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and wound healing effects similar to those 
of adipose‑derived stem cell exosomes
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Abstract 

Backgrounds  Minor salivary gland mesenchymal stem cells (MSGMSCs) can be easily extracted and have a broad 
range of sources. Applying exosomes to wounds is a highly promising method for promoting wound healing. 
Exosomes derived from different stem cell types have been proven to enhance wound healing, with adipose-derived 
stem cell (ADSC)-derived exosomes being the most extensively researched. Considering that MSGMSCs have advan-
tages such as easier extraction compared to ADSCs, MSGMSCs should also be a very promising type of stem cell 
in exosome therapy. However, whether MSGMSC-derived exosomes (MSGMSC-exos) can promote wound healing 
and how they compare to ADSC-derived exosomes (ADSC-exos) in the wound healing process remain unclear.

Materials  The effects of MSGMSC-exos and ADSC-exos on angiogenesis in wound healing were investigated in vitro 
using CCK-8, scratch assays, and tube formation assays. Subsequently, the promotion of wound healing by MSGMSC-
exos and ADSC-exos was evaluated in vivo using a full-thickness wound defect model in mice. Immunohistochemis-
try was used to verify the effects of MSGMSC-exos and ADSC-exos on promoting collagen deposition, angiogenesis, 
and cell proliferation in the wound. Immunofluorescence staining was performed to investigate the role of MSGMSC-
exos and ADSC-exos in modulating the inflammatory response in the wound. Furthermore, proteomic sequencing 
was conducted to investigate the functional similarities and differences between the proteomes of MSGMSC-exos 
and ADSC-exos, with key protein contents verified by ELISA.

Results  MSGMSC-exos exhibited similar effects as ADSC-exos in promoting the migration, proliferation, and tube 
formation of human umbilical vein endothelial cells (HUVECs) in vitro, with a comparable dose-dependent effect. 
In vivo experiments confirmed that MSGMSC-exos have similar wound healing-promoting functions as ADSC-exos. 
MSGMSC-exos promoted the neovascularization and maturation of blood vessels in vivo at a level comparable 
to ADSC-exos. Despite MSGMSC-exos showing less collagen deposition than ADSC-exos, they exhibited stronger 
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Background
Skin is the largest organ of the human body, playing an 
essential role in protecting us from physical trauma, 
thermal injury, UV radiation, and infections caused by 
external pathogens [1]. Meanwhile, skin is susceptible 
to damage due to its exposure. Injuries like cuts, slashes, 
burns, or abrasions can breach the protective barrier and 
result in skin wounds. Skin wound management is a vital 
topic in medicine since ineffective skin wound healing 
increases the morbidity and mortality rate and is a severe 
burden of both harmed individuals and the whole society 
[2, 3]. Traditional therapies for wounds include debride-
ment, skin grafting, negative pressure wound therapy, tis-
sue expansion, and various wound closure techniques [4, 
5]. However, these therapies may sometimes inefficacious 
due to impaired cell function and the pathological con-
ditions of wound sites [6]. Therefore, exploring methods 
to enhance the wound healing process is a crucial clinical 
objective. Against this backdrop, exosomes derived from 
variety types of stem cells have captured the attention of 
researchers due to their biocompatibility and cell-free 
approach [7, 8]. The validity of utilizing diverse exosome 
types, including those sourced from adipose-derived 
stem cells (ADSCs), bone marrow-derived stem cells 
(BMSCs), Umbilical cord derived stem cells (UCSCs) and 
epidermal stem cells (ESCs), in enhancing wound heal-
ing has been verified [9–15]. Among these stem cells, 
exosomes derived from ADSC (ADSC-exos) are the most 
extensively studied due to the abundant distribution and 
endocrine function of adipose tissue [16]. Up to now, it 
has been universally acknowledged that ADSC-exos exert 
a favorable impact on wound healing and hold significant 
promise for future therapeutic applications [17, 18].

