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Abstract 

Rationale: Currently, irradiation-injured salivary glands (IR-SG) lack effective clinical treatment options. 
Emerging treatments using exosomes (Exo) have shown promising outcomes for various diseases. 
However, the efficacy of exosome in treating IR-SG remains unexplored. This study aimed to use 
exosomes to restore IR-SG function and to explore their underlying mechanisms. 
Methods: Exosomes isolated from human adipose-derived stem cell (ADSC-Exo) were injected into 
C57BL/6 mice that had their salivary glands injured with 14Gy. RNA sequencing profiled differentially 
expressed miRNAs and mRNAs of IR-SG. Epithelial-mesenchymal transition (EMT) mechanisms were 
further examined using SMG-C6 cells. 
Results: Exo-treated mice had a 96% increase in saliva secretion, higher cell proliferation, upregulated 
tissue repair/regeneration genes, and preserved functional cells with fewer collagen fibers compared to 
saline-treated mice. Exo treatment increased the expression of epithelial cell markers while decreasing 
mesenchymal cell markers. Notably, miR-199a-3p was significantly upregulated in Exo-treated mice, 
promoting cell growth and reducing EMT. Twist1, an EMT transcription factor, was identified as a direct 
target of miR-199a-3p and confirmed by luciferase assays. Twist1 overexpression promoted EMT, but 
Exo treatment or Twist1 knockdown reduced EMT marker expression and inactivated the TGFβ1/Smad3 
pathway.  
Conclusions: ADSC-Exo is a promising therapy for IR-SG, primarily by mitigating EMT through 
miR-199a-3p targeting Twist1 and regulating the TGFβ1/Smad3 pathway. 
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Introduction 
Radiotherapy (RT) is commonly used to treat 

head and neck cancer, effectively targeting tumors but 
also affecting nearby normal oral tissues, which can 
lead to salivary gland (SG) hypofunction. Current 

clinical treatments for RT-induced SG hypofunction 
remain palliative and preventive. Chronic 
hyposalivation is due, in part, to the SG's inability to 
regenerate functional cells and the development of 
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fibrosis [1, 2]. Significant fibrotic damage has been 
observed in SGs following irradiation (IR) in mice, 
minipigs, and humans [1-5]. Epithelial-to- 
mesenchymal transition (EMT) is a process where 
epithelial cells, such as acinar cells, lose their 
epithelial characteristics and acquire mesenchymal 
phenotypes and behavior. EMT is divided into three 
subtypes based on biological context [6]. Type 1 
occurs during embryonic development, while Type 3 
is involved in cancer progression when genetic 
changes, such as in oncogenes and tumor suppressor 
genes, drive tumor growth and metastasis. Type 2 
EMT, distinct from the other two, happens during 
wound healing and tissue repair but can lead to 
fibrosis and contribute to the hypofunction of 
irradiated SG [2, 6]. Initially, Type 2 EMT aids in 
repairing IR-injured SG (IR-SG) by generating 
fibroblasts and other related cells, but excessive repair 
can cause fibrosis and SG dysfunction. Transforming 
growth factor β1 (TGFβ1) plays a crucial role in 
inducing EMT in various epithelial cell types in 
salivary glands [7, 8] and is considered a primary 
driver of EMT [9]. The TGFβ/Smad signaling 
pathway promotes inflammation, EMT, and abnormal 
extracellular matrix deposition, which contribute 
significantly to organ fibrosis [6, 10, 11]. Inhibition of 
TGFβ1 has shown potential in reducing IR-induced 
fibrosis in the lung and rectum [2, 12, 13] and duct 
ligation-induced SG fibrosis in mouse models [14]. 
Twist1, a transcription factor (TF), is an important 
regulator of IR-induced EMT (IR-EMT) and fibrosis 
[15]. Twist1 activation induces EMT, elevates TGFβ 
expression, and may promote fibrosis, as 
demonstrated in a hepatitis mouse model [9]. 
However, research on IR-EMT in IR-SG remains 
limited, and the specific interactions among TGFβ1, 
Twist1, and fibrosis in IR-induced SG damage are still 
not fully understood. 

Exosomes (Exo) are crucial for intercellular 
communication, transferring bioactive molecules 
(such as microRNAs (miRNAs) and proteins) to target 
cells, regulating cellular functions and mediating 
cell-to-cell crosstalk. They represent a promising 
avenue for cell-free therapy in several diseases, 
including myocardial injury [16], IR-induced lung and 
intestinal damage [17, 18] and autoimmune diseases 
[19]. Exosome treatments have been shown to 
enhance cell proliferation, reduce apoptosis, modulate 
the immune system, induce tumor cell death, and 
alleviate oxidative stress [20-22]. Additionally, 
exosomal miRNAs have demonstrated effectiveness 
in alleviating fibrosis in myocardial, renal, and liver 
tissues [23-25] and can reverse EMT in 
radiation-induced lung injury by influencing gene 
expression in recipient cells [17]. Consequently, 

extracellular vesicles/exosomes from adult stem cells 
hold potential for SG regeneration, particularly in 
promoting angiogenesis and neurogenesis [26]. 
However, the application of exosomes in SG research 
remains limited. For instance, only a few studies have 
explored their therapeutic effects in Sjögren’s 
syndrome [27-30]. Additionally, the use of exosomes 
in IR-SG is notably limited. Specifically, exosomes 
derived from SG organoids have been shown to 
stimulate epithelial growth, mitosis, and neuronal 
growth in IR-injured SG ex vivo [31]. A recent study 
found that urine-derived stem cell exosomes could 
repair acute IR-SG damage during a short one-week 
observation [32]. Despite these findings, it is still 
unclear whether mesenchymal stem cell-derived 
exosomes can attenuate hypofunction of IR-SG in vivo, 
and their therapeutic mechanisms remain unknown. 
Thus, it is worth applying the exosomes to treat IR-SG 
and elucidate the effect and the mechanism of the Exo 
treatment.  

In this study, we tested the therapeutic effect of 
human adipose stem cell-derived exosomes injected 
in mice that had their SG injured with IR and explored 
their mechanisms of action. We found that exosome 
treatment protected functional cells in SGs, mitigated 
EMT and fibrosis, and restored the salivary function 
in IR-injured SGs. Additionally, we identified that 
miR-199a-3p in the exosomes might be one of the 
primary factors attenuating EMT in IR-injured SG by 
targeting Twist1 and regulating TGFβ1/Smad3 
signaling pathway. As a secondary aim, we found 
that soluble proteins derived from conditioned media 
(CM) were unable to restore SG function post-IR. 
Together, our study enhances the understanding of 
the mechanisms underlying IR-induced EMT in SG 
and indicated that exosomes as a promising cell-free 
therapy for restoring function of IR-SG. This effect is 
achieved, in part, by reducing EMT in IR-SG via the 
miR-199a-3p/Twist1/TGFβ1/Smad3 pathway. 

Methods 
Isolation of human adipose stem cells  

Human adipose tissues (n = 5, aged 30-76, 3 
males and 2 females) were isolated from flap grafting 
surgeries in the Hospital of Stomatology of Sun 
Yat-Sen University (ethical approval number: 
KQEC-2024-103-01). Adipose-derived stem cells 
(ADSCs) were isolated and expanded as described in 
our previous study [33]. In brief, after three washes 
with PBS, tissues were minced into small pieces and 
incubated with 0.75% collagenase Type I for 30 min at 
37 °C on a shaker. After centrifugation at 2,000 g for 5 
min, the pelleted ADSCs were resuspended with PBS 
and filtered through a 70 μM cell strainer (BD Falcon, 
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Bedford, MA). Then, the cells were cultured in alpha‐
minimal essential medium supplemented with 10% 
fetal bovine serum (FBS; 1009914, Thermo Fisher 
Scientific, USA), and 100 U/mL 
penicillin/streptomycin (15140122, Thermo Fisher 
Scientific, USA). Cells from passages 3-6 were used for 
the experiments.  

Preparation and identification of exosomes 
ADSCs were cultured until passages 3-6. After 

washing with PBS, serum-free medium was added to 
the cells, and the culture medium was collected after 
48 hours of incubation. Exosomes were isolated using 
ultracentrifugation-based techniques [34]. In brief, the 
conditioned medium was centrifuged at 300 g for 10 
min and at 2,000 g for 15 min to eliminate dead cells 
and cell debris. Then, a 30 min centrifugation at 10,000 
g was performed to remove large microvesicles and 
apoptotic bodies. The supernatant was filtered using a 
0.22 μm filter and then centrifugated at 120,000 g for 
90 min. The exosome fraction (located in the pellet) 
was resuspended in 100 μL PBS and used for 
experiments. The soluble protein-rich fraction (SP) 
was collected from the supernatant after the 120,000 g 
ultracentrifugation step and was concentrated using a 
Millipore ultrafiltration centrifugal tube (3 kDa).  

The particle size distribution of the exosomes 
was tested by nanoparticle tracking analysis (NTA) 
with a Nano Sight NS300 (Malvern, Worcestershire, 
UK). The morphology of ADSC-Exo was observed 
using transmission electron microscopy (TEM, Japan). 
The concentration of Exo, CM or SP was measured by 
a BCA (bicinchoninic acid) assay kit (Thermo Fisher 
Scientific, Rockford, IL). Western blot analysis was 
performed to examine exosomal markers, including 
CD9, tumor susceptibility gene 101 (TSG101), CD81, 
and Calnexin (negative control, Abcam, UK). 

Animals and irradiation  
All animal experiments were approved by the 

Laboratory Animal Center of Sun Yat-sen University 
(ethical approval number: SYSU-IACUC-2021-000053) 
and animal experiments conform to ARRIVE 
guidelines. 6-8 weeks old C57BL/6 female mice were 
obtained from the National Resource Center of Model 
Mice (Nanjing, China), and kept in clean conditions 
with food and water in the animal resource center at 
Sun Yat-sen University. Mice were anesthetized with 
1% pentobarbital sodium. 14 Gy irradiation was 
precisely slit-collimated to target the salivary glands 
(head and neck area) using the RS 2000 small animal 
irradiator, with accuracy ensured by a 
custom-designed transparent restrainer. Three lead 
blocks were strategically placed to shield non-target 
areas. All mice were randomly divided into 5 groups 

(with 6 mice per group): (1) Sham IR group (no 
irradiation, no injection); (2) NS group (IR + normal 
saline (NS) injection); (3) CM group (IR + 
ADSC-derived CM (ADSC-CM) injection); (4) Exo 
group (IR + ADSC-Exo injection); (5) SP group (IR + 
ADSC-SP injection). According to their groups, mice 
were injected with either 100 μL NS, ADSC-CM, SP or 
Exo (2 µg/µL) through their tail vein at 5 to 7 days 
post-irradiation, once a week for two consecutive 
weeks. Mice were sacrificed either at 8 weeks or 16 
weeks post-IR.  

Salivary secretory function measurements 
10 μL/g body weight of pentobarbital sodium 

was used as the anesthetic to measure salivary flow 
rate (SFR) of mice at weeks 0, 4, 8, 12, and 16 post-IR. 
As previously described [35], stimulated saliva was 
collected for 10 min following the injection of 0.5 
mg/kg body weight of pilocarpine (Sigma-Aldrich, 
ST. Louis, USA). The weight of the collected saliva 
was considered equivalent to its volume, assuming a 
density of 1 g/mL. Additionally, the lag time prior to 
saliva secretion was recorded to assess salivary gland 
function. The total protein of saliva was measured by 
the BCA assay kit.  

