the effect of hucMSC-EVs, we initially deter-
mined whether hucMSC-EVs could be endocytosed into MLE-12 cells by 
PKH67 staining. The green fluorescent dye, PKH67-labeled hucMSC- 
EVs, were transferred into the MLE-12 cells (Fig. 1B). The results showed 
that MLE-12 cells exhibited the uptake of hucMSC-EVs. To determine 
whether hucMSC-EVs could inhibit EMT induced by TGF-β1 in MLE-12 
cells. TGF-β1 was used to induce EMT in MLE-12 cells, which were then 
treated with hucMSC-EVs. QPCR and Western blotting results showed 
that compared with the control group, the downregulation of E-cadherin 
and ZO1 were accompanied with the upregulation of Vimentin and 
α-SMA in the TGF-β1 group; however, compared with the TGF-β1 group 
the levels of E-cadherin and ZO1 were increased and the levels of 
Vimentin and α-SMA were reduced in the TGF-β1 + hucMSC-EVs group 
(Fig. 1C-D). Immunofluorescence results showed that hucMSC-EVs 
treatment could increase the level of E-cadherin in MLE-12 cells 
(Fig. 1E). These data suggested that hucMSC-EVs could inhibit EMT 
induced by TGF-β1 in MLE-12 cells. 

Fig. 1. hucMSC-EVs inhibited EMT induced by TGF-β1 in MLE-12 cells. (A) Representative image of hucMSCs on day 2, day 4, day 6 and day 8. Green: live cells. 
Scale bar: 200 µm. (B) Uptake of hucMSC-EVs by MLE-12 cells examined by laser scanning confocal microscope. Green: hucMSC-EVs. Blue: cell nucleus. Scale bar: 
50 µm. (C-D) Detection of E-cadherin, ZO1, Vimentin and α-SMA expression in hucMSC-EVs by qPCR and Western blotting in MLE-12 cells. Cdh1: E-cadherin gene. 
(E) Immunofluorescence staining for E-cadherin in MLE-12 cells, Bule: cell nucleus, Red: E-cadherin, Scale bar: 50 µm. n = 3, * p < 0.05, * * p < 0.01 compared with 
the control group; # p < 0.05, ## p < 0.01 compared with the TGF-β1 group. All data are shown as means ± SD. 
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2.2. MiR-26a-5p derived from hucMSC-EVs was the key molecule related 
to EMT 

To identify the miRNA expression and the mechanism for the ther-
apeutic effects of hucMSC-EVs, miRNAs were screened by miRNAs high- 
throughput sequence (Xu et al., 2022). From our analyses, we identified 
13 miRNAs involved in the intersection of significantly up-regulated 
miRNAs and high abundance miRNAs, from hucMSC-EVs (Abundance 
> 5000 RPM, log2 (Fold_change) > 1.5) (Fig. S1A, Table S1). By refer-
ring to published literature, we noticed that miR-148a-3p, miR-199a-3p, 
miR-26a-5p and miR-381–3p were related to EMT (Huang et al., 2020; Li 
et al., 2019; Liu et al., 2020; Wang et al., 2016). Meanwhile, we observed 
that the expression of miR-26a-5p was down-regulated in the lungs of 
silicosis mice and TGF-β1 stimulated MLE-12 cells (Fig. S1B-C). The 
treatment of hucMSC-EVs significantly increased the expression of 
miR-26a-5p (Fig. S1D). Thus, miR-26a-5p was possibly responsible for 
EMT and silicosis fibrosis, which was then selected as the key molecule. 

2.3. HucMSC-EVs inhibited the TGF-β1-induced EMT by transferring 
miR-26a-5p to MLE-12 cells 

To confirm if the role of miR-26a-5p, derived from hucMSC-EVs, 
contributes to inhibiting TGF-β1-induced EMT, we transfected 
hucMSCs with miR-26a-5p expression and repression lentivirus vectors 
to construct miR-26a-5p-overexpress and miR-26a-5p-inhibit trans-
fected hucMSCs (Fig. 2A-B), respectively. The EVs isolated from miR- 
26a-5p-overexpressed transfected hucMSCs [EVs-miR-26a-5p(+)] 
exhibited high expression of miR-26a-5p, compared with the EVs 