The wound healing primarily consists of four stages: 
hemostasis, inflammation, proliferation, and remode-
ling. Angiogenesis plays an indispensable role in orches-
trating the intricate symphony of wound healing across 
these 4 stages for the following reasons: (1) The newly 
formed vascular can facilitate the delivery of oxygen and 

micronutrients to the wound bed, ensuring the tissue 
growth and concurrently aiding in the removal of cata-
bolic waste products [19, 20]. (2) Adequate angiogenesis 
facilitates the migration of various cell types, including 
immune cells and fibroblasts, to the wound site. This 
serves a dual function of safeguarding the wound against 
potential infections while actively participating in the 
processes of tissue regeneration and remodeling [21, 22]. 
ADSC-exos have been conclusively demonstrated to pos-
itively influence the proliferation and migration of vas-
cular endothelial cells, thereby enhancing angiogenesis 
during wound healing [23]. Moreover, various subclasses 
of miRNAs related to angiogenesis (miR-125a, miR-31, 
miR-21, miR-126, miR-130a) carried by ADSC-exos have 
been proven to contribute to promoting wound healing 
by increasing angiogenesis [24–28]. However, liposuction 
for obtaining ADSCs is invasive and associated with risks 
such as infection, bruising and swelling, irregular con-
tours and scarring [29]. Additionally, extracting ADSCs is 
a complicated and inefficient process, consuming a sig-
nificant amount of effort [30]. More research should be 
conducted to discover a new type of stem cell that is eas-
ily accessible and causes less pain.

Saliva contains various bioactive components such as 
growth factors and antimicrobial peptides, which have 
been proven to promote wound healing [31, 32]. There-
fore, we speculate that the secretome of salivary gland 
stem cells might play a role in promoting wound heal-
ing. As previously discussed, we aim to find a new type 
of stem cell that is easy to obtain, widely available, and 
presents fewer post-extraction complications. The minor 
salivary glands, which are commonly located in the oral 
submucosa, have become an ideal source. The minor sali-
vary glands are widely distributed in the oral submucosa 
and are easily accessible. Furthermore, a typical individ-
ual has approximately 800 to 1,000 minor salivary glands, 
providing a broad source [33]. Our team has success-
fully extracted minor salivary gland mesenchymal stem 
cells (MSGMSCs) from minor salivary gland tissue and 

anti-scar formation and anti-inflammatory effects. Proteomic analysis revealed that the proteins promoting wound 
healing in both MSGMSC-exos and ADSC-exos were relatively conserved, with ITGB1 identified as a critical protein 
for angiogenesis. Further differential analysis revealed that the functions specifically enriched in MSGMSC-exos 
and ADSC-exos reflected the functions of their source tissue.

Conclusions  Our study confirms that MSGMSC-exos exhibit highly similar wound healing and angiogenesis-promot-
ing functions compared to ADSC-exos, and the proteins involved in promoting wound healing in both are relatively 
conserved. Moreover, MSGMSC-exos show stronger anti-scar formation and anti-inflammatory effects than ADSC-
exos. This suggests that MSGMSCs are a promising stem cell source with broad applications in wound healing 
treatment.

Keywords  Exosome therapy, Wound healing, Human minor salivary mesenchymal stem cells, Adipose-derived stem 
cells
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demonstrated their stem cell properties [34–36]. MSGM-
SCs originate from oral tissue, which exhibits rapid 
regeneration following extraction and results in less pain 
and fewer scars compared to liposuction. Meanwhile, 
compared to ADSCs, MSGMSCs need smaller amount 
of tissue to obtain an equivalent number of primary cells, 
and the extraction process of MSGMSCs is rather simple 
[35]. An in vitro study demonstrates that MSGMSC can 
be cultured for up to 20 passages without obvious mor-
phological changes and retains the ability for self-renewal 
[34]. MSGMSCs have a promising future in the applica-
tion of stem cell therapy considering the characteristics 
discussed above. Given the widely acknowledged positive 
effects of ADSC-exos on angiogenesis and wound heal-
ing, our study aims to investigate whether MSGMSC-
exos can similarly enhance angiogenesis and wound 
healing, and to compare the effectiveness of MSGMSC-
exos with that of ADSC-exos.