H&E, PAS, and Masson's trichrome staining 
Specimens were fixed in 4% paraformaldehyde 

(P6148, Sigma-Aldrich), embedded in paraffin, and 
sectioned into 6-8 μm thick slices. These slices were 
stained with Hematoxylin and Eosin (H&E). Periodic 
Acid-Schiff (PAS) staining was conducted using a 
PAS Staining Kit (Servicebio, G1008, China) according 
to the manufacturer's instructions. Masson's 
trichrome staining kit (Solarbio, G1340, China) was 
used to assess tissue fibrosis according to the 
manufacturer's instructions. 5-8 representative fields 
were randomly selected for analysis. The percentage 
of the surface area occupied by acinar cells relative to 
the entire tissue area and the collagen-rich regions 
were quantified using NIH Image J software. 

Hydroxyproline assay 
To quantify total collagen in the SMG, a 

Hydroxyproline Assay Kit (Solarbio, China) was used 
according to the manufacturer’s protocol. In brief, 10 
mg of SMG tissue was digested with 37% 
hydrochloric acid by boiling for 10 min, and the 
supernatant was collected after centrifugation at 
16,000 rpm for 20 min. The optical density (OD) was 
measured using a microplate reader (BioTEK, UK) at 
560 nm. Three independent experiments were 
performed. 
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Transmission electron microscopy (TEM)  
SG specimens were fixed in 2.5% glutaraldehyde 

in 100 mM phosphate buffer with 2% PFA 
immediately after being isolated from the mice and 
minced into small pieces. The samples were then 
post‑fixed in 1% osmium tetroxide, dehydrated 
through a graded ethanol series, cleared in acetone, 
and embedded in Eponate 12 resin (Ted Pella Inc., 
Redding, USA). Ultrathin sections (70 nm thick) were 
cut with a diamond slicer (Diatome, Nidau, 
Switzerland) on a Leica EM UC7 ultramicrotome 
(Leica Microsystems GmbH, Wetzlar, Germany). The 
sections were stained with a 2% uranium acetate 
solution and a 2.6% Lead citrate solution, and 
observed on a transmission electron microscope 
(HITACHI, MA, USA) operated at 80 kV. 

Immunohistochemical staining  
To detect cell proliferation in SG tissues, 

immunohistochemical staining was conducted. 
Samples in paraffin were sliced into 6-8 μm-thick 
sections. After deparaffinization and rehydration, 
heat-induced antigen retrieval was performed for 30 
min at 95 °C with 10 mM Citrate Buffer solution (pH 
6.1) and cooled down for 30 min at room temperature. 
Then, the immunohistochemistry (IHC) process was 
performed following the manufacturer’s instructions. 
Briefly, slices were blocked with 10% goat serum for 1 
h at room temperature. The primary antibody, rabbit 
anti-Ki67 (1:400, AF0198-50, Affinity, USA) or PBS 
(negative control) was applied overnight to the SG 
tissues at 4 °C. Then slices were incubated with a 
secondary antibody (1:200, Goat anti-rabbit-IgG 
(2268327, Invitrogen, USA) for 1 h at room 
temperature. DAB (GK600705, Gene Tech, China) was 
incubated with SG tissues for 3 min, followed by 
rinsing in water. Then hematoxylin staining was 
performed followed by dehydration in an ethanol 
series. Positive cells in eight fields per gland were 
quantified using Image J software.  

Immunofluorescent (IF) staining 
SG tissues were embedded in optimal cutting 

temperature (OCT) and sectioned into 6-8 µm thick 
sections. After fixing with 4% paraformaldehyde for 
15 min, slides were blocked with 10% donkey serum 
for 1 h at room temperature. Primary antibodies were 
as follows: rabbit anti-aquaporin 5 (1:200, AQP5, 
Novus, USA), mouse anti-alpha smooth muscle actin 
(1:200, α-SMA, af1032, Affinity), and rabbit 
anti-cytokeratin 5 (1:400, CK5, Abcam, USA); PBS 
served as a negative control. The SG tissues were 
incubated overnight with primary antibodies or PBS 
at 4 °C. After washing with PBS, slides were 
incubated for 1 h with a secondary antibody (1:200), 

specifically, Goat anti-rabbit Alexa Fluor® 
594-conjugated. 4, 6-diamidino-2-phenylindole, 
dihydrochloride (DAPI; D9542, Sigma, USA) was 
utilized to label the cell nuclei. Six representative 
images were captured for each sample using a Leica 
DM4000 fluorescent microscope, and the fluorescence 
signal intensity was analyzed using ImageJ software 
(NIH). 

Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR)  

Total RNA was extracted from the SGs using 
TRIZOL reagent (15596018, Invitrogen, Carlsbad, 
USA). First-strand cDNA synthesis was performed 
using the High-Capacity cDNA Reverse Transcription 
Kit (RR036A, TAKARA, Japan) with 50 ng of RNA per 
sample. Small RNA was extracted according to the 
manufacturer's instructions (Accurate Biology, 
China). PCR was conducted on a LightCycler 96 
system (Roche, Sweden). The primers used in this 
study were MMP2, NGF, EGF, Sox2, FGF2, VEGF, 
IGF1, BMP7, Sox10, AQP5, E-cadherin, Collagen1, 
Twist1, CD44, Snail1, TGFβ1, Smad3, miR-199a-3p 
and miR-490-5p. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) served as the endogenous 
reference. U6 and miR-484 were used as the internal 
control for microRNA expression analyses [36]. 
Results were expressed as fold changes in relative 
gene expression.  

RNA sequencing 
RNA integrity was determined using an Agilent 

2100 Bioanalyzer (Thermo Fisher Scientific, Waltham, 
MA, USA), and samples with an RNA integrity 
number (RIN) ≥ 7 were selected for further 
experiments. Raw data were filtered using SOAPnuke 
(v1.5.6). Libraries were created, and DNA nanoballs 
(DNBs) containing multiple DNA copies were 
generated. Clean reads were mapped to the mouse 
reference genome using Hisat2 (v2.1.0) with default 
settings. Gene expression quantification was 
calculated using featureCounts (v1.6.4). The GO terms 
and KEGG Pathway analysis were performed on the 
most differentially expressed mRNAs, selected based 
on criteria of |log2FC| > 1 and p < 0.05. 

Small RNA sequencing was performed using the 
BGISEQ-2000 platform. Sequencing libraries were 
constructed, and raw data were converted to FASTQ 
format. Read quality was assessed to remove adapter 
dimers, junk, low complexity sequences, common 
RNA families (rRNA, tRNA, snRNA, snoRNA), and 
repeats. Unique sequences of 18-26 bases were 
mapped to species-specific precursors in miRBase 22.0 
by BLAST search to identify known and novel 3p- and 
5p-derived miRNAs. Differentially expressed 
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miRNAs were identified using criteria of |log2FC| > 
1 and p < 0.05. MiRNAs with significant expression 
differences between NS and Exo groups were 
displayed in a heat map based on miRBase database 
entries. 

Irradiation model in vitro 
The submandibular gland epithelial C6 

(SMG-C6) cell line was originally derived from rat 
submandibular acinar cells and established by 
Quissell et al. [37, 38]. Cells were cultured in 
DMEM/F12 medium (C11330500CP, Thermo Fisher 
Scientific, USA) supplemented with 2.5% FBS, 1% 
Penicillin-Streptomycin, 200 nM L-glutamine (G0200, 
Solarbio, China), 5 μg/mL insulin (HY-P1156, MCE, 
China), 80 ng/mL epidermal growth factor (EGF; 
PeproTech, USA), 1.1 µM hydrocortisone (G8450, 
Solarbio, China), 0.03 µg/mL retinoic acid (A9120, 
Solarbio, China), 2 nM triiodothyronine (HY-A0070, 
MCE, China), and 5 mg/mL transferrin (T8010, 
Solarbio, China) in a humidified atmosphere with 5% 
CO2 at 37 °C. Cells were seeded in 6-well plates and 
divided into three groups for testing the exosome 
treatment effect: (1) Sham IR group (no irradiation, no 
treatment); (2) NS group (IR + normal saline); (3) Exo 
group (IR + ADSC-Exo). Irradiation at 9 Gy was 
performed using the RS2000 irradiator with a reflector 
when cells reached 70% confluence. After irradiation, 
ADSC-Exo (2 μg/mL) was diluted in normal saline 
and administered to the cells according to the 
experimental groups. 

Exosome and miRNA localization 
Dil (C7001, Thermo Fisher Scientific) was 

utilized to visualize the uptake of exosomes by the 
cells. The staining process was performed following 
the manufacturer’s instructions. Briefly, 0.2 μL Dil 
was incubated with the isolated exosomes at room 
temperature for 20 min. After washing with PBS, the 
exosomes were centrifuged at 120,000 g for 90 min. 
Dil-labeled exosomes were collected from the pellet 
and incubated with SMG-C6 cells for 12 h. Cells were 
fixed in 4% paraformaldehyde for 30 min and 
subsequently stained with F-actin ((1:100, filamentous 
actin, Beyotime, China), and 4′, 
6diamidino-2-phenylindole (5 mg/mL, DAPI, 
Beyotime, China). The uptake of exosomes was 
visualized by confocal microscopy (Olympus, FV3000, 
Japan). 

To confirm the encapsulation of miR-199a-3p 
within exosomes, the ADSC-conditioned medium 
was treated with RNase I (2 mg/mL) or a combination 
of RNase I and Triton X-100 (0.1%) for 30 min. RNase I 
was used to deplete free extracellular miRNAs that 
are not in proteins or EVs, while Triton X-100 was 

used to disrupt membrane components. Additionally, 
to verify that miR-199a-3p is specifically encapsulated 
within exosomes, GW4869 (10 μM, MCE, China), an 
exosome secretion inhibitor, was administered to 
ADSCs for 48 h. 

For direct visualization of the delivery of 
exosomal miR-199a-3p, ADSCs were transfected with 
100 nM of Cy3-labeled miR-199a-3p mimics 
(constructed by Gene Pharma, China) and incubated 
for 48 h. Exosomes were subsequently isolated using 
ultracentrifugation and co-cultured with SMG-C6 
cells for 6 h. To confirm the bioactive function of 
miR-199a-3p within the exosomes, Cy3-labeled 
mimics, and Hoechst-stained nuclei were observed 
using confocal microscopy (Olympus, FV3000, Japan). 

Cell proliferation 
Cell growth was assessed with the Cell Counting 

Kit-8 (CCK-8; Dojindo, Japan). 1,000 SMG-C6 cells 
were seeded into each well of a 96-well plate. 10% 
(v/v) CCK-8 solution was added to the cells and 
incubated for 2 h. The optical density (OD) was 
subsequently measured by a microplate reader 
(BioTEK, UK), and three independent experiments 
were carried out.  

Cell transfection 
IR-injured SMG-C6 (IR-SMG-C6) cells were 

transfected with si-Twist1 (Genecefe, China), mature 
rno-miR-199a-3p mimic (Ribo, Guangdong, China), 
rno-miR-199a-3p inhibitor (Ribo, China), or the 
corresponding negative controls (NC). All miRNAs 
and siRNAs were transfected using a transfection kit 
(Ribo, China). The final concentration of miR-199a-3p 
mimic and mimic NC was 50 nM, while miR-199a-3p 
inhibitor (100 nM) or inhibitor NC (100 nM) was 
mixed with ADSC-Exos (2 μg/mL) and added to the 
SMG-C6 cells post-IR. The final concentration for 
si-Twist1 and si-NC was 100 nM.  