isolated from negative control lentivirus vectors (NC) transfected 
hucMSCs (EVs-NC), and the EVs isolated from miR-26a-5p-inhibitor 
transfected hucMSCs [EVs-miR-26a-5p(-)] revealed a reduced expres-
sion of miR-26a-5p compared with EVs-NC (Fig. 2C-D). We analyzed the 
relative protein expression levels in the MLE-12 cells stimulated by TGF- 
β1, which were treated with hucMSC-EVs, EVs-NC or EVs-miR-26a-5p 
(+), respectively. In contrast to the TGF-β1 group, in the TGF- 
β1 + hucMSC-EVs group, protein levels of E-cadherin and ZO1 were 
seen to increase, while Vimentin and α-SMA decreased. E-cadherin and 
ZO1 levels were up-regulated, compared with the TGF-β1 + EVs-NC 
group; moreover, the levels of Vimentin and α-SMA were down- 
regulated in the TGF-β1 + EVs-miR-26a-5p(+) group (Fig. 2E). There-
fore, our results show that the up-regulation of miR-26a-5p enhances the 
hucMSC-EVs effects of preventing the TGF-β1-induced EMT. However, 
when EVs-NC or EVs-miR-26a-5p(-) were administered to MLE-12 cells 
stimulated with TGF-β1, EVs-miR-26a-5p(-) markedly attenuated the 
increase of E-cadherin and ZO1 whilst limiting the decrease of Vimentin 
and α-SMA in the EVs-NC treatment group (Fig. 2F). The results showed 
that downregulation of miR-26a-5p could blunt the hucMSC-EVs effects 
of inhibiting TGF-β1-induced EMT. These results indicated that hucMSC- 
EVs suppressed TGF-β1-induced EMT by delivering miR-26a-5p to MLE- 
12 cells. 

2.4. MiR-26a-5p inhibited TGF-β1-induced EMT in MLE-12 cells through 
Adam17/Notch signalling pathway 

In order to further explore the underlying mechanism by which TGF- 
β1-induced EMT is regulated by miR-26a-5p, we used online databases 

Fig. 2. HucMSC-EVs suppressed the TGF-β1-induced EMT progression by transferring miR-26a-5p to MLE-12 cells in vitro. (A-B) The levels of miR-26a-5p in hucMSC 
cells transfected with expressing and repressing lentivirus vectors were determined by qPCR. n = 3, * p < 0.05 compared with the hucMSC-NC group. hucMSC-miR- 
26a-5p(+): miR-26a-5p-overexpress transfected hucMSCs; hucMSC-miR-26a-5p(-): miR-26a-5p-inhibit transfected hucMSCs. (C-D) The levels of miR-26a-5p in EVs 
derived from hucMSC cells transfected with expressing and repressing lentivirus vectors were determined by qPCR. n = 3, * p < 0.05 compared with the EVs-NC 
group. (E) Western blotting analysis of E-cadherin, ZO1, Vimentin and α-SMA in MLE-12 cells treated with hucMSC-EVs, EVs-NC or EVs-miR-26a-5p(+). (F) 
Western blotting analysis of E-cadherin, ZO1, Vimentin and α-SMA in MLE-12 cells treated with hucMSC-EVs, EVs-NC or EVs-miR-26a-5p(-). n = 3, * p < 0.05, * * 
p < 0.01 compared with the control group; # p < 0.05, ## p < 0.01 compared with the TGF-β1 group; ^ p < 0.05, ^^ p < 0.01 compared with the TGF-β1 + EV-NC 
group. All data are shown as means ± SD. 
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to predict the potential target of miR-26a-5p that may participate in the 
regulation of EMT. Overlap analysis suggested that Adam17 was the 
potential target of miR-26a-5p. The 3′ UTR seed region sequence 
(UACUUGA) of Adam17 was complementary to miR-26a-5p (Fig. S2A). 
Next, we conducted luciferase reporter assays by using plasmids that 
contain wild-type or mutant Adam17 3′ UTRs with miR-26a-5p binding 
sites. Notably, dual luciferase reporter assays demonstrated reduced 
luciferase activity in the WT-miR-26a-5p group (Fig. 3A). Furthermore, 
the activity of Adam17-MUT luciferase reporter was not affected by the 
miR-26a-5p overexpressed vector. Therefore, we speculated that 
Adam17 was a potential target of miR-26a-5p in TGF-β1-induced EMT. 
To explore the exact effects of miR-26a-5p, we detected the protein 
expression levels of Adam17, Notch1, Hes1 and Snail in MLE-12 cells. 
The results showed that compared with the control group, the protein 
expressions of Adam17, Notch1, Hes1 and Snail were up-regulated in the 
TGF-β1 group; hucMSC-EVs treatment significantly inhibited their ex-
pressions. In contrast to the TGF-β1 + EVs-NC group, these levels were 
down-regulated in the EVs-miR-26a-5p(+) group (Fig. 3B), whereas 
EVs-miR-26a-5p(-) produced an opposite results (Fig. S2B). 