Materials and methods
Cell culture and characterization
The extraction of ADSCs and MSGMSCs was described 
before [34, 37]. ADSCs and MSGMSCs were cultured 
in 75 cm2 culture dish (353024; Corning, America) with 
Dulbecco’s modified Eagle’s medium (DMEM)-low glu-
cose (SH30021.01; HyClone, America) supplemented 
with 10% fetal bovine serum (FBS) (10100; Gibco, Amer-
ica), 100 U/ml penicillin and 100  μg/ml streptomycin 
(SV30010; HyClone, America). Both cells were incu-
bated in a CO2-regulated incubator within a humidi-
fied 95% air and 5% CO2 atmosphere. The culture media 
were replaced every 2 days. The cells were passaged after 
reaching 80 percent confluence and cells at 3–6 passages 
were used for further extraction of exosomes.

To evaluate the differentiation potential of ADSCs and 
MSGMSCs, adipogenic, osteogenic, and chondrogenic 
induction were performed. Flow cytometry was per-
formed to determine the expression of HLA-DR, CD11b, 
CD14, CD29, CD105, and CD166.

Extraction and identification of ADSC‑exos 
and MSGMSC‑exos
The 3–6 passages of ADSCs and MSGMSCs were prolif-
erated to approximately 70 percent of confluent and then 
cultured in MSC NutriStem® XF Medium (05–200-1A; 
Biological Industry, Israel) for 24  h to obtain FBS-free 
conditioned medium. The medium was centrifuged at 
4  °C, 6000 g for 6 min to eliminate cells and debris, fol-
lowed by centrifugation at 4  °C, 12,000  g for 40  min to 
remove large diameter extracellular vesicles. The super-
natant was transferred to new tubes and ultracentrifuged 
at 4  °C,100,000  g for 70  min in an Optima XPN-100 

ultracentrifuge (A94469; Beckman, America) to obtain 
the exosome precipitate.

The exosome precipitate was suspended in PBS and 
quantified with bicinchoninic acid (BCA) protein assay 
kit (P1511-3; Applygen, China) according to the manu-
facturer’s protocol. All the exosomes were used immedi-
ately for experiments or stored at − 80  °C for no longer 
than one week.

The morphology of ADSC-exos and MSGMSC-exos 
were observed using transmission electron microscopy 
(JEM-1400, JEOL Corporation, Japan). Nanoparticle 
tracking analysis (NTA) was performed using ZetaView 
PMX 110 (Particle Metrix, Germany) to analyze the size 
distribution of ADSC-exos and MSGMSC-exos. West-
ern blot assay was performed with CD81 (66866-1; Pro-
teintech, America) and TSG101 (14497-1; Proteintech, 
America) antibodies to analyze the surface markers of 
exosomes.

Cellular uptake of ADSC‑exos and MSGMSC‑exos
ADSC-exos and MSGMSC-exos were labeled with 
PKH26 red fluorescent cell linker (PKH26GL; Merck, 
America). Human umbilical vein endothelial cells 
(HUVECs) were seeded in 6-well plates and PKH26-
labeled ADSC-exos or MSGMSC-exos were added with 
an ultimate dose of 20  μg/ml. After 12  h of incubation, 
HUVECs were fixed with 4% paraformaldehyde and 
stained with DAPI. Finally, the location of exosomes 
was confirmed using confocal microscope (Carl Zeiss, 
Germany).

Cell counting kit‑8 (CCK‑8) assay
CCK-8 assay (CK04; Dojindo, Japan) was performed to 
evaluate the effect of ADSC-exos and MSGMSC-exos 
on the proliferation of HUVECs. HUVECs were initially 
cultured in DMEM-high glucose (SH30284.01; HyClone, 
America) with 10% FBS, 100 U/ml penicillin, and 100 μg/
ml streptomycin. When reaching 90 percent of confluent, 
the cells were trypsinized and seeded into four 96-well 
plates for examination at four different time points at a 
density of 5 × 103 cells per well. 100 μl FBS-free medium 
was added to each well for overnight incubation. Sub-
sequently, the medium was changed and the cells were 
stimulated separately with ADSC-exos, MSGMSC-exos 
at concentration gradients of 50  μg/ml, 100  μg/ml, and 
150  μg/ml, or with FBS-free medium (n = 3). This con-
centration gradient was established to find the optimal 
working concentration of ADSC-exos and MSGMSC-
exos. At 24, 48, 72, and 96  h, 10  μl of CCK-8 solution 
was added to each well. The absorbance was measured 
at 450 nm using a microplate reader (n = 3). The optical 
density (OD) values were recorded and represented the 
proliferation of the HUVECs.
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Tube formation assay
Tube formation assay was performed to assess the effect 
of ADSC-exos and MSGMSC-exos on promoting cap-
illary-network formation of HUVECs. 60  μl of Matrigel 
(356234; BD Bioscience, America) was added to each well 
of a 96-well plate and incubated in an incubator for gel 
formation. HUVECs were starved for 24 h using FBS-free 
medium, then trypsinized and seeded into the 96-well 
plate precoated with Matrigel at a density of 3 × 104 cells 
per well. The cells were stimulated with 100 μl FBS-free 
medium containing 100  μg/ml ADSC-exos, MSGMSC-
exos (the concentration was determined based on CCK-8 
assay) or an equal volume of FPS-free medium. Tube for-
mation was examined by phase-contrast microscopy at 2, 
4, and 8 h. The number of meshes and master junctions 
was measured by ImageJ software (n = 3).