Vector construction and lentiviral infection 
To produce lentivirus, the full-length Twist1 

cDNA was subcloned into a CMV-MCS-EF1-T2A 
lentiviral vector (Hanbio, China) and the lentiviral 
vectors were then co-transfected with the packaging 
plasmids psPAX2 and pMD2G into 293T cells. Viral 
supernatants were collected at 48 and 72 h 
post-transfection, followed by ultracentrifugation at 
82,700 g for 2 h. To establish the stable Twist1 
overexpression (OE-Twist1) cell line, SMG-C6 cells 
were infected with the obtained lentivirus and 
selected with puromycin. Overexpression negative 
control (OE-NC) cell line was also established as the 
negative control. To verify the effect of Twist1 in the 
IR-injured epithelial cells, SMG-C6 cells post-IR were 
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seeded in 6-well plates and divided into three groups: 
NC group (OE-NC), Twist1 group (OE-Twist1), 
Twist1+Exo group (OE-Twist1+Exo).  

Western blot  
Cellular proteins were extracted by lysing the 

cells with RIPA lysis buffer (Millipore, USA), 
followed by centrifugation at 12,000 g and 4 °C for 15 
min to separate the proteins. The protein 
concentration in each group was determined using a 
BCA kit (CW0014S, Cwbio, China). Subsequently, the 
proteins were separated by 12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto polyvinylidene 
fluoride (PVDF) membranes (Millipore, USA). The 
membranes were then blocked and incubated 
overnight at 4 °C with primary antibodies including 
rabbit anti-Collagen1 (1:1000, AF7001, Affinity), rabbit 
anti-TGFβ1 (1:1000, 21898-1-AP, Proteintech, 1:500, 
GB11179-50, Servicebio), rabbit anti-Twist1 (1:500, 
25465-1-AP, Proteintech), rabbit anti-AQP5 (1:1000, 
20334-1-AP, Proteintech), rabbit anti-Snail1(1:1000, 
13099-1-AP, Proteintech), rabbit anti-CD44 (1:1000, 
DF6392, Affinity, 1:1000, 60224-1-lg, Proteintch), 
rabbit anti-Smad3 (1:1000, R25743, Zenbio, China), 
rabbit anti-p-Smad3 (1:1000, R22919, Zenbio, China) 
and mouse anti-E-cadherin (1:5000, 60335-1-Ig, 
Proteintech). Following primary antibody incubation, 
the membranes were treated with horse-radish 
peroxidase (HRP)-labeled secondary antibodies: goat 
anti-rabbit (1:20000, EM35111-01, EMAR) and 
anti-mouse (1:20000, EM35110-01, EMAR). GAPDH 
(1:5000, R24404, Zen-Bio) was used as an internal 
reference, and Image Lab software (Biorad) was used 
to analyze the relative expression of proteins. The 
exposure protocol was performed using the Bio-Rad 
ChemiDoc Imaging System's default auto-exposure 
model. 

Dual-luciferase reporter assay  
The target gene of rno-miR-199a-3p and its 

binding sequences were predicted and analyzed by 
TargetScan (https://www.targetscan.org/vert_80/). 
To further investigate this interaction, luciferase 
reporter plasmids containing both wild-type and 
mutated 3' UTR binding sequences of Twist1, a 
potential target of miR-199a-3p, were constructed. 
Then, these reporter plasmids were utilized in 
luciferase activity assays. Briefly, SMG-C6 cells were 
transfected with recombinant plasmids with either 
miR-199a-3p mimics or miR-199a-3p-NC, and 
luciferase activity was assessed using the 
Dual-Luciferase® Reporter Assay System (11405ES60, 
Yeasen Biotechnology, China). 

Statistical analysis  
SPSS version 19 software was used to perform 

statistical analysis. All data are presented as mean ± 
SD. Student’s t-test or One-way ANOVA with 
Turkey’s Post-Hoc test was used to analyze 
differences between groups. Statistical difference was 
defined as p < 0.05. 

Results 
Identification and characterization of 
ADSC-Exo 

Nanoparticle tracking analysis (NTA) (Figure 
1A) showed that the diameters of the nanoparticles 
ranged mainly from 50 to 150 nm, with a peak at 70-80 
nm. TEM analysis revealed that the exosomes had a 
cup-shaped morphology and a bilayer membrane 
structure (Figure 1B). Western blotting results (Figure 
1C) confirmed the presence of exosomal markers CD9, 
CD81 and tumor susceptibility gene 101 (TSG101), 
and the absence of the non-exosomal marker 
Calnexin. These findings indicate that ADSC-Exos 
were successfully isolated. 

 
 

 
Figure 1. Identification and characterization of exosomes in conditioned media of ADSCs. A) Particle size distribution and concentration of ADSC-Exo detected by 
Nanosight analysis. B) Transmission electron microscopy (TEM) images showing the morphology of ADSC-Exo. Scale bar: 100 nm. C) Western blot analysis of exosome markers 
(CD81, TSG101, and CD9) and non-exosomal marker (Calnexin) from exosomes and from the control of ADSC lysate.  
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Figure 2. Exosomes are the active factors in ADSC-CM that restored salivary function to IR-injured SGs in vivo. A) Salivary flow rate (SFR, μL/10 min/g body 
weight) was measured at week 0 (pre-IR), and weeks 4, 8, 12, and 16 post-IR. B) Time to salivation (lag time) was measured at weeks 8 post-IR. C) Total protein (μg/10 min) in 
saliva was measured using a BCA assay kit at week 8 post-IR. D) Body weight (g) of the mice. E-F) Ki67 immunohistochemistry staining was used to calculate the salivary cell 
proliferation rate at week 8 post-IR. Five to eight images were analyzed per sample using ImageJ software (NIH). Scale bar: 50 µm. G) TEM images of acinar and ductal cells. Acinar 
cells in the Sham IR group show an open-faced nucleus (N), parallel arrays of rough endoplasmic reticulum (RER) located adjacent to the basal membrane, and variable-sized 
electron lucent secretory granules (SG) occupying the apical cytoplasmic region. Mitochondria (M) with well-developed cristae were also observed in the Sham IR group. In the 
NS (normal saline) group, acinar cells exhibit an irregular nuclear membrane (N), dilated RER cisternae, secretory granules with disrupted membranes, and numerous coalescent 
electron secretory granules (SG). These changes are absent in the treated groups. Ductal cells in the Sham IR group show an open-faced, round nucleus (N) and variable-sized 
mitochondria (M) longitudinally lined in the vertical folding of basal membrane (yellow arrow). In the NS group, ductal cells display a thickened nuclear envelope (N), disorganized 
basal membrane folds (yellow arrow), and swollen, degenerated mitochondria with cavitation (white arrow). Treated groups show a round nucleus (N), orderly arranged 
prominent basal membrane folds (yellow arrow), and numerous mitochondria. Microvilli are visible on the luminal surface in the CM group (black arrow). Scale bar: 3 µm. H) 
Quantification of mitochondria size in ductal cell and acinar cell was analyzed using Image J software (NIH). I) Relative gene expression related to SG repair and regeneration was 
determined by quantitative real-time PCR. GAPDH served as the endogenous reference. Three experimental replicates were performed for each sample. All data were 
presented with mean ± SD; * p < 0.05, ** p < 0.01, compared to the NS group (vehicle control group) (n = 3-6). 

 

ADSC-exosomes restore IR-injured salivary 
glands in vivo 

One of the main findings in this study was that 
ADSC-Exo was effective in repairing IR-injured SG. 
As a positive control, human ADSC-CM was used, 
given its proven success in previous studies for 
restoring salivary function. By measuring salivary 
flow rates (SFR), we found that mice in both 
ADSC-CM and ADSC-Exo groups had their salivary 
secretory functions partially restored, while IR-mice 
injected with saline (negative control group) did not 

(Figure 2A, p < 0.05). Exo-treated mice had a 97.0% 
and a 59.2% increase, respectively, in SFR at 8- and 
12-weeks post-IR when compared to saline-injected 
mice. To further assess salivary function, the lag time 
to salivation was measured by observing the first 
drop of saliva after pilocarpine injection. CM- and 
Exo-treated mice had a shorter lag time compared to 
saline-injected IR-mice (Figure 2B, p < 0.05). The total 
protein in saliva was higher in the Exo-treated group 
than in the control group (Figure 2C, p < 0.05). 
Additionally, CM- and Exo-treated mice maintained 
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higher body weights compared to NS-treated mice 
(Figure 2D, p > 0.05), indicating that CM and Exo 
injections did not negatively impact body weights.  

Histological studies were performed to correlate 
with salivary function measurements. The cell 
proliferation rate was significantly higher in the CM 
and Exo groups than in the NS group (Figure 2F, p < 
0.05). Transmission electron microscopy (TEM) was 
used to observe the ultrastructure of acinar and ductal 
cells in the salivary gland following the 
administration of CM and Exo. The average size of 
mitochondria in the acinar cells was significantly 
larger in the Exo groups (0.473 ± 0.017 μm2) than that 
of the NS group (0.372 ± 0.014 μm2, p < 0.05), while no 
significant changes were detected in ductal cell 
(Figure 2H).  

We also quantified mRNA levels in mouse 
salivary tissues using qRT-PCR. When compared to 
the NS group, the gene expression of MMP2 and 
IGF1, which are related to SG repair and 
development, increased by 2-fold and 3-fold, 
respectively, in CM-treated mice (Figure 2I, p < 0.05). 
In the Exo-treated group, the gene expression of SG 
repair and development (EGF) and genes involved in 
blood vessel and nerve repair/regeneration (VEGF 
and Sox10) were upregulated (Figure 2I, p < 0.05). 
Collectively, these data demonstrated that Exo and 
CM protected functional cells in IR-injured salivary 
glands, promoted cell proliferation, upregulated 
tissue regeneration-related gene expression, and 
restored salivary gland function in vivo. 

ADSC-exosomes mitigate 
epithelial-mesenchymal transition (EMT) in 
irradiated-injured salivary glands 

Immunofluorescent staining was used to 
identify functional cells in the salivary gland, 
including acinar cells (AQP5), ductal basal cells (CK5), 
and myoepithelial cells (α-SMA). Exosome treatment 
resulted in a 3-fold increase in the relative fluorescent 
intensity of acinar cells (AQP5) and a 2-fold increase 
in ductal cells (CK5) compared to NS-treated mice 
(Figure 3A, p < 0.05). Similarly, CM-treated mice 
showed higher numbers of AQP5- and CK5-positive 
cells (Figure 3A). The expression of the α-SMA marker 
was slightly increased in both CM and Exo groups 
compared to the NS control group (Figure 3A, p > 
0.05). H&E, PAS, and Masson's trichrome staining 
were conducted to assess the histology of the SMG 
and PAG, focusing on the surface area of functional 
cells and collagen-containing connective tissue in the 
SG. PAS staining showed a significant increase in the 
acinar cell area in the Exo group within the parotid 
gland (85.68% ± 3.20%) compared to the NS group 

(76.00% ± 1.84%, p < 0.05). Although Exo treatment 
did not significantly increase acinar cell area in the 
submandibular gland, a trend toward an increase was 
noted (64.75% ± 6.41% in Exo vs. 53.88% ± 4.73% in 
NS, p = 0.077, Figure 3C-D). 

Masson's trichrome staining revealed significant 
areas of collagen-containing connective tissue in the 
SMG of NS-treated mice (Figure 3F). Quantitative 
analysis showed that the Exo group exhibited 
significantly less collagen at both 8- and 16-weeks 
post-treatment (9.61% ± 2.36% in week 8 and 12.03% ± 
0.618% in week 16 in PAG, 10.7% ± 1% in week 8 and 
8.37% ± 0.97% in week 16 in SMG) when compared to 
the NS group (27.9% ± 2.77% in week 8 and 21.22 ± 
2.96% in PAG, 20.1% ± 3.7% in week 8 and 16.16% ± 
1.94% in week 16 in SMG) (Figure 3G, p < 0.05). To 
quantify total collagen deposition in SMG 8 weeks 
post-IR, a Hydroxyproline Assay was performed. The 
results demonstrated a significant increase in collagen 
deposition in the NS group (0.58 ± 0.04) compared to 
the CM and Exo groups (0.23 ± 0.05 and 0.24 ± 0.05, 
respectively) (Figure 3E, p < 0.001), consistent with 
the findings using Masson's trichrome staining. 
qRT-PCR analysis demonstrated that Exo treatment 
influenced the expression levels of genes associated 
with EMT in the SMG of mice (Figure 3H). The 
expression of E-cad (an epithelial marker) was 5-fold 
higher in the Exo treatment group compared to the 
NS group (p < 0.05). The expression of AQP5 (the 
acinar cell marker) was a 2.6-fold increase in the Exo 
group (p < 0.05). Conversely, the expression of fibrotic 
markers such as Type I collagen (Col-1), CD44, 
Twist1, and Snail1 was significantly reduced in the 
Exo treatment group (p < 0.05). The expression of 
markers in the TGFβ1/Smad3 pathway was 2-fold 
downregulated in the Exo group (p < 0.05).  