Additionally, we used recombinant lentivirus to knockdown or 
overexpress Adam17 in MLE-12 cells (Fig. 3C, S2C). The results revealed 
that knockdown of the expression of Adam17 could down-regulate the 
expressions of Notch1, Hes1 and Snail, meanwhile promoting the ex-
pressions of E-cadherin and ZO1, as well as inhibiting the expressions of 
Vimentin and α-SMA (Fig. 3D-E). Subsequently, to further observe the 
function of Adam17 in TGF-β1-induced EMT, we transfected MLE-12 
cells with miR-26a-5p mimics and over expressed Adam17 lentivirus. 
Compared with the TGF-β1 + Adam17-NC+miR-26a-5p mimics group, 
the levels of E-cadherin and ZO1 decreased, but the levels of Vimentin, 
α-SMA, Adam17, Notch1, Hes1 and Snail increased in the TGF- 
β1 + Adam17-OE+miR-26a-5p mimics group (Fig. S2D). Our results 

showed that overexpressed Adam17 reduces the miR-26a-5p mimics 
effects of preventing the TGF-β1-induced EMT, as well as blocking the 
Adam17/Notch signalling pathway. The aforementioned results suggest 
that miR-26a-5p derived from hucMSC-EVs inhibit TGF-β1-induced EMT 
by targeting Adam17 and blocking the Notch signalling pathway. 

2.5. Silica-induced damage to respiratory function in silicosis Mice 
alleviated by EVs-miR-26a-5p(+) 

To evaluate the metabolic processes of EVs-miR-26a-5p(+) in a 
silica-induced pulmonary fibrosis mice model, we monitored the 
migration of DiR-labeled EVs-miR-26a-5p(+) in mice. Bioluminescence 
imaging showed that the fluorescence in the lung was observed at 24 h 
and intensity increased gradually, reaching a maximum value at 72 h, 
then intensity gradually weakened, and disappeared at 120 h (Figs. 4A 
and S3A). Therefore, our results point out that EVs-miR-26a-5p(+) can 
indeed reach the lung tissue. The time interval of EVs-miR-26a-5p(+) 
injected was every 96 h, which ensures the continuous presence of EVs- 
miR-26a-5p(+) in vivo. 

To investigate whether miR-26a-5p contributed to the hucMSC-EVs 
mediated therapeutic effect of silicosis fibrosis, we injected EVs-miR- 
26a-5p(+) into silica-induced pulmonary fibrosis mice model (Fig. 4B). 
To investigate the progression of respiratory diseases, we investigated 
the effect of silica and EVs-miR-26a-5p(+) on lung function. The five 
models: the standard model of TLC (total lung capacity), Snap Shot, 
Prime wave, FEV0.1 (the forced expiratory volume in 0.1 s) and the PV 
(pressure-volume) loops model, were all utilised to measure the mice 
lung functions. For the TLC model, Inspiratory capacity (IC), was 
reduced in the silica group, but raised in the EVs-miR-26a-5p(+) treat-
ment group (Fig. 4C). For the Snap Shot model, silica increased respi-
ratory resistance (Rrs) and elastic resistance (Ers), whilst it significantly 