Cell scratch assay
Cell scratch assay was performed to assess the effect 
of ADSC-exos and MSGMSC-exos on the migration 
of HUVECs. HUVECs were seeded into 6-well plates 
at a density of 1.5 × 105 per well and cultured to reach 
100% confluence and form a monolayer. Three parallel 
scratches were created in each well using a pipette tip. 
The cells were stimulated with 1  ml FBS-free medium 
containing 100 μg/ml ADSC-exos, MSGMSC-exos or an 
equal volume of FPS-free medium. Pictures were taken 
at 0, 6, 12, 18, 24 h. The migration rate was measured by 
ImageJ software (n = 3).

Animal model
8-week-old (bodyweight of 25 ± 2  g) male BALB/c mice 
were purchased from the Experimental Animal Center 
of Peking University Health Science Center. All animal 
experiments were approved by the Ethics Committee of 
Peking University Health Science Center (S2019144). The 
work has been reported in line with the ARRIVE guide-
lines 2.0.

The construction of the full-thickness skin defect 
model strictly adhered to a nature protocol [38]. On the 
day before surgery, BALB/c mice were anesthetized by 
intraperitoneal injection of 3  g/L pentobarbital sodium 
(30 mg/kg) and the fur on the dorsal and lateral skin was 
removed using an electric hair clipper. Then, the depila-
tory paste was applied on the formal described area. 
After 5 min wait, it was wiped out by cotton balls mois-
tened with PBS. The mice were housed individually after 
finishing epilation to avoid potential skin harm. On the 
surgery day, the mice were initially anesthetized with 
pentobarbital sodium, followed by creating two symmet-
rical 8-mm full-thickness skin defect by a sterile biopsy 
punch. A ring-shaped silicone splint with 10 mm internal 
diameters and 18 mm external diameters was fixed by an 

instant-bonding adhesive and 3–0 thread for each defect. 
Mice were randomized into four groups. Control group: 
the wound was covered with 80 μl of PBS (n = 6); GelMa 
group: the wound was covered with 80 μl of GelMa (SunP 
Gel G1, SunpBiotech, China) (n = 6); GelMa + ADSC-
Exo group: the wound was covered with 80 μl of GelMa 
combined with ADSC-Exo with an ultimate concentra-
tion of 500 μg/ml (n = 6); GelMa + MSGMSC-Exo group: 
the wound was covered 80  μl of GelMa combined with 
MSGMSC-Exo with an ultimate concentration of 500 μg/
ml (n = 6). The preparation of GelMa hydrogels was 
described before [39]. Except for the control group, the 
GelMa in the remaining three groups were irradiated 
with 380  nm ultraviolet for 15  s to make it light-cured. 
Finally, Tegaderm (3 M, America) and self-adhering elas-
tic bandage were used to dress the wound. Daily inspec-
tion of the mice was carried out to ensure the splint was 
securely in position. If any tendency to detachment was 
observed, prompt suturing would be applied. The wound 
healing was observed and recorded at days 0, 5, 10, and 
15 post-operation. The wound healing rate was calcu-
lated following this formula: the wound healing rate = {1 
– (remaining wound area/primary wound area)} × 100%.