RNA sequencing (RNA-seq) was performed to 
preliminarily profile differentially expressed genes 
(DEGs) in IR-SG with or without Exo treatment. DEGs 
were analyzed by the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) and Gene Ontology (GO) 
analysis and filtered using the criteria of |log2FC| > 1 
and p < 0.05. To elucidate DEGs in IR-SG, we profiled 
the up- and down-regulated DEGs in the NS group 
compared to the Sham IR group (Figure 4A). The 
TGFβ signaling pathway was enriched among the 
upregulated DEGs in the NS group (Figure 4B). DEGs 
related to the TGFβ signaling pathway were selected 
(Figure 4C). As a major member of the TGFβ family, 
TGFβ1 was significantly upregulated in the NS group 
compared to the Sham IR group (Figure 4C), and its 
expression in the NS group was also higher when 
compared to the Exo group (Figure 4D). 
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Figure 3. ADSC-exosomes mitigate epithelial-mesenchymal transition (EMT) in irradiated-injured salivary glands. A) Immunofluorescent staining of mouse 
submandibular glands (SMG). Positive cells for AQP5 (acinar cell marker), α–SMA (myoepithelial cell marker), and CK5 (basal ductal cell and some myoepithelial cell marker) 
were detected on frozen sections. Scale bar: 90 µm. Semi-quantification of immunofluorescent expression for all the markers was analyzed by ImageJ software. Six fields/gland. 
B) H&E staining of mouse parotid glands (PAG) and submandibular glands (SMG) at 8 weeks post-IR (n = 3). Scale bar: 60 µm. C-D) PAS staining of mouse parotid glands (PAG) 
and submandibular glands (SMG) (n = 3). Specimens were harvested at 8 weeks post-IR. Scale bar: 60 µm. Quantification of acinar cell area in PAG and SMG was analyzed using 
ImageJ software (NIH). E) Quantification of total hydroxyproline/collagen (expressed as hydroxyproline (µg) per gland weight (mg)) in SMG (n = 3). F-G) Masson staining of 
mouse PAG and SMG. Specimens were harvested at 8- and 16-weeks post-IR. Scale bar: 50 µm. Quantification of collagen area in PAG and SMG was analyzed using ImageJ 
software (NIH). H) Relative expression of fibrosis-related genes determined by quantitative real-time PCR. GAPDH was used as the endogenous reference. All data were 
presented with mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to the NS group (vehicle control group) (n = 3). One-way ANOVA with Tukey’s 
Post-Hoc test was used to determine statistical differences among groups. 

 
To determine the effects of Exo treatment, DEGs 

of the Exo group were compared to those of the NS 
group. Upregulated genes in the Exo group are shown 
as red dots, while downregulated genes are shown as 
blue dots in the volcano plot (Figure 4E). The 
upregulated DEGs were enriched in pathways related 
to epithelial cell differentiation, which was identified 
as the most significant pathway among the top 10 
pathways (Figure 4F). In the Venn diagram, the blue 
gene set (420 DEGs) represented the upregulated 

genes in the NS group when compared to the Sham IR 
group. The red gene set comprised 296 DEGs that 
were downregulated in the Exo group when 
compared to the NS group (Figure 4G). The 182 
overlapping DEGs from these comparisons were 
enriched in EMT and epithelial cell 
proliferation-related biological processes, as revealed 
by GO enrichment analysis, which included epithelial 
cell proliferation, mesenchymal-epithelial cell 
signaling, and epithelial cell apoptotic process (Figure 
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4H). Taken together, these data suggest that IR 
promoted the process of EMT, and that Exo treatment 
regulated EMT-related gene and protein expression 
and protected salivary functional cells from 
IR-induced EMT mainly through the TGFβ1/Smad3 
pathway.  

ADSC-exosomes inhibit 
epithelial-mesenchymal transition in vitro  

Following a single dose of IR, SMG-C6 cells 
displayed significant morphological changes, 
transitioning from a typical cobblestone-like shape to 
an elongated fibroblast-like shape with extended 
pseudopodia at 48 h post-IR when compared to cells 
in the Sham IR group (Figure 5A). However, in the 
Exo group, the number of elongated spindle-like cells 
was significantly decreased compared to the NS 
group (Figure 5B, p < 0.01). The effect of Exo on an 
epithelial cell line was verified in vitro by assessing 
cell proliferation using the CCK8 assay. The results 
demonstrated a significantly higher cell count in the 
Exo-treated group (2555 ± 83) compared to the NS 

group (1397 ± 559, p < 0.05) at 48 h post-irradiation 
(Figure 5C). To assess whether ADSC-Exo can be 
internalized by target cells, SMG-C6 cells were 
incubated with Dil-labeled exosomes. The results 
confirmed successful internalization, with Dil-labeled 
exosomes (red) primarily localized within the 
cytoplasm (Figure 5D). EMT-related protein and gene 
expressions were analyzed by western blot and qPCR 
(Figure 5G-H). The gene and protein expressions of 
epithelial cell markers (AQP5 and E-cadherin) were 
increased in the Exo group, while the expression of 
mesenchymal markers (CD44, Collagen1) and 
EMT-TF related markers (Twist1) were decreased 
when compared to the NS group (Figure 5E, G, p < 
0.05). Additionally, we investigated the effects of 
exosome treatment on the TGFβ1/Smad3 pathway. 
The results showed that exosome treatment notably 
decreased TGFβ1 levels and induced 
dephosphorylation of Smad3, leading to inactivation 
of the TGFβ1/Smad3 pathway (Figure 5F, H). 

 
 

 
Figure 4. EMT-related differentially expressed genes (DEGs) and associated signaling pathways. A) DEGs in the NS (normal saline) group compared to the Sham 
IR group. B) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of upregulated DEGs in the NS group compared to the Sham IR group. C) DEGs related to the TGFβ 
signaling pathway. D) Read count of TGFβ1. E) DEGs in the Exo group compared to the NS group. F) Gene Ontology (GO) analysis of upregulated DEGs in the Exo group 
compared to the NS group. G) Venn diagram showing the number of upregulated DEGs in the NS group compared to the Sham IR group and the downregulated DEGs in the 
Exo group compared to the NS group. H) GO analysis of the overlapping DEGs from the Venn diagram. 
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Figure 5. ADSC-exosome inhibition of epithelial-mesenchymal transition in vitro. A) Morphology changes of the SMG-C6 cells post-IR for 48 h. Elongated, 
spindle-shaped cells (red arrows) and the pseudopodia (black arrows) were observed in zoomed-in images. Scale bar: 100 μm. B) Quantification of the elongated spindle-like cells 
in SMG-C6. C) The number of SMG-C6 cell was measured by using a CCK8 kit. NS (normal saline) or ADSC-Exo was added to SMG-C6 group and observed for 48 h. D) 
Confocal fluorescence analysis showing exosome uptake by SMG-C6 cells. Exosomes were labeled with Dil (red), and the nuclei and cytoskeleton of SMG-C6 cells were stained 
with DAPI (blue) and F-actin (green). Laser intensity: 0.2% (DAPI), 0.1% (F-actin), 0.4% (Dil). Scale bar: 20 µm. E-H) Expression of epithelial-mesenchymal transition-related 
proteins/genes (AQP5, E-cad, Col-I, CD44 and Twist1) and TGFβ1/Smad3 pathway-related proteins/genes (TGFβ1, Smad3 and p-Smad3) were tested by WB and qRT-PCR. 
Three to four experimental replicates were performed for each sample. Data are presented as mean ± SD; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to 
the NS group (vehicle control group) (n = 3-4).  

 

Exosomal miR-199a-3p alleviates EMT via 
TGFβ1/Smad3 pathway  

To investigate the mechanism of exosome 
treatment, we performed RNA sequencing (RNA-seq) 
to profile miRNA changes in the SMG, followed by 
qPCR validation, including miR-199a-3p, miR-217-5p, 
miR-490-5p, and miR-279-3p, were upregulated, while 
16 miRNAs, such as miR-615-3p, miR-135b-5p, and 
miR-196a-5p, were downregulated in the Exo group 
compared to the NS group (Figure 6A). Among these, 
miR-199a-3p showed the most significant difference 

in expression between the Exo and NS groups (Figure 
6B). To identify the effective miRNA in Exo, the 
expression of the top 5 upregulated miRNAs was 
tested, but only two miRNAs (miR-199a-3p and 
miR-490-5p) were detected in ADSC-Exo by both 
RNA-seq (Figure 6C) and qPCR (Figure 6D). Further 
qPCR analysis showed that miR-199a-3p levels 
significantly increased post-Exo treatment in IR-SG in 
vivo (Figure 6E-F, p < 0.05). To determine the origin of 
miR-199a-3p in ADSC-Exo, we analyzed the levels of 
miR-199a-3p in CM using qPCR after different 
treatments. Following the removal of extracellular 
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free miRNA by RNase I, CM pretreated with RNase I 
and Triton X-100 showed significantly decreased 
levels of miR-199a-3p compared to CM treated with 
RNase I alone (Figure 6G). Inhibition of exosome 
release using GW4869 also led to a marked reduction 
in miR-199a-3p levels in the treated CM compared to 
untreated CM, confirming that miR-199a-3p is present 
in ADSC-derived exosomes (Figure 6H). To visualize 
the localization of exogenously introduced 
miR-199a-3p, Cy3-labeled 3'-end double-stranded 
miR-199a-3p was incorporated into ADSC-Exo. 
Results showed the exosomal Cy3-labeled 
miR-199a-3p was successfully delivered to SMG-C6 
cells (Figure 6I). Furthermore, qPCR analysis showed 
that miR-199a-3p levels significantly increased 
post-Exo treatment in IR-SMG-C6 cells (Figure 6J, p < 
0.01) compared to the untreated group. To confirm the 
effect of exosomal miR-199a-3p on IR-injured SG 
epithelial cells, miR-199a-3p mimic and inhibitor were 
introduced to SMG-C6 cells post-IR. The transfection 
efficiency was confirmed by assessing miR-199a-3p 
expression levels across treatment groups via qPCR 
(Figure 6K). The results showed a significant increase 
in cell number post-IR in the miR-199a-3p mimic 
group (1800 ± 52) compared to the mimic NC group 
(847 ± 118, p < 0.05). Conversely, cell numbers 
decreased in the inhibitor+Exo group (1104 ± 89) 
compared to the inhibitor NC+Exo group (1607 ± 119, 
p < 0.05), highlighting the role of exosomal 
miR-199a-3p in facilitating cell recovery post-IR 
(Figure 6L). 