Fig. 3. MiR-26a-5p inhibited TGF-β1-induced EMT in MLE-12 cells through Adam17/Notch signaling pathway. (A) Luciferase activity of Adam17–3′UTR-WT and 
Adam17–3′UTR-MUT in cells in the presence of miR-26a-5p detected by dual-luciferase reporter gene assay. n = 3, * p < 0.05 compared with the WT-NC group. (B) 
Western blotting analysis the expression levels of Adam17, Notch1, Hes1 and Snail in MLE-12 cells treated with EVs-miR-26a-5p(+). n = 3, * p < 0.05, * * p < 0.01 
compared with the control group; # p < 0.05, ## p < 0.01 compared with the TGF-β1 group. ^ p < 0.05, ^^ p < 0.01 compared with the TGF-β1 + EVs-NC group. (C) 
Knockdown recombinant lentivirus were transfected into MLE-12 cells. n = 3, * p < 0.05 compared with the NC group. KD: knockdown. (D-E) Western blotting 
analysis the expression levels of Adam17, Notch1, Hes1, Snail, E-cadherin, ZO1, Vimentin and α-SMA in MLE-12 cells. n = 3, * p < 0.05, * * p < 0.01 compared with 
the control group; # p < 0.05, ## p < 0.01 compared with the TGF-β1 + NC group. 
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Fig. 4. EVs-miR-26a-5p(+) improved the respiratory function damaged by silica in mice. (A)The fluorescent signals were captured at different time points after 
injected with DiR-labeled EVs-miR-26a-5p(+) in images. (B) A schematic diagram illustrating the experimental design. (C) TLC model including inspiratory capacity. 
(D) The Snap Shot model including respiratory resistance, elastic resistance and static compliance. (E) The Prime wave model including airway resistance, tissue 
damping and tissue elastance. (F) The FEV0.1 model including forced expiratory flow in the first 0.1 s (G) The PV loops model including static compliance, form of 
deflating PV-loop and PV-loop baseline. n = 6, ** p < 0.01 compared with the control group; ## p < 0.01 compared with the silica group. All data are shown as 
means ± SD. 

Fig. 5. EVs-miR-26a-5p(+) ameliorated silica-induced pulmonary fibrosis in mice. (A) The level of miR-26a-5p in lungs of mice determined by quantitative PCR. (B- 
C) H&E and Masson staining in the lungs of the mice in each group at 30 days (light micrograph magnifications of 200 × and 400 ×). (D) The content of HYP was 
increased in the silica group but decreased in the silica+EVs-miR-26a-5p(+). (E) Immunohistochemical staining was performed, and the levels of Collagen I and 
Fibronectin were determined in mice, light micrograph magnifications of 400 × , Scale bar: 20 µm. n = 6, * p < 0.05, ** p < 0.01 compared with the control group; # 
p < 0.05, ## p < 0.01 compared with the silica group. All data are shown as means ± SD. 
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reduced the respiratory system static compliance (Crs); but EVs-miR- 
26a-5p(+) treatment weakened the above changes induced by silica 
(Fig. 4D). For the Prime wave model, compared with the control group, 
Central airway resistance (Rn), tissue damping (G) and tissue elastance 
(H) were increased in the silica group. In contrast, in the silica+EVs- 
miR-26a-5p(+) group these effects declined (Fig. 4E). Silica reduced the 
FEV0.1, and EVs-miR-26a-5p(+) treatment increased this value 
(Fig. 4F). For the PV loops model, static compliance (Cst) was decreased 
by silica, mean whilst the form of deflating PV-loop (K) was increased. 
Notably, EVs-miR-26a-5p(+) treatment restored these changes. More-
over, we observed a downward trend of the PV-loop baseline of mice in 
the silica group, which is indicative of existing lung fibrosis. The sili-
ca+EVs-miR-26a-5p(+) mice displayed an upward shift, compared to 
the silica mice (Fig. 4G). Taken together, these results confirmed that 
EVs-miR-26a-5p(+) could attenuate silica-induced respiratory function 
damage in silicosis mice. 

2.6. EVs-miR-26a-5p(+) ameliorated lung fibrosis in mice after silica 
exposure 

To confirm whether EVs-miR-26a-5p(+) had a therapeutic effect of 
silicosis fibrosis in mice. The mice were sacrificed on the 30th day after 
silica instillation. By using qPCR analysis, we investigated that silica 
decreased the expression of miR-26a-5p, while EVs-miR-26a-5p(+) 
upregulated the expression of miR-26a-5p in the lungs of mice (Fig. 5A). 
The H&E and Masson staining results revealed that the silica group, in 
contrast to the control group, had a marked increase in the extent of 
interstitial lung fibrosis, the number of cell nodules, as well as the degree 
of collagen deposition. Mean-whilst, in the EVs-miR-26a-5p(+) group, 
we observed a reduction in the number of cell nodules and the total area 
of the blue fibers (Fig. 5B-C). Following silica treatment, the hydroxy-
proline concents in the lung was increased, however, EVs-miR-26a-5p 

(+) treatment blunted this effect (Fig. 5D). In addition, silica exposure 
significantly up-regulated the expressions of Collagen I and Fibronectin, 
meanwhile, after treatment with EVs-miR-26a-5p(+), the expressions of 
Collagen I and Fibronectin were significantly reduced (Fig. 5E). The 
results showed that EVs-miR-26a-5p(+) have potential effects to alle-
viate lung fibrosis in mice after silica exposure. 