Histological analysis
At 15 days post-operation, all the mice were sacrificed by 
cervical dislocation. The full thickness skin of the wound 
area was harvested and immediately observed using a 
stereo microscope (SMZ800N; Nikon, Japan) to confirm 
neo-vessel formation. Then it was fixed in 4% paraform-
aldehyde. The wound skin was subsequently dehydrated, 
and embedded in paraffin. The paraffin-embedded tissue 
was cut into 5  μm sections. The sections were stained 
with hematoxylin and eosin (H&E) and Masson’s tri-
chrome to evaluate the overall condition and collagen 
deposition in the wound beds. The relative collagen 
expression rate was calculated by ImageJ software (n = 3).

Immunohistochemical (IHC) analysis
To further confirm angiogenesis in the wound beds, 
immunohistochemical staining for CD31 and α-SMA was 
performed. Immunohistochemical staining of collagen I 
and collagen III was performed to determine the effects 
of ADSC-exos and MSGMSC-exos on scar formation. 
Immunohistochemical staining for Ki-67 was performed 
to examine the cells undergoing mitosis, which can eval-
uate the effects of ADSC-exos and MSGMSC-exos on 
tissue regeneration. The sections were treated with anti-
gen retrieval and incubated with the following antibody 
at 4  °C overnight respectively: CD31(1:200, GB113151; 
Servicebio, China), α-SMA (1:500, BM0002; Boster-
bio, China), collagen I (1:500, ab138492; Abcam, Eng-
land), collagen III (1:500, ab6310; Abcam, England), and 
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Ki-67(1:1000, ab15580; Abcam, England). Afterwards, 
the sections were incubated with a secondary antibody at 
room temperature for 30 min and consequently followed 
by diaminobenzidine (DAB) and hematoxylin staining, 
dehydrated, and mounted. Images from 3 samples each 
group were utilized for quantitative analysis using ImageJ 
software.

Immunofluorescence staining
To evaluate the effects of MSGMSC-exos and ADSC-
exos on anti-inflammation, immunofluorescence stain-
ing of F4/80, CD86, CD206, and FOXP3 was performed. 
Freezed slices were fixed with 4% paraformaldehyde for 
10 min, followed by incubated with 0.3% Triton solution 
for 10  min, then washed with PBS for 3 times. After-
wards, they were blocked in 1% BSA for 1  h at room 
temperature. The slices were incubated with anti-F4/80 
(1:200, ab300421; Abcam, England), CD86 (1:400, 13395-
1-AP; Proteintech, America), CD206 (1:200, 81525-1-RR; 
Proteintech, America) and FOXP3 antibodies (1:200, 
ab75763; Abcam, England) respectively at 4  °C over-
night, followed by incubation with goat anti-rabbit Alexa 
Fluor® 488 (ab150077; Abcam, England) or Alexa Fluor® 
594-conjugated secondary antibody (ab150080; Abcam, 
England) for 1 h at room temperature. Finally, the sam-
ples were stained with DAPI for 10 min and washed with 
PBS for 3 times. Images from 3 samples each group were 
used for quantitative analysis utilized ImageJ software.

RNA isolation and quantitative real‑time polymerase chain 
reaction (qPCR)
Total RNA was isolated from HUVECs which were 
cocultured with 100 μg/ml MSGMSC-exos or 100 μg/ml 
ADSC-exos for 24 h or harvested mice skin by using TRI-
zol reagents (15596018CN; Invitrogen, America). cDNA 
was produced utilizing using a PrimeScript™ RT reagent 
Kit (RR036B; Takara, Japan). The qPCR was carried out 
via applying SYBR-Green (G3326; servicebio, China). The 
primer sequences involved were displayed as follows.

Gene name Forward (5′–3′) Reverse (5′–3′)

human-GAPDH GGA​AGC​TTG​TCA​TCA​ATG​
GAA​ATC​

TGA​TGA​CCC​TTT​TGG​CTC​CC

human-VEGFA AGG​GCA​GAA​TCA​TCA​
CGA​AGT​

GCA​CAC​AGG​ATG​GCT​TGA​
AGA​

human-ITGB1 GTT​CAG​TTT​GCT​GTG​TGT​
TTGC​

ATC​CTC​TGG​CTT​GAG​CTT​
CTCT​

human-CXCR4 GCC​TTA​TCC​TGC​CTG​GTA​
TTGT​

AGG​ATG​ACT​GTG​GTC​TTG​
AGGG​

mouse-GAPDH CCT​CGT​CCC​GTA​GAC​AAA​
ATG​

TGA​GGT​CAA​TGA​AGG​GGT​
CGT​

mouse-Col1a1 GAG​AGG​TGA​ACA​AGG​
TCC​CG

AAA​CCT​CTC​TCG​CCT​CTT​GC

Gene name Forward (5′–3′) Reverse (5′–3′)