Further investigation into the effect of 
miR-199a-3p on EMT in SMG-C6 cells revealed that 
the ability of exosomes to alleviate IR-induced EMT 
was modulated by the addition of miR-199a-3p 
mimics and inhibitors. Specifically, the protein 
expressions of epithelial cell markers (E-cad, AQP5) 
significantly increased in the mimic group compared 
to mimic NC group (Figure 6M, p < 0.05) and 
decreased in the inhibitor+Exo group compared to the 
inhibitor NC+Exo group post-IR in SMG-C6 cells 
(Figure 6N, p < 0.05). Conversely, the expression of 
mesenchymal-related markers (Collagen1 and CD44) 
and EMT transcription factor (Twist1) decreased in 
the mimic group post-IR (Figure 6O, p < 0.05) and 
increased in SMG-C6 cells treated with Exo and 
inhibitor post-IR compared to their NC groups 
(Figure 6P, p < 0.05). The gene expression of epithelial 
cell and EMT-related markers showed a similar trend 
to the protein expression results (Figure 6S-T, p < 
0.05). To further explore the molecular mechanism of 
miR-199a-3p in regulating IR-induced EMT, the 
expression of TGFβ1/Smad3 pathway-related 
molecules was tested by WB and qPCR. Results 
demonstrated that miR-199a-3p overexpression in 

SMG-C6 cells markedly decreased the signals of 
TGFβ1, Smad3 and p-Smad3 following IR (Figure 6Q, 
S, p < 0.05), while the signals of TGFβ1, Smad3 and 
p-Smad3 were increased in the SMG-C6 cell with 
miR-199a-3p inhibitor adding (Figure 6R, T, p < 0.05). 
Taken together, our results demonstrated that 
miR-199a-3p derived from exosomes may play a 
crucial role in treating IR-induced SG damage by 
modulating the fibrosis-related pathway 
(TGFβ1/Smad3) and regulating EMT. 

Twist1, a direct target of miR-199a-3p, 
regulates IR-EMT via the TGFβ1/Smad3 
pathway 

To further explore the molecular mechanism of 
miR-199a-3p in regular EMT, the possible targets of 
miR-199a-3p were predicted on the publicly available 
database (Targetscan). Based on bioinformatics 
analysis, Twist1 was selected as a target gene of 
miR-199-3p (Figure 7A). The direct interaction 
between miR-199a-3p and Twist1 was confirmed by a 
dual-luciferase reporter assay. The miR-199a-3p 
mimic significantly suppressed the luciferase activity 
of the reporter gene with the wild-type 3’UTR of 
Twist1. This inhibitory effect was abolished when 
using the vector containing the Twist1-mutated 
3’UTR (Figure 7B, p < 0.05). Additionally, compared 
to the NC group, Twist1 expression significantly 
decreased in the miR-199a-3p mimic group and 
increased in the miR-199a-3p inhibitor group (Figure 
6K-L, O-P, p < 0.05). 

To further investigate the role of Twist1 in 
regulating EMT and the TGFβ1/Smad3 pathway, we 
performed knockdown and overexpression 
experiments of Twist1 in SMG-C6 cells using small 
interfering RNA (siRNA) and lentivirus. Both Twist1 
gene and protein were downregulated in the si-Twist1 
group and upregulated in the Twist1 group when 
compared to their NC groups (Figure 7C-D, p < 0.05). 
Furthermore, the expression of Twist1 was 
downregulated in the Twist1+Exo group compared to 
the Twist1 group (Figure 7C-D, p < 0.05). In addition, 
western blot and qPCR results showed that the 
expressions of E-cadherin and AQP5 were 
significantly increased in the si-Twist1 group and 
decreased in the Twist1(Twist1 overexpression) group 
compared to the NC (control) groups (Figure 7E-F, I-J, 
p < 0.05). Conversely, the expressions of Collagen I 
and CD44 showed the opposite trend (Figure 7E-F, I-J, 
p < 0.05). Moreover, underexpressing Twist1 
markedly attenuated IR-induced activation of TGFβ1, 
Smad3 and phosphorylation of Smad3, while 
overexpressing Twist1 enhanced the activation of the 
TGFβ1/Smad3 pathway compared to their control 
groups (Figure 7 G-H, K-L, p < 0.05). A Twist1+Exo 
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group was also included to further verify the effect of 
exosome in mitigating EMT by regulating Twist1 
expression. Our results showed that the expressions 
of epithelial markers (E-cad and AQP5) were 
significantly increased, while the expressions of 

mesenchymal markers (Col-I and CD44) and 
TGFβ1/Smad3 pathway-related markers were 
decreased in the Twist1+Exo group when compared 
to the Twist1 overexpression group (Figure 7I-L, p < 
0.05).  

 

 
Figure 6. MiR-199a-3p plays a key role in regulating the IR-SG. A) Heat map showing the expression levels of microRNAs in SG. B) Volcano plot of microarray showing 
fold change of differentially expressed microRNAs with criteria of |log2FC| > 1, p < 0.05. C-D) Relative gene expression of miR-199a-3p and miR-490-5p in ADSC-Exo by 
RNA-seq (C) and qPCR (D). miR-484 and U6 were used as endogenous reference. E-F) Relative gene expression of miR-199a-3p in SMG with or without Exo treatment by 
RNA-seq (E) and qPCR (F). G-H) Relative gene expression of miR-199a-3p in ADSC-CM with different treatments. * p < 0.05, compared to the RNase I or CM group. I) 
Co-localization of the Cy3-labeled guide strand of miR-199a-3p encapsulated in exosomes with SMG-C6 cells. miR-199a-3p is labeled with Cy3 (red), SMG-C6 cell nuclei are 
stained with Hoechst (blue). Laser intensities: 31.5% for Hoechst, 63.8% for Cy3. Scale bar: 10 µm. J) Relative gene expression of miR-199a-3p in SMG-C6 cells post-IR with or 
without Exo treatment. ** p < 0.01, compared to the NS group. K) Relative gene expression of miR-199a-3p in SMG-C6 cells with different treatments. * p < 0.05, compared to 
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the mimic NC or inhibitor NC+Exo group. L) CCK8 was used to analyze the cell number of SMG-C6 post-IR with miR-199a-3p mimic NC (negative control), mimic, inhibitor 
NC+Exo, inhibitor+Exo or NS (normal saline) treatment. ** p < 0.01, *** p < 0.001. N-T) Relative gene and protein expression of epithelial-mesenchymal transition-related 
markers (AQP5, E-cad, Col-I, CD44 and Twist1) and TGFβ1/Smad3 pathway-related proteins/genes (TGFβ1, Smad3 and p-Smad3) were tested by WB (M-R) and qRT-PCR (S-T). 
M, O, Q, S) * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the mimic NC group. N, P, R, T) * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, compared to the inhibitor 
NC+Exo group. All data were presented with mean ± SD; (n = 3-4).  

 
Figure 7. MiR-199a-3p targets Twist1 and relieves IR-EMT via the TGFβ1/Smad3 pathway. A) Potential binding sites of miR-199a-3p on the 3' UTR of Twist1. B) 
Dual-luciferase reporter assay. *** p < 0.001, compared to the mimic NC (negative control) group. C-D) Relative gene and protein expression of Twist1 was determined by qPCR 
and WB. ** p < 0.01, *** p < 0.001, **** p < 0.0001, compared to the si-NC or Twist1 group. E-L) Relative gene and protein expression of epithelial-mesenchymal 
transition-related markers (AQP5, E-cad, Col-I, CD44) and TGFβ1/Smad3 pathway-related proteins/genes (TGFβ1, Smad3 and p-Smad3) were tested by WB and qPCR. * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, compared to the si-NC or Twist1 group. All data were presented with mean ± SD; (n = 3-4). 

 

Discussion  
Adipose-derived stem cells are a minimally 

invasive cell source that can be isolated from a 
plethora of adipose tissues, making them ideal for 
clinical applications. Studies showed that ADSCs 
transplantation reduced the expression of proteins 
related to fibroblast activation (such as TGFβ, Snail, 
Twist, and c-Myc), limited EMT and fibrosis, and 

repaired IR-induced damage to the lungs and salivary 
glands [13, 39]. While stem cell transplantation has 
shown promise in restoring salivary gland function 
[40-43], growing evidence suggests that stem cells' 
paracrine effects are the main mechanism behind their 
efficacy. This has led to the exploration of cell-free 
therapies as potentially superior to cell-based 
therapies. Compared to cell-based approaches, 
cell-free therapies are easier to extract, more stable for 
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storage, and exhibit lower levels of immunogenicity 
and toxicity [44].  

Conditioned medium, often referred to as the 
cell secretome, is a widely used cell-free therapy. 
ADSC-CM helps repair IR-damaged salivary glands 
by promoting cell growth and salivary protein 
production [45]. However, CM is complex, containing 
soluble proteins (SP, such as cytokines, chemokines, 
enzymes, signaling and signal transduction proteins, 
and cell adhesion molecules), nucleic acids (DNA, 
RNA, microRNAs), lipids, and extracellular vehicle 
(EV, encompassing apoptotic bodies, micro-vesicles, 
and exosomes) [46]. To simplify, exosomes stand out 
as promising bioactive factors due to their simpler 
composition, stability in circulation, and targeted 
delivery capabilities. Although the exact fate of Exo in 
circulation remains unclear, studies indicate that they 
frequently accumulate in organs such as the spleen, 
lungs, and kidneys [47]. However, other studies 
demonstrate that exosomes can reach various target 
organs via intravenous (IV) injection [48-51], 
including the salivary gland [52, 53]. Exosomes also 
exhibit homing abilities in organs such as the bowel 
[48], liver [49], heart [50, 54], and brain [51], where 
they target tumors [55], inflamed tissues [48], and 
injured organs [49], demonstrating therapeutic 
benefits via systemic administration [48, 49, 51]. 
Exosomes have been used to treat Sjögren’s syndrome 
via IV injection [30]. IV injection is a well-established 
delivery route with benefits in terms of safety, ease of 
administration, and reduced invasiveness compared 
to local injections [50]. To enhance the accumulation 
of exosomes in the SG, we used a higher dose (100 
µL), administered twice, which is 3 to 5 times greater 
than the dose typically used for local injections [35, 
56]. Our findings demonstrate that ADSC-Exo, 
delivered via IV injection, effectively treated IR-SG by 
enhancing saliva secretion, increasing total salivary 
protein levels, and reducing salivary lag time (Figure 
2A-C). Furthermore, Exo treatment significantly 
promoted cell proliferation in IR-SG (Figure 2E-F). 
Studies on the ultrastructure of IR-SG are limited. Our 
research observed morphological changes in the 
nucleus, rough endoplasmic reticulum (RER), 
secretory granules, and mitochondria in acinar and 
ductal cells. The results showed that Exo treatment 
protected the ultrastructure of both acinar and ductal 
cells post-IR (Figure 2G). Interestingly, the 
mitochondria in acinar cells significantly increased in 
size in the Exo group compared to the NS group, 
while no significant change was found in ductal cells 
(Figure 2H). This could be because acinar cells are 
more sensitive to IR damage and that their repair are 
more noticeable. In addition, there is an upregulation 
of gene expression for repair/regeneration in IR-SG 

treated with Exo (Figure 2I). These results suggest that 
Exo is a promising therapy for treating IR-SG by 
protecting functional cells, promoting cell 
proliferation, and regulating its repair and 
regeneration.  

While Exo and CM treatments demonstrated 
similar protective trends, their levels of repair 
differed. For instance, CM treatment protected 
mitochondria but did not significantly increase 
mitochondrial size (p > 0.05), potentially due to 
individual variability. CM treatment also upregulated 
genes involved in tissue remodeling (MMP2) and 
neural recovery (IGF1), whereas Exo therapy 
significantly upregulated genes associated with 
angiogenesis (VEGF) and epithelial cell repair (EGF 
and Sox10) (Figure 2I). Interestingly, CD44 expression 
varied between treatments. CD44 was upregulated in 
the CM group while downregulated in the Exo group, 
when compared to the NS vehicle control (Figure 3H). 
CD44, a multifunctional glycoprotein and receptor for 
MMPs, is linked to stem cell maintenance, DNA 
repair, and anti-apoptosis [57, 58], which may 
contribute to protective effects of CM treatment. 
However, high CD44 expression may enhance 
fibroblast activity and EMT in irradiated tissues [58], 
which are linked to fibrosis progression [59]. Thus, 
reduced CD44 in the Exo group may indicate less 
EMT activation. Taken together, CM and Exo protect 
IR-SG through different mechanisms, and further 
studies are needed to better understand these 
differences. 