2.7. EVs-miR-26a-5p(+) blocks the Adam17/Notch signalling pathway 
to ameliorate EMT in silica-induced pulmonary fibrosis 

After confirming the therapeutic effect of EVs-miR-26a-5p(+) in 
silica-induced pulmonary fibrosis in vivo, we further explored its un-
derlying mechanism of action. We observed that on day 30, Silica in-
duces a clear EMT, and EVs-miR-26a-5p(+) treatment ameliorated 
silica-induced EMT by restoring E-cadherin and by inhibiting the 
expression of α-SMA (Fig. 6A). Immunofluorescence observed that the 
expression of E-cadherin decreased and Vimentin increased in the lungs 
of the mice after silica instillation, whereas EVs-miR-26a-5p(+) treat-
ment ameliorated these changes (Fig. 6B). The result of immunohisto-
chemical staining showed that the level of Adam17 was increased in the 
silica group, which was decreased after EVs-miR-26a-5p(+) treatment 
(Fig. 6C). We further studied the effects of EVs-miR-26a-5p(+) on the 
Adam17/Notch signalling pathway. Western blotting results demon-
strated that the expressions of Adam17, Notch1 and Hes1 were signifi-
cantly higher owing to silica instillation, whereas EVs-miR-26a-5p(+) 
treatment inhibited these changes (Fig. 6D). These findings suggest that 
EVs-miR-26a-5p(+) ameliorate EMT in silica-induced pulmonary 
fibrosis by blocking the Adam17/Notch signalling pathway. 

3. Discussion 

Despite much research has been conducted in the underlying 

Fig. 6. EVs-miR-26a-5p(+) inhibited EMT in silica-induced pulmonary fibrosis mice. (A) Western blotting analysis the expression levels of E-cadherin and α-SMA in 
lung tissue. (B) Immunofluorescence staining in lung tissue, Scale bar: 25 µm. Bule: cell nucleus, Red: E-cadherin, Green: Vimentin. (C) Immunohistochemical 
staining was performed, and the level of Adam17 was determined in mice (light micrograph magnifications of 400 ×), Scale bar: 20 µm. (D) Western blotting analysis 
the expression levels of Adam17, Notch1, Hes1 and Snail in lung tissue. n = 6, *p < 0.05, **p < 0.01 compared with the control group; # p < 0.05, ## p < 0.01 
compared with the silica group. All data are shown as means ± SD. 
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mechanism of silicosis, producing effective treatment to tackle silica- 
induced fibrotic diseases remains challenging. In the present study, we 
investigated that miR-26a-5p from hucMSC-EVs was associated with 
inhibiting EMT in silica-induced lung fibrosis. 

Silicosis results from the inhalation of crystalline silica dust, conse-
quently resulting in lung tissue inflammation and ultimately leading to 
fibrosis. Recently, mesenchymal stem cells (MSC) transplantation has 
received attention after demonstrating its potential use to treat silicosis 
(Chen et al., 2018). We have pointed out, in previous studies, that bone 
marrow mesenchymal stem cells (BMSC) attenuate silicosis fibrosis and 
protect damaged epithelial cells, and also suggested that the possible 
therapeutic mechanisms of BMSC relate to paracrine effects (Li et al., 
2017). However, recent research shows that after tail vein intravenous 
of MSC transfusion in mice, only a small subset of MSC may redistribute 
to sites of injury and the bulk of MSC were trapped in the lung micro-
vasculature (Sensebé and Fleury-Cappellesso, 2013). And another study 
describes the generation of antibodies against and immune rejection of 
allogeneic donor MSC and suggests that allo-rejection and trans-
plantation shock would be the potential risks in MSC therapy (Ankrum 
et al., 2014). To minimise patient risk and overcome the disadvantage of 
MSC, MSC secreted extracellular vesicles (MSC-EVs), interacting with 
target cells and delivering their contents, are important for MSC to 
impart their ultimate therapeutic effect through the paracrine mecha-
nism (Wiklander et al., 2019). 