mouse-MMP1 CCC​ATC​TAT​ACC​TAC​ACT​
GGC​AAA​

TTT​GGG​ATG​CTT​AGG​GTT​GG

mouse-MMP3 GCC​AGG​ATT​TCC​CAG​GAA​
GATA​

AAA​TTC​CAA​CTG​CGA​AGA​
TCCA​

Western blot analysis
RIPA buffer (G2002; servicebio, China) was used to 
extract the total protein of ADSC-exos and MSGMSC-
exos. Then the total protein was quantified based on BCA 
method. The proteins at same concentration were sub-
jected in SDS-PAGE and transferred (PVDF, Millipore, 
America), followed by the incubation with 5% milk and 
with the primary antibodies (1:1000, ab134179; Abcam, 
England) at 4  °C overnight. Overnight incubated mem-
branes were washed by PBST buffer three times, followed 
by goat anti-rabbit IgG (1:5000, GB23303; Servicebio, 
China) as secondary antibodies incubated. The grayscale 
of the images was quantified and calculated using a gel 
image system (Bio-Rad, America) and the relative level of 
each band.

Liquid chromatography with tandem mass spectrometry 
(LC–MS/MS) analysis
Peptides of MSGMSC-exos and ADSC-exos were dis-
solved with 0.1% formic acid (FA) and the chromato-
graphic separation was performed on a reversed phase 
C18 column at a flow rate of 300 nL/min with a 60 min 
gradient of 5 to 40% acetonitrile in 0.1% formic acid. The 
electrospray voltage was maintained at 2.2  kV and the 
capillary temperature was set at 300  °C. The MS analy-
sis experiments were performed on a nano-flow high 
pressure liquid chromatography (HPLC) system (U3000 
UHPLC, ThermoFisher Scientific, Waltham, MA, USA) 
connected to a Q-Exactive HF Mass Spectrometer 
(ThermoFisher Scientific) equipped with a Nanospray 
Flex Ion Source (ThermoFisher Scientific). Elisa test was 
conducted according to the manufacturer’s instructions 
(SEB042Hu, Cloud-Clone Corp, America) to assess the 
concentrations of the ITGB1 protein.

bioinformation analysis
Raw MS data was processed in maxquant software pack-
age (v1.6.6.0). The Uniprot human protein database was 
used as a reference for protein identification. The iden-
tified proteins were compared with ExoCarta database 
(http://​www.​exoca​rta.​org). Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis were performed using the 
Metascape web service (https://​metas​cape.​org/​gp/​index.​
html). Protein–protein interaction (PPI) analysis was 
performed using the STRING web service (https://​cn.​

http://www.exocarta.org
https://metascape.org/gp/index.html
https://metascape.org/gp/index.html
https://cn.string-db.org/cgi/input?sessionId=bjT8qIrGAHWZ
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string-​db.​org/​cgi/​input?​sessi​onId=​bjT8q​IrGAH​WZ). 
RStudio was used for data visualization.

Statistical analysis
Statistical significance among different groups was deter-
mined by one-way analysis of variance (ANOVA) by Tuk-
ey’s multiple comparisons test in GraphPad Prism 8.0.2. 
Differences with P < 0.05 were considered statistically sig-
nificant. Data were presented as mean ± standard devia-
tion (SD).