As an additional objective, we examined the 
therapeutic effects of secreted soluble factors (SP) 
from CM alongside the Exo therapy to identify the 
main paracrine components in ADSC secretome. Exo 
and SP are the primary fractions in CM suitable for 
clinical separation, whereas other components are 
difficult to isolate and yield lower quantities, limiting 
their clinical utility. Previous studies have shown 
distinct roles for SP and Exo. For instance, one study 
emphases the immunomodulatory role of 
MSC-derived SP on B cells rather than the 
extracellular vesicles [60]. Another study reported 
that removing exosomes from CM negated its 
protective effects in myocardial ischemia injury [61]. 
In this study, SP treatment failed to restore the 
secretory function and to increase the acinar cell area 
in IR-SG but did promote cell proliferation and 
upregulated genes involved in SG repair and 
regeneration (Figure S1). These findings suggest that 
SP comprehensively promotes SG repair and 
regeneration, protecting various cell types in SG, 
albeit excluding acinar cells. Consequently, our 
results indicate that the therapeutic benefits of the 
ADSC secretome are partially mediated by Exo rather 
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than SP, suggesting exosomes as a promising 
treatment for IR-injured SG.  

The process of IR-SG is categorized into acute 
and chronic stages in mouse and rat models [2]. In the 
chronic stage (≥30 days post-IR), interactions between 
IR-damaged tissue-resident cells and the surrounding 
microenvironment trigger signaling pathways that 
promote excessive extracellular matrix (ECM) 
deposited, leading to fibrosis [2, 62]. Fibrosis typically 
appears at 4-6 months post-IR in mouse models [2, 5], 
and as early as 1 month after fractionated IR in 
mini-pigs [63]. Recent studies have found significant 
fibrosis in IR-injured SG as early as 3 months post-IR 
in mouse models [42, 64]. In line with these findings, 
fibrosis was detected at 16 weeks post-IR in our study. 
In addition, our study observed a decline in SG 
secretory function starting from week 1 post-IR, 
which continued to decrease and stabilized at lower 
levels by 4 weeks post-IR. At week 8 post-IR, 
mesenchymal cell markers were overexpressed, while 
epithelial cell markers were downregulated in the 
untreated group (NS group) when compared to the 
Sham IR group (Figure 3H). Furthermore, both the 
hydroxyproline assay and Masson's trichrome 
staining confirmed the occurrence of EMT at 8 weeks 
post-IR, while Exo treatment significantly reduced 
collagen deposition in the IR-SG. These findings 
indicate that EMT was actively occurring within the 
SG parenchyma during this period and that Exo 
treatment can mitigate fibrosis in IR-SG. 

Current insight into EMT suggests that relying 
on a few EMT molecular markers is insufficient to 
evaluate EMT status [65]. A comprehensive 
assessment of EMT-related mRNA and protein levels 
before and after treatment is crucial [65]. In our study, 
a panel of mesenchymal-related genes and proteins 
(e.g., Col-1, CD44, Twist1, Snail1) were 
downregulated in Exo-treated mice, while epithelial 
markers (E-cadherin, AQP5) were upregulated 
(Figure 3), indicating that Exo treatment inhibited the 
EMT process in IR-injured epithelial cells. 
Interestingly, α-SMA expression was similar between 
treated and untreated groups (Figure 3A). While 
α-SMA is a recognized fibrosis marker in IR-injured 
lung models [13], its role in the SG is controversial. 
Treatments using ADSC or amifostine lead to SG 
tissue remodeling with increased expression of 
α-SMA and a decrease in fibrosis [39, 66]. However, 
elevated α-SMA has been linked to chronic 
sialadenitis [10] and TGFβ-related fibrosis in the SG 
[67]. This ambiguity arises mainly because α-SMA 
serves as a biomarker for both myofibroblasts 
(associated with fibrosis) and myoepithelial cells 
(essential for SG function) [68]. Therefore, α-SMA was 
not utilized as an EMT marker in our mechanistic 

study in vitro. EMT-associated transcription factors 
(EMT-TFs), co-expressed in cells, play crucial roles in 
orchestrating EMT processes [69]. We observed a 
reduction in core EMT-TFs (Twist1, Snail1) with Exo 
treatment, supporting its inhibitory effect on EMT. To 
thoroughly evaluate EMT, we investigated SG 
function and acinar cell percentages in vivo, as well as 
the morphology of salivary epithelial cells in vitro. 
Mice receiving Exo treatment showed improved SG 
function, with a significant increase in acinar cell area 
in PAG. Although the increase in SMG was not 
statistically significant, a positive trend was observed, 
potentially due to the small sample size and 
variability in acinar cell percentages between PAG 
and SMG. Additionally, Exo-treated cells retained an 
epithelial shape in vitro. Moreover, Exo treatment 
inhibited the TGFβ1/Smad3 signaling pathway, 
which regulates EMT and fibrosis [8], leading to 
improved secretory function and reduced fibrosis. In 
summary, Exo treatment attenuated EMT, partially 
through the TGFβ1/Smad3 pathway, restoring 
salivary gland function. 

To identify crucial miRNAs involved in Exo 
treatment, RNA-seq was performed. Our results 
revealed multiple miRNAs were regulated by 
exosome treatment in mouse SG, with miR-199a-3p 
showing the most significant upregulation (Figure 
6A-B). Additionally, our results confirm the presence 
of miR-199a-3p in ADSC-Exo (Figure 6C-H) and 
demonstrate that miR-199a-3p was effectively 
delivered to SMG-C6 cells through co-culture with 
exosomes (Figure 6I). Gene expression analysis 
showed that miR-199a-3p, which was reduced after 
IR, significantly increased in IR-SG and IR-SMG-C6 
cells following Exo treatment compared to untreated 
cells (Figure 6E-F, J-L). These findings indicated that 
miR-199a-3p in Exo might be a primary molecule in 
treating IR-SG. Exosomal miR-199a-3p has been 
reported to promote cell cycle re-entry, cell 
proliferation, suppress ferroptosis [70] and 
oncogenesis [71, 72], and reduce cell senescence [73, 
74] and myocardial fibrosis [25]. MiR-199a carried by 
extracellular vesicle also targets GREM1 to inactivate 
the TGFβ pathway [75]. However, the function of 
miR-199a-3p in IR-SG injury remains unclear. To 
clarify this, we transfected an inhibitor and mimic of 
miR-199a-3p into SMG-C6 cells post-IR. The mimic 
group showed a doubling of the cell number 
compared to the control group, while the 
inhibitor+Exo group showed reduced cell 
proliferation, confirming the protective effect of 
exosomal miR-199a-3p on IR-injured epithelial cells 
(Figure 6L). Further analysis revealed that the 
miR-199a-3p mimic downregulated pro-fibrotic 
markers and TGFβ1/Smad3 pathway molecules, 
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while upregulating epithelial markers (Figure 6M-T). 
These results indicate that miR-199a-3p in Exo 
attenuated IR-EMT via the TGFβ1/Smad3 pathway. 

Nevertheless, the specific molecular target of 
miR-199a-3p in regulating the TGFβ1/Smad3 
pathway and EMT remains unexplored. Therefore, we 
analyzed the predicted miR-199a-3p targets in KEGG 
pathway related to fibrosis and identified Twist1 as a 
novel target through a luciferase reporter assay. 
Twist1 is a crucial transcription factor that regulates 
IR-induced fibrosis by facilitating IR-EMT [15]. 
Previous studies have linked Twist1 with the 
development of IR-induced fibrosis and 
demonstrated that inhibiting Twist1 can alleviate 
fibrosis in liver and lung [12, 76]. In line with these 
findings, our study showed that Twist1 inhibition 
decreased EMT by downregulating mesenchymal 
markers and upregulating epithelial cell markers in 
SMG-C6 cells (Figure 7). Additionally, Twist1 has 
been reported to induce EMT and renal fibrosis via 
the TGFβ pathway [77]. In our study, Twist1 
overexpression activated the TGFβ1/Smad3 pathway, 
while Twist1 knockdown suppressed the activation of 
TGFβ1, Smad3 and the phosphorylation of Smad3, 
thereby attenuating the IR-EMT. To verify the effect of 
Exo on Twist1, Exo treatment was applied on the 
Twist1-overexpressing cell post-IR (Figure 7C-D, I-L). 
Results showed that Exo treatment significantly 
suppressed the EMT by downregulating Twist1 and 
inactivating the TGFβ1/Smad3 signaling pathway. 
Together, these findings suggest that miR-199a-3p in 
Exo plays a role in mitigating IR-induced EMT by 
targeting Twist1 and regulating the TGFβ1/Smad3 
pathway.  

In the present study, we observed that the Exo 
treatment effectively alleviates salivary hypofunction 
by mitigating fibrosis through the 
Twist1/TGFβ1/Smad3 pathway. These findings 
suggest that increased fibrogenic activity contributes 
to SG hypofunction and addressing EMT could be a 
promising strategy to restore SG function. This study 
provides new insights into the understanding of 
IR-SG injury and proposes a potentially effective 
treatment for SG hyposalivation. Nevertheless, our 
study has certain limitations. First, although we 
detected fibrotic damage at 4 months post-IR in SG, 
future investigations could benefit from extending the 
observation period to track the progression of gland 
fibrosis and assess long-term therapeutic effects. 
Second, conducting additional animal experiments 
could further validate the mechanisms underlying 
exosome treatment. Additionally, exosome injections 
were administered 5 to 7 days post-IR to minimize 
oncogenic risk and follow humane practices for 
irradiated mice. However, given the limited studies 

on exosome treatment in IR-SG, the optimal timing for 
this therapy requires further study. Further 
investigation into the influence of exosome treatment 
on tumor responses is needed before progressing to 
clinical applications. Lastly, while miR-199a-3p has 
shown potential in treating IR-SG by inhibiting EMT, 
it remains unclear whether other essential factors 
derived from Exo contribute to this process and 
whether miR-199a-3p possesses additional 
therapeutic functions in addressing IR-SG. 

Conclusions 
Our study showcased the efficacy of ADSC-Exo 

in mitigating IR-induced injury to salivary glands, 
both in vivo and in vitro. Specifically, miR-199a-3p in 
Exo targeted Twist1, leading to the downregulation of 
the TGFβ1/Smad3 signaling pathway and 
consequently inhibiting IR-induced EMT. This 
insightful understanding of ADSC-Exo's role in IR-SG 
enhances the potential for developing new 
therapeutic interventions with clinical applications. 