Extracellular vesicles (EVs) are cell secreted membrane structures, 
which have a diameter of 40–150 nm (Cocozza et al., 2020). In our 
study, the size of EVs, derived from hucMSC-EVs particles, displayed an 
average diameter of 128.2 nm as assessed with NTA; it suggests that EVs 
extracted from the cell supernatant mostly comprised of exosomes. 
Recent studies indicate that MSC-EVs could be an alternative agent to 
MSC therapy in regenerative medicine (Wiklander et al., 2019). Some 
preclinical studies have confirmed that MSC-EVs act as a novel therapy 
to treat fibrotic diseases (Huang and Yang, 2021; Zhang et al., 2020). 
Overall, cell-free therapy using MSC-EVs is an active and emerging field 
in regenerative medicine. 

Our previous findings sustained that EMT was linked to the initiation 
and progression of silicosis fibrosis (Wang et al., 2021). Among the 
extracellular cytokines that activated EMT, TGF-β1, which was the pri-
mary factor driving fibrosis, could induce alveolar epithelial cells to 
undergo EMT in vivo and in vitro (Kasai et al., 2005; Kim et al., 2006). In 
this study, we stimulated MLE-12 cells with TGF-β1, which resulted in 
the decreased expression of E-cadherin and ZO1, and increased 
expression of Vimentin and α-SMA. After the cells were treated with 
hucMSC-EVs, the data suggested that hucMSC-EVs inhibit EMT induced 
by TGF-β1 in MLE-12 cells. 

A recent study has reported that MSC-EVs could carry biologically 
active molecules including miRNAs that modulate the expression of 
EMT markers by targeting the key proteins in recipient cells (Li et al., 
2022). Similarly, we noted that miR-26a-5p was markedly up-regulated 
and had a high abundance in hucMSC-EVs by a high-throughput 
sequence. Mean whilst miR-26a-5p was down-regulated in silicosis 
mice and in TGF-β1-induced EMT in MLE-12 cells. It is however worth 
mentioning that the level of miR-26a-5p increased after treatment with 
hucMSC-EVs. Thus, MiR-26a-5p derived from hucMSC-EVs was selected 
as the key molecule. MiR-26a is a member of the miR-26 family (Zhang 
et al., 2012). Previous research reported that miR-26a-5p played an 
important role in the regulating fibrosis-related diseases (Liang et al., 
2016). In further studies miR-26a-5p was proven to have a strong as-
sociation with EMT. Ma et al. discovered that Vimentin expression is 
up-regulated and E-cadherin are down-regulated when there is low 
expression of miR-26a (Ma et al., 2016). In a study conducted by Liang 
et al. forced expression of miR-26a was seen to alleviate TGF-β1-induced 
EMT (Liang et al., 2014). However, the role of miR-26a-5p from 
hucMSC-EVs in silica induced EMT and lung fibrosis remains largely 
unknown. In the present study, we used miR-26a-5p expression and 
repression lentivirus vectors to transfected hucMSCs respectively, then 

isolated the EVs-miR-26a-5p(+) and EVs-miR-26a-5p(-). EVs--
miR-26a-5p(+) enhanced the effect of inhibiting EMT, however, 
EVs-miR-26a-5p(-) reversed the treatment effect by EVs-NC in MLE-12 
cells. In a word, our study showed that after transfection and 
increased expression of miR-26a-5p, EVs-miR-26a-5p(+) were able to 
suppress TGF-β1-induced EMT by delivering miR-26a-5p to MLE-12 
cells. 

Adam17 plays an important role in various biological processes 
including cell signalling, adhesion and cellular migration (Calligaris 
et al., 2021). Ge et al. clarified that Adam17 was highly expressed in IPF 
patients and interstitial lung diseases patients (Ge et al., 2020). Further 
researches have shown that Adam17 could promote pulmonary fibrosis 
via EMT activation and inhibiting the expression of Adam17 could 
reverse EMT (Sisto et al., 2021). Lu et al. found that inhibiting the 
expression of Adam17 could reverse the EMT process through sup-
pressing the Notch signalling pathway (Lu et al., 2019). In this study, we 
used recombinant lentivirus to knockdown or over-express Adam17 in 
MLE-12 cells. The results showed that knockdown of the expression of 
Adam17 could inhibit TGF-β1-induced EMT and suppress the activation 
of the Notch signalling pathway. Meanwhile, over-expression of 
Adam17 could reduce the miR-26a-5p mimics effects of preventing the 
TGF-β1-induced EMT and blocking the Notch signalling pathway. In the 
present study, we demonstrated that miR-26a-5p from hucMSC-EVs 
could inhibit TGF-β1-induced EMT by targeting Adam17. In the next 
step, we will use a human lung epithelial cell line to assess the signalling 
pathway in silicosis. This is also the limitation of this manuscript. 