Results
Characterization of ADSCs and MSGMSCs, identification 
and Cellular uptake of ADSC‑exos and MSGMSC‑exos
ADSCs and MSGMSCs were extracted and subjected 
to adipogenic and osteogenic induction. Both stem cell 
types showed the ability of multiple differentiation poten-
tial. Adipocytes, osteoblasts, and chondrocytes could 
be observed in adipogenic differentiation, osteogenic 
and chondrogenic induction, respectively (Fig.  S1A). 
Besides, both ADSCs and MSGMSCs were highly posi-
tive for mesenchymal stem cell (MSC) surface markers, 
including CD29, CD105 and CD166, meanwhile nega-
tive for hematopoietic stem cell (HSC) surface markers, 
including CD11b, CD14 and HLA-DR, which indicated 

both the isolated ADSCs and MSGMSCs were consistent 
with the typical stem cell characteristics (Fig. S1B). Fur-
thermore, exosomes from ADSCs and MSGMSCs were 
extracted and observed by transmission electron micros-
copy (TEM). Exosomes from both ADSCs and MSGM-
SCs presented sphere-shaped morphology (Fig.  S2A) 
The diameters of ADSC-exos and MSGMSC-exos 
were approximately 110  nm, measured by NTA analy-
sis (Fig. S2B). Western blot results showed the presence 
of CD81 and TSG101, namely the marker proteins of 
exosomes, meanwhile the absence of Calnexin (Fig. S2C). 
These data indicated that the extraction of ADSC-exos 
and MSGMSC-exos were successful. The result showed 
that HUVECs were surrounded with red fluorescence 
after incubation with ADSC-exos and MSGMSC-exos, 
indicating that these exosomes could be internalized by 
HUVECs (Fig. S2D).

MSGMSC‑exos and ADSC‑exos promote the proliferation 
of HUVECs similarly in a dose‑dependent manner
The proliferation of HUVECs cultured in medium con-
taining different concentrations of MSGMSC-exos or 
ADSC-exos at 24 h, 48 h, 72 h, and 96 h is shown in Fig. 1. 
From the results, we can see that ADSC-exos promoted 
the proliferation of HUVECs at an earlier time point 

Fig. 1  CCK-8 assay of the effect of ADSC-exos and MSGMSC-exos on HUVECs. (n = 3) A–D Cell viability of HUVECs 24 h, 48 h, 72 h, 96 h after treated 
with ADSC-exos and MSGMSC-exos respectively. E The line graph that reveals the O.D value of every group at each time point. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001

https://cn.string-db.org/cgi/input?sessionId=bjT8qIrGAHWZ
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compared to MSGMSC-exos (Fig.  1A). At 24  h, ADSC-
exos already significantly promoted the proliferation of 
HUVECs, whereas MSCMSG-exos did not exhibit the 
same effect. At 48  h, MSGMSC-exos started to exhibit 
the effect on promotion HUVECs proliferation similar to 
that of ADSC-exos (Fig.  1B). At 72  h, almost all groups 
containing exosomes exerted a proliferative influence on 
HUVECs very significantly (Fig.  1C). All these groups 
showed highly significant effect on promoting the pro-
liferation of HUVECs at 96 h. Though the medium con-
taining 100 μg/ml ADSC-exos seemed to perform better 
than the medium containing 100 μg/ml MSGMSC-exos, 
the observed difference did not achieve statistical sig-
nificance (Fig.  1D). The results demonstrated that the 
optimal working concentration for both ADSC-exos and 
MSGMSC-exos is 100  μg/ml and both of them work in 
a dose-dependent manner (Fig.  1A–D). Moreover, the 
growth rate of HUVECs during this period can be ranked 
as follows in both ADSC-exos groups and MSGMSC-
exos groups: 72–96 h, 24–48 h, 48–72 h, indicating that 
both ADSC-exos and MSGMSC-exos promote HUVECs 
proliferation in a similar manner (Fig. 1E).

MSGMSC‑exos and ADSC‑exos have similar effect 
on promoting tube formation
After cocultured with 100  μg/ml MSGMSC-exos or 
100 μg/ml ADSC-exos for 2 h, the number of meshes and 
master junctions of MSGMSC-exos group and ADSC-
exos group were statistically higher than those in the 
control group (Fig.  2). Representative images are pre-
sented in Fig. 2A. After 4 and 8 h of co-culturing, the dis-
tinction between groups containing MSGMSC-exos or 
ADSC-exos and the control group became increasingly 
pronounced. Though MSGMSC-exos seemed to perform 
slightly better than ADSC-exos, there was no statistically 
significant difference between these two groups (Fig. 2B, 
C). The number of meshes and master junctions contin-
ued to increase throughout the 8-h co-culture duration 
in both the MSGMSC-exos group and the ADSC-exos 
group, with a higher growth rate observed during the lat-
ter 4 h, while the number of meshes slightly decreased in 
the control group at 8 h because of partially disintegra-
tion of the tubules (Fig. 2D, E).