Abbreviations 
α-SMA: alpha smooth muscle actin; ADSC-CM: 

adipose-derived stem cell-derived conditioned 
medium; ADSC-Exo: adipose-derived stem 
cell-derived exosome; ADSCs: adipose derived stem 
cells; AQP5: aquaporin 5; BCA: bicinchoninic acid; 
BMP7: bone morphogenetic protein 7; CCK-8: cell 
counting kit-8; CK5: cytokeratin 5; CM: conditioned 
medium; DAB: diaminobenzidine; DAPI: 4, 
6-diamidino-2-phenylindole, dihydrochloride; DEGs: 
differentially expressed genes; DNBs: DNA nanoballs; 
ECM: extracellular matrix; EGF: epidermal growth 
factor; EMT: epithelial-mesenchymal transition; EV: 
extracellular vesicle; Exo: exosomes; F-actin: 
filamentous actin; FGF2: fibroblast growth factor 2; 
GAPDH: glyceraldehyde-3-phosphate dehydro-
genase; GO: gene ontology; H&E: Hematoxylin and 
Eosin; HRP: horse-radish peroxidase; IF: 
immunofluorescent; IGF1: insulin-like growth factor 
1; IHC: immunohistochemistry; IR-EMT: IR-induced 
EMT; IR-SG: irradiation-injured salivary glands; IV: 
intravenous; KEGG: kyoto encyclopedia of genes and 
genomes; miRNA: microRNAs; MMP2: matrix 
metalloproteinase 2; MSC: mesenchymal stem cell; 
NC: negative control; NGF: nerve growth factor; NS: 
normal saline; NTA: nanoparticle tracking analysis; 
OCT: optimal cutting temperature; OD: optical 
density; OE: overexpression; PAG: parotid gland; 
PAS: periodic acid-schiff; PBS: phosphate buffered 
saline; PVDF: polyvinylidene fluoride; qRT-PCR: 
quantitative polymerase chain reaction; RIN: RNA 
integrity number; RIPA: radio immunoprecipitation 
assay; RNA-seq: RNA sequencing; RT: radiotherapy; 



Theranostics 2025, Vol. 15, Issue 5 
 

 
https://www.thno.org 

1639 

SDS-PAGE: sulfate-polyacrylamide gel 
electrophoresis; SFR: salivary flow rate; SG: salivary 
gland; SMG: submandibular gland; SMG-C6: 
submandibular gland C6; Snail1: snail family 
transcriptional repressor 1; SP: soluble protein; TEM: 
transmission electron microscopy; TF: transcription 
factor; TGFβ1: transforming growth factor β1; 
TSG101: tumor susceptibility gene 101; VEGF: 
vascular endothelial growth factor; WB: western blot.  

Supplementary Material  
Supplementary figures and table. 
https://www.thno.org/v15p1622s1.pdf  

Acknowledgments  
This study was supported in part by the National 

Natural Science Foundation of China (Grant 
No.82301105) and Guangdong Basic and Applied 
Basic Research Foundation (2023A1515011744, 
2021A1515110508). S.D. Tran is supported by the 
Canadian Institutes of Health Research, grant 
#159577.  

Author contributions 
X. Guo, Z. Huang and F. Wu, contributed 

equally to this work as the first author. The author 
contribution is listed below: X. Guo, contributed to 
conception, design, data acquisition, analysis, 
interpretation, drafted and critically revised the 
manuscript; Z. Huang and F. Wu, contributed to 
conception, design, data acquisition, analysis, 
interpretation and critically revised the manuscript; 
W. Jiang, Y. Li and T. Wang, contributed to data 
acquisition, analysis and interpretation; S.D. Tran, 
contributed to conception, design and critically 
revised the manuscript; Z. Lin, contributed to 
conception, design, interpretation, drafted and 
critically revised the manuscript; X. Su, contributed to 
conception, design, data acquisition, analysis, 
interpretation, drafted and critically revised the 
manuscript. All authors gave their final approval and 
agreed to be accountable for all aspects of the work. 

Data availability statement 
The data that support the findings of this study 

are available from the corresponding author upon 
reasonable request. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Luitje ME, Israel AK, Cummings MA, Giampoli EJ, Allen PD, Newlands 

SD, et al. Long-term maintenance of acinar cells in human 

submandibular glands after radiation therapy. Int J Radiat Oncol Biol 
Phys. 2021; 109: 1028-39. 

2. Jasmer KJ, Gilman KE, Muñoz Forti K, Weisman GA, Limesand KH. 
Radiation-induced salivary gland dysfunction: mechanisms, 
therapeutics and future directions. J Clin Med. 2020; 9: 4095. 

3. Lombaert IMA, Patel VN, Jones CE, Villier DC, Canada AE, Moore MR, 
et al. CERE-120 prevents irradiation-induced hypofunction and restores 
immune homeostasis in porcine salivary glands. Mol Ther Methods Clin 
Dev. 2020; 18: 839-55. 

4. Grundmann O, Mitchell GC, Limesand KH. Sensitivity of salivary 
glands to radiation: from animal models to therapies. J Dent Res. 2009; 
88: 894-903. 

5. Liu X, Ong HL, Ambudkar I. TRP channel involvement in salivary 
glands-some good, some bad. Cells. 2018; 7: 74. 

6. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal 
transition. J Clin Invest. 2009; 119: 1420-8. 

7. Zavadil J, Böttinger EP. TGF-beta and epithelial-to-mesenchymal 
transitions. Oncogene. 2005; 24: 5764-74. 

8. Muñoz Forti K, Weisman GA, Jasmer KJ. Cell type-specific transforming 
growth factor-β (TGF-β) signaling in the regulation of salivary gland 
fibrosis and regeneration. J Oral Biol Craniofac Res. 2024; 14: 257-72. 

9. Liang YJ, Sun CP, Hsu YC, Chen YW, Wang IA, Su CW, et al. Statin 
inhibits large hepatitis delta antigen-Smad3 -twist-mediated 
epithelial-to-mesenchymal transition and hepatitis D virus secretion. J 
Biomed Sci. 2020; 27: 65. 

10. Wang L, Zhong NN, Wang X, Peng B, Chen Z, Wei L, et al. Metformin 
attenuates TGF-β1-induced fibrosis in salivary gland: a preliminary 
study. Int J Mol Sci. 2023; 24: 16260. 

11. Gu YY, Dou JY, Huang XR, Liu XS, Lan HY. Transforming growth 
factor-β and long non-coding RNA in renal inflammation and fibrosis. 
Front Physiol. 2021; 12: 684236. 

12. Kim JY, Jeon S, Yoo YJ, Jin H, Won HY, Yoon K, et al. The 
Hsp27-mediated IkBα-NFκB signaling axis promotes radiation-induced 
lung fibrosis. Clin Cancer Res. 2019; 25: 5364-75. 

13. Shao L, Zhang Y, Shi W, Ma L, Xu T, Chang P, et al. Mesenchymal 
stromal cells can repair radiation-induced pulmonary fibrosis via a 
DKK-1-mediated Wnt/β-catenin pathway. Cell Tissue Res. 2021; 384: 
87-97. 

14. Woods LT, Camden JM, El-Sayed FG, Khalafalla MG, Petris MJ, Erb L, et 
al. Increased expression of TGF-β signaling components in a mouse 
model of fibrosis induced by submandibular gland duct ligation. PLoS 
One. 2015; 10: e0123641. 

15. Nagaraja SS, Nagarajan D. Radiation-induced pulmonary 
epithelial-mesenchymal transition: a review on targeting molecular 
pathways and mediators. Curr Drug Targets. 2018; 19: 1191-204. 

16. Ren Y, Wang W, Yu C, Wang Y, Qiu Y, Yue Z, et al. An injectable 
exosome-loaded hyaluronic acid-polylysine hydrogel for cardiac repair 
via modulating oxidative stress and the inflammatory 
microenvironment. Int J Biol Macromol. 2024; 275: 133622. 

17. Li Y, Shen Z, Jiang X, Wang Y, Yang Z, Mao Y, et al. Mouse mesenchymal 
stem cell-derived exosomal miR-466f-3p reverses EMT process through 
inhibiting AKT/GSK3β pathway via c-MET in radiation-induced lung 
injury. J Exp Clin Cancer Res. 2022; 41: 128. 

18. Chen Q, Yao L, Liu Q, Hou J, Qiu X, Chen M, et al. Exosome-coated 
polydatin nanoparticles in the treatment of radiation-induced intestinal 
damage. Aging (Albany NY). 2023; 15: 6905-20. 

19. Ortiz GGR, Zaidi NH, Saini RS, Ramirez Coronel AA, Alsandook T, 
Hadi Lafta M, et al. The developing role of extracellular vesicles in 
autoimmune diseases: special attention to mesenchymal stem 
cell-derived extracellular vesicles. Int Immunopharmacol. 2023; 122: 
110531. 

20. Altaner C, Altanerova U. Mesenchymal stem cell exosome-mediated 
prodrug gene therapy for cancer. Methods in molecular biology (Clifton, 
NJ). 2019; 1895: 75-85. 

21. Borrelli DA, Yankson K, Shukla N, Vilanilam G, Ticer T, Wolfram J. 
Extracellular vesicle therapeutics for liver disease. J Control Release. 
2018; 273: 86-98. 

22. Yun CW, Lee SH. Potential and therapeutic efficacy of cell-based therapy 
using mesenchymal stem cells for acute/chronic kidney disease. Int J 
Mol Sci. 2019; 20: 1619. 

23. Tian S, Zhou X, Zhang M, Cui L, Li B, Liu Y, et al. Mesenchymal stem 
cell-derived exosomes protect against liver fibrosis via delivering 
miR-148a to target KLF6/STAT3 pathway in macrophages. Stem Cell 
Res Ther. 2022; 13: 330. 

24. Qiu Z, Zhong Z, Zhang Y, Tan H, Deng B, Meng G. Human umbilical 
cord mesenchymal stem cell-derived exosomal miR-335-5p attenuates 
the inflammation and tubular epithelial-myofibroblast 
transdifferentiation of renal tubular epithelial cells by reducing 
ADAM19 protein levels. Stem Cell Res Ther. 2022; 13: 373. 



Theranostics 2025, Vol. 15, Issue 5 
 

 
https://www.thno.org 

1640 

25. Fan C, Wang Q, Chen Y, Ye T, Fan Y. Exosomes derived from bone 
mesenchymal stem cells attenuate myocardial fibrosis both in vivo and 
in vitro via autophagy activation: the key role of miR-199a-3p/mTOR 
pathway. Hum Cell. 2022; 35: 817-35. 

26. Chansaenroj A, Yodmuang S, Ferreira JN. Trends in salivary gland tissue 
engineering: from stem cells to secretome and organoid bioprinting. 
Tissue Eng Part B Rev. 2021; 27: 155-65. 

27. Kim H, Zhao Q, Barreda H, Kaur G, Hai B, Choi JM, et al. Identification 
of molecules responsible for therapeutic effects of extracellular vesicles 
produced from iPSC-derived MSCs on Sjögren's syndrome. Aging Dis. 
2021; 12: 1409-22. 

28. Ogata K, Moriyama M, Kawado T, Yoshioka H, Yano A, 
Matsumura-Kawashima M, et al. Extracellular vesicles of iPS cells highly 
capable of producing HGF and TGF-β1 can attenuate Sjögren's 
syndrome via innate immunity regulation. Cell Signal. 2024; 113: 110980. 

29. Ma D, Wu Z, Zhao X, Zhu X, An Q, Wang Y, et al. Immunomodulatory 
effects of umbilical mesenchymal stem cell-derived exosomes on CD4(+) 
T cells in patients with primary Sjögren's syndrome. 
Inflammopharmacology. 2023; 31: 1823-38. 

30. Hu S, Chen B, Zhou J, Liu F, Mao T, Pathak JL, et al. Dental pulp stem 
cell-derived exosomes revitalize salivary gland epithelial cell function in 
NOD mice via the GPER-mediated cAMP/PKA/CREB signaling 
pathway. J Transl Med. 2023; 21: 361. 

31. Chansaenroj A, Adine C, Charoenlappanit S, Roytrakul S, Sariya L, 
Osathanon T, et al. Magnetic bioassembly platforms towards the 
generation of extracellular vesicles from human salivary gland 
functional organoids for epithelial repair. Bioact Mater. 2022; 18: 151-63. 

32. Xiao XY, Zhang NN, Long YZ, Huang GL. Repair mechanism of 
radiation-induced salivary gland injury by hypoxia-pretreated human 
urine-derived stem cell exosomes. Oral Dis. 2024; 30: 1234-41. 