Consistent with these findings, in silicosis mice models, we observed 
that EMT and pulmonary fibrosis could be reduced after multiple tail 
intravenous injections of EVs-miR-26a-5p(+). To establish the experi-
mental silicosis model, C57BL/6 J mice were exposed with intratracheal 
instillation of silica suspension, consistent with previous research (Sun 
et al., 2019; Xu et al., 2020). Recent studies showed that both intra-
tracheal and intravenous routes could transfer EVs to treat pulmonary 
diseases but the intravenous route was the most widely used strategy in 
vivo (Yang et al., 2022). Because of its simplicity and repeatability, the 
intravenous route was the preferred method of administration of EVs for 
our study. Based on the assessment of bioluminescence imaging signals 
showed that the fluorescence intensity had been reduced on the 96 h 
after injection, and the signal disappeared on the 120 h. Therefore, we 
injected EVs-miR-26a-5p(+) every 96 h to ensure the presence of 
EVs-miR-26a-5p(+) in vivo. 

We further evaluated the effect of silica and EVs-miR-26a-5p(+) on 
lung function in mice. For the purpose of clinical diagnosis and use in 
mouse models of lung fibrosis diseases, lung function tests have already 
been adopted (Nikitopoulou et al., 2019). In the present study, silica 
exposure increased Rrs, Ers and Rn, but decreased IC, Crs, FEV0.1 and 
Cst in mice. However, total lung capacity was almost unchanged in mice. 
Consistent with a previous study, Cao et al. tested lung function of mice, 
the results showed that Rrs and Ers increased, but IC decreased in mice 
after silica intratracheal instillation (Cao et al., 2022). At the same time, 
EVs-miR-26a-5p(+) could alleviate Rrs and Rn, indicating the possible 
therapeutic effect that EVs-miR-26a-5p(+) could have on both tissues 
and airways. EVs-miR-26a-5p(+) up-regulate IC, Crs, FEV0.1 and Cst, 
which indicate that EVs-miR-26a-5p(+) help to re-establish the 
compliance and elasticity of the lung parenchyma. EVs-miR-26a-5p(+) 
create an upward shift to the baseline of the PV loop, which suggests an 
upswing of the elastic recoil. These results showed that EVs-miR-26a-5p 
(+) could attenuate silica induced damage to respiratory function in 
mice. 

Additionally, the present study indicated that EVs-miR-26a-5p(+) 
decreased lung fibrosis significantly. EVs-miR-26a-5p(+) treatment 
blocked EMT in silica-induced fibrosis by restoring E-cadherin and 
inhibiting Vimentin, α-SMA, Collagen I and Fibronectin. We discovered 
that silica significantly increased the expression of Adam17, Notch1 and 
Hes1 in mice, and that EVs-miR-26a-5p(+) treatment inhibited these 
changes. In a word, our study suggested that EVs-miR-26a-5p(+) might 
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ameliorated EMT in silica-induced lung fibrosis by blocking the 
Adam17/Notch signalling pathway. 

In conclusion, our study discovered that up-regulation of miR-26a-5p 
in hucMSC-EVs could deliver miR-26a-5p into MLE-12 cells and result in 
blocking the Adam17/Notch signalling pathway to ameliorate EMT in 
silica-induced pulmonary fibrosis. Ultimately, these findings have a 
potential value for the development of a new therapeutic strategy in 
silica-induced pulmonary fibrosis. 

4. Material and methods 

4.1. Cell culture and treatment 

Mouse type II alveolar epithelial cells (MLE-12) were maintained in 
DMEM containing 10% fetal bovine serum (Gibco, USA) under 5% CO2 
at 37 ℃. MLE-12 cells were stimulated by 5 ng/mL recombinant human 
TGF-β1 (Peprotech, NJ, USA) for 24 h, then treated with 50 µg/mL 
hucMSC-EVs for 24 h. 

Additional details of hucMSCs culture have been previously 
described (Xu et al., 2020). 

4.2. Isolation and analysis of EVs 

The culture medium was collected and centrifuged at 2000g and 4 ℃ 
for 10 min, followed by centrifugation at 10000g and 4 ℃ for 30 min 
again. At which point we collected the supernatant and filtered it 
through a 0.22 µm filter membrane (Millipore, Billerica, USA). The 
resulting supernatants were concentrated using a 100 kDa centrifugal 
filter devices (Millipore, Billerica, USA) at 4000g for 20 min and 
centrifuged at 100000g and 4 ℃ for 70 min 

The isolated EVs were observed by transmission electron microscope 
(TEM, Hitachi, Japan) and assessed with Western blotting. Additionally, 
the size of EVs were measured by nanoparticle tracking analysis (NTA, 
ZetaVIEW, PARTICLE METRIX). 

4.3. In vitro tracking 

HucMSC-EVs were labeled with PKH67 lipophilic membrane green 
fluorescent dye (Umibio, Shanghai, China) by the manufacturer’s in-
structions. Details of the methods are provided in the supplementary 
material. 

4.4. Antibodies and reagents 

Antibodies used were CD81 (ab33697, Abcam, USA), TSG101 
(ab125011, Abcam, USA), CD63 (25682–1-AP, proteintech, USA), Cal-
nexin (ab92573, Abcam, USA), E-cadherin (ab76055, Abcam, USA), 
ZO1 (21773–1-AP, proteintech, USA), Vimentin (ab92547, Abcam, 
USA), α-SMA (ab7817, Abcam, USA), Adam17 (YC0076, immunoway, 
USA), Notch1 (ab52627, Abcam, USA), Hes1 (11988, Cell Signaling 
Technology, USA), Snail (AP2054a, Abcepta, USA), and GAPDH (2118, 
Cell Signaling Technology, USA). 

4.5. Quantitative PCR (qPCR) 

The total RNA from hucMSC-EVs, cultured cells and lung tissue of 
mice was isolated by Trizol reagent (Thermo Fisher Scientific, USA) 
under the manufacturer’s instruction. Details of the methods are pro-
vided in the supplementary material. 

4.6. MiRNA Transfection 

After been stimulated by TGF-β1 for 24 h, MLE-12 cells were trans-
fected with 50 nM of either miR-26a-5p mimics or NC mimics (Sangong 
Biotech, China) using Lipofectamine RNAiMAX Reagent (Invtrogen, 
USA) according to the manufacturer’s instruction. The miR-26a-5p 

mimics sense was 5′-UUCAAGUAAUCCAGGAUAGGCU-3′ and the anti- 
sense was 5′-CCUAUCCUGGAUUACUUGAAUU-3′. 

4.7. Establishment of cell lines 

Lentivirus vectors expressing miR-26a-5p, repressing miR-26a-5p, 
knockdown and overexpression lentiviruses for Adam17, were all pur-
chased from Genechem Corporation (Shanghai, China). Transfection in 
MLE-12 cells was performed according to the manufacturer’s 
instructions. 

4.8. Animal model and experimental design 

60 male C57BL/6 J mice, which were purchased from Vital River 
Laboratory Animal Technology (Beijing, China,weight rang 20–22 g), 
were randomly subdivided into four groups: control group; EVs-miR- 
26a-5p(+) group; silica group; and silica+EVs-miR-26a-5p(+) group. 
Details of the methods are provided in supplementary material. The 
mice were euthanised on day 30 (protocol summarised in Fig. 4B). The 
Capital Medical University of Laboratory Animal Care and Use Com-
mittee approved this study (AEEI-2018–223). All efforts were made to 
minimise the suffering of the animals. 

4.9. In vivo tracking 

Mice were injected with EVs-miR-26a-5p(+) labeled with fluorescent 
DiR. We used the IVIS Spectrum imaging system (PerkinElmer, USA) to 
capture the fluorescent signal at 12 h, 24 h, 48 h, 72 h, 96 h, and 120 h 
in mice. Details of all methods are provided in the supplementary 
material. 

4.10. Lung function measurements 

Respiratory function measurements of mice were collected using the 
flexiVent FX system (SCIREQ, Montreal, Canada). Additional details of 
lung function measurement have been previously described (Xu et al., 
2020). 

4.11. Statistical analysis 

All statistical analyses were performed using the SPSS software, 
version 20.0 (SPSS, Chicago, USA). The independent samples T test was 
applied to compare the two group, and one-way analysis of variance 
(ANOVA) was applied to compare the mean valuse among multiple 
group. Data were presented as the mean ± SD. P < 0.05 was considered 
statistically significant. 
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