33. Fang D, Su X, Liu Y, Lee JC, Seuntjens J, Tran SD. Cell extracts from 
spleen and adipose tissues restore function to irradiation-injured 
salivary glands. Journal of tissue engineering and regenerative medicine. 
2018; 12: e1289-e96. 

34. Wu J, Chen L, Wang R, Song Z, Shen Z, Zhao Y, et al. Exosomes secreted 
by stem cells from human exfoliated deciduous teeth promote alveolar 
bone defect repair through the regulation of angiogenesis and 
osteogenesis. ACS Biomater Sci Eng. 2019; 5: 3561-71. 

35. Tran SD, Liu Y, Xia D, Maria OM, Khalili S, Wang RW, et al. Paracrine 
effects of bone marrow soup restore organ function, regeneration, and 
repair in salivary glands damaged by irradiation. PloS one. 2013; 8: 
e61632. 

36. Faraldi M, Gomarasca M, Sansoni V, Perego S, Banfi G, Lombardi G. 
Normalization strategies differently affect circulating miRNA profile 
associated with the training status. Sci Rep. 2019; 9: 1584. 

37. Ding C, Du ZH, Li SL, Wu LL, Yu GY. Ca(2+)-CaMKKβ pathway is 
required for adiponectin-induced secretion in rat submandibular gland. J 
Mol Histol. 2018; 49: 99-110. 

38. Quissell DO, Turner JT, Redman RS. Development and characterization 
of immortalized rat parotid and submandibular acinar cell lines. Eur J 
Morphol. 1998; 36 (Suppl): 50-4. 

39. Choi JS, An HY, Shin HS, Kim YM, Lim JY. Enhanced tissue remodelling 
efficacy of adipose-derived mesenchymal stem cells using injectable 
matrices in radiation-damaged salivary gland model. J Tissue Eng Regen 
Med. 2018; 12: e695-e706. 

40. Shin HS, Lee S, Kim YM, Lim JY. Hypoxia-activated adipose 
mesenchymal stem cells prevents irradiation-induced salivary 
hypofunction by enhanced paracrine effect through fibroblast growth 

factor 10. Stem cells (Dayton, Ohio). 2018; 36: 1020-32.  
41. Sumita Y, Liu Y, Khalili S, Maria OM, Xia D, Key S, et al. Bone 

marrow-derived cells rescue salivary gland function in mice with head 
and neck irradiation. The international journal of biochemistry & cell 
biology. 2011; 43: 80-7. 

42. I T, Sumita Y, Yoshida T, Honma R, Iwatake M, Raudales JLM, et al. 
Anti-inflammatory and vasculogenic conditioning of peripheral blood 
mononuclear cells reinforces their therapeutic potential for 
radiation-injured salivary glands. Stem Cell Res Ther. 2019; 10: 304. 

43. Coppes RP, Stokman MA. Stem cells and the repair of radiation-induced 
salivary gland damage. Oral Dis. 2011; 17: 143-53. 

44. Abreu SC, Lopes-Pacheco M, Weiss DJ, Rocco PRM. Mesenchymal 
stromal cell-derived extracellular vesicles in lung diseases: current status 
and perspectives. Front Cell Dev Biol. 2021; 9: 600711. 

45. An HY, Shin HS, Choi JS, Kim HJ, Lim JY, Kim YM. Adipose 
mesenchymal stem cell secretome modulated in hypoxia for remodeling 
of radiation-induced salivary gland damage. PLoS One. 2015; 10: 
e0141862. 

46. Su X, Upadhyay A, Tran SD, Lin Z. Cell-free therapies: the use of cell 
extracts to mitigate irradiation-injured salivary glands. Biology (Basel). 
2023; 12: 305. 

47. Kang M, Jordan V, Blenkiron C, Chamley LW. Biodistribution of 
extracellular vesicles following administration into animals: A 
systematic review. J Extracell Vesicles. 2021; 10: e12085. 

48. Zhang S, Li G, Qian K, Zou Y, Zheng X, Ai H, et al. Exosomes derived 
from cancer cells relieve inflammatory bowel disease in mice. J Drug 

Target. 2024; 32: 1073-85. 
49. Ma N, Liu Y, Chen D, Wu C, Meng Z. In vivo imaging of exosomes 

labeled with NIR-II polymer dots in liver-injured mice. 
Biomacromolecules. 2022; 23: 4825-33. 

50. Wu R, Hu X, Wang J. Current optimized strategies for stem cell-derived 
extracellular vesicle/exosomes in cardiac repair. J Mol Cell Cardiol. 2023; 
184: 13-25. 

51. Cooper JM, Wiklander PB, Nordin JZ, Al-Shawi R, Wood MJ, Vithlani M, 
et al. Systemic exosomal siRNA delivery reduced alpha-synuclein 
aggregates in brains of transgenic mice. Mov Disord. 2014; 29: 1476-85. 

52. Isaioglou I, Aldehaiman MM, Li Y, Lahcen AA, Rauf S, Al-Amoodi AS, 
et al. CD34(+) HSPCs-derived exosomes contain dynamic cargo and 
promote their migration through functional binding with the homing 
receptor E-selectin. Front Cell Dev Biol. 2023; 11: 1149912. 

53. Takahashi Y, Nishikawa M, Shinotsuka H, Matsui Y, Ohara S, Imai T, et 
al. Visualization and in vivo tracking of the exosomes of murine 
melanoma B16-BL6 cells in mice after intravenous injection. J Biotechnol. 
2013; 165: 77-84. 

54. Ciullo A, Biemmi V, Milano G, Bolis S, Cervio E, Fertig ET, et al. 
Exosomal expression of CXCR4 targets cardioprotective vesicles to 
myocardial infarction and improves outcome after systemic 
administration. Int J Mol Sci. 2019; 20: 468. 

55. Cohen O, Betzer O, Elmaliach-Pnini N, Motiei M, Sadan T, 
Cohen-Berkman M, et al. 'Golden' exosomes as delivery vehicles to target 
tumors and overcome intratumoral barriers: in vivo tracking in a model 
for head and neck cancer. Biomater Sci. 2021; 9: 2103-14. 

56. Kim D, Lim KM, Cho JM, Park HJ, Hwang S, Dayem AA, et al. Ductal 
delivery of extracellular vesicles promote the recovery from salivary 
gland inflammation. J Control Release. 2023; 357: 235-48. 

57. Misra S, Hascall VC, Markwald RR, Ghatak S. Interactions between 
hyaluronan and its receptors (CD44, RHAMM) regulate the activities of 
inflammation and cancer. Front Immunol. 2015; 6: 201. 

58. Jordan AR, Racine RR, Hennig MJ, Lokeshwar VB. The role of CD44 in 
disease pathophysiology and targeted treatment. Front Immunol. 2015; 
6: 182. 

59. Hassn Mesrati M, Syafruddin SE, Mohtar MA, Syahir A. CD44: a 
multifunctional mediator of cancer progression. Biomolecules. 2021; 11: 
1850. 

60. Carreras-Planella L, Monguió-Tortajada M, Borràs FE, Franquesa M. 
Immunomodulatory effect of MSC on B cells is independent of secreted 
extracellular vesicles. Front Immunol. 2019; 10: 1288. 

61. Wang M, Yan L, Li Q, Yang Y, Turrentine M, March K, et al. 
Mesenchymal stem cell secretions improve donor heart function 
following ex vivo cold storage. J Thorac Cardiovasc Surg. 2020; 163: 
e277-92.  

62. Tanaka J, Mishima K. Application of regenerative medicine to salivary 
gland hypofunction. Jpn Dent Sci Rev. 2021; 57: 54-9. 

63. Radfar L, Sirois DA. Structural and functional injury in minipig salivary 
glands following fractionated exposure to 70 Gy of ionizing radiation: an 
animal model for human radiation-induced salivary gland injury. Oral 
Surg Oral Med Oral Pathol Oral Radiol Endod. 2003; 96: 267-74. 

64. Cho JM, Yoon YJ, Lee S, Kim D, Choi D, Kim J, et al. Retroductal delivery 
of epidermal growth factor protects salivary progenitors after 
irradiation. J Dent Res. 2021; 100: 883-90. 

65. Yang J, Antin P, Berx G, Blanpain C, Brabletz T, Bronner M, et al. 
Guidelines and definitions for research on epithelial-mesenchymal 
transition. Nat Rev Mol Cell Biol. 2020; 21: 341-52. 

66. Kim JM, Kim JW, Choi ME, Kim SK, Kim YM, Choi JS. Protective effects 
of curcumin on radioiodine-induced salivary gland dysfunction in mice. 
J Tissue Eng Regen Med. 2019; 13: 674-81. 

67. Chen Z, Chen X, Zhu B, Yu H, Bao X, Hou Y, et al. TGF-β1 triggers 
salivary hypofunction via attenuating protein secretion and AQP5 
expression in human submandibular gland cells. J Proteome Res. 2023; 
22: 2803-13. 

68. Arnoldi R, Hiltbrunner A, Dugina V, Tille JC, Chaponnier C. Smooth 
muscle actin isoforms: a tug of war between contraction and compliance. 
Eur J Cell Biol. 2013; 92: 187-200. 

69. Stemmler MP, Eccles RL, Brabletz S, Brabletz T. Non-redundant 
functions of EMT transcription factors. Nat Cell Biol. 2019; 21: 102-12. 



Theranostics 2025, Vol. 15, Issue 5 
 

 
https://www.thno.org 

1641 

70. Li L, Wang H, Zhang J, Chen X, Zhang Z, Li Q. Effect of endothelial 
progenitor cell-derived extracellular vesicles on endothelial cell 
ferroptosis and atherosclerotic vascular endothelial injury. Cell Death 
Discov. 2021; 7: 235. 

71. Callegari E, D'Abundo L, Guerriero P, Simioni C, Elamin BK, Russo M, et 
al. miR-199a-3p modulates MTOR and PAK4 pathways and inhibits 
tumor growth in a hepatocellular carcinoma transgenic mouse model. 
Mol Ther Nucleic Acids. 2018; 11: 485-93. 

72. Phatak P, Burrows WM, Chesnick IE, Tulapurkar ME, Rao JN, Turner DJ, 
et al. MiR-199a-3p decreases esophageal cancer cell proliferation by 
targeting p21 activated kinase 4. Oncotarget. 2018; 9: 28391-407. 

73. Xia W, Chang B, Li L, Hu T, Ye J, Chen H, et al. MicroRNA therapy 
confers anti-senescent effects on doxorubicin-related cardiotoxicity by 
intracellular and paracrine signaling. Aging (Albany NY). 2021; 13: 
25256-70. 

74. Yan L, Xie X, Niu BX, Wu MT, Tong WQ, He SY, et al. Involvement of 
miR-199a-3p/DDR1 in vascular endothelial cell senescence in diabetes. 
Eur J Pharmacol. 2021; 908: 174317. 

75. Wen T, Wang H, Li Y, Lin Y, Zhao S, Liu J, et al. Bone mesenchymal stem 
cell-derived extracellular vesicles promote the repair of intervertebral 
disc degeneration by transferring microRNA-199a. Cell Cycle. 2021; 20: 
256-70. 

76. Dong W, Kong M, Zhu Y, Shao Y, Wu D, Lu J, et al. Activation of TWIST 
transcription by chromatin remodeling protein BRG1 contributes to liver 
fibrosis in mice. Front Cell Dev Biol. 2020; 8: 340. 

77. Otsuki T, Fukuda N, Chen L, Tsunemi A, Abe M. Twist-related protein 1 
induces epithelial-mesenchymal transition and renal fibrosis through the 
upregulation of complement 3. PLoS One. 2022; 17: e0272917. 

 