MSGMSC‑exos can promote the migration of HUVECs 
slightly better than ADSC‑exos
Representative images of cell migration results are pre-
sented in Fig.  3A. After cocultured with 100  μg/ml 
MSGMSC-exos or 100  μg/ml ADSC-exos for 12  h, the 
migration rate of MSGMSC-exos group was statistically 
higher than control group. Meanwhile, there is no statis-
tically significant difference between ADSC-exos group 
and control group. After 18 h and 24 h of co-culturing, 

the migration rates of both the ADSC-exos group and the 
MSGMSC-exos group are statistically higher than con-
trol group (Fig.  3B). The migration rates of each group 
increased almost uniformly over time, particularly in 
the control group. At all time points, the MSGMSC-exos 
group exhibited a slightly superior promotion effect com-
pared to the ADSC-exos group (Fig. 3C). After 24 h of co-
culturing, the distinction between MSGMSC-exos group 
and ADSC-exos group reached statistical significance 
(Fig. 3B). qPCR was carried out to detect the upregula-
tion of key migration-related gene (VEGFA, ITGB1, and 
CXCR4). The qPCR results indicated that compared to 
the Control group, the expression of VEGFA and ITGB1 
genes was significantly increased in the MSGMSC-exos 
and ADSC-exos groups, while the increase in CXCR4 
gene expression was not significant (Fig. S3) .

MSGMSC‑exos exhibit wound healing efficacy comparable 
to that of ADSC‑exos
Figure  4A illustrates the procedure of in  vivo animal 
study. The gross images of wounds were captured on 
days 0, 5, 10, and 15 after injury (Fig.  4B). Meanwhile, 
the wound healing rates were recorded (Fig.  4C). The 
wound sizes in the MSGMSC-exos group showed more 
rapid healing than Control and GelMa groups from day 
5 post-injury, as confirmed in both gross images and 
wound healing rates. There was no statistically significant 
differentiation between the terminal wound healing rate 
of MSGMSC-exos group and that of ADSC-exos. The 
promotion of wound healing was initiated by day 5 in the 
MSGMSC-exos group, whereas this effect was not evi-
dent in the ADSC-exos group on the same day.

Figure 5 illustrates representative H&E staining images 
of different groups by day 15. The area between the two 
red arrows stands for the wound bed. The wound bed 
of the MSGMSC-exos and ADSC-exos group showed 
higher maturity featured by ordered arrangement of 
fibroblasts and collagenous fiber, continuous basement 
membrane and reduced infiltration of inflammatory 
cells comparing to GelMa and control group. By day 
15, the MSGMSC-exos group and ADSC-exos group 
had finished re-epithelialization, while the other two 
groups showed incomplete re-epithelialization. Append-
ages such as hair follicles and sebaceous glands failed to 
regenerate in the wound beds of any of the groups.

Applying MSGMSC‑exos or ADSC‑exos promotes 
collagen deposition, cell proliferation and vascularization 
in the wound bed
Collagen deposition is a crucial component of the 
wound healing process. Adequate collagen deposition 
can enhance the tensile strength of the wound, lead-
ing to better wound healing. Masson staining revealed 
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that collagen deposition in both the MSGMSC-exos and 
ADSC-exos groups was greater than that in the GelMa 
group, with the ADSC-exos group demonstrating supe-
rior collagen deposition compared to the MSGMSC-exos 
group (Fig. 6A, B). Type III collagen is the predominant 
collagen type involved in wound healing and constitutes 

a major component of granulation tissue [40]. Increased 
collagen III deposition, namely a lower collagen I to col-
lagen III ratio, is essential for minimizing scar [14, 41]. 
Therefore, we further performed IHC staining for col-
lagen I and collagen III. The results indicated that both 
ADSC-exos and MSGMSC-exos primarily promoted 

Fig. 2  Results of tube formation assay of HUVECs. (n = 3) A Representative images of the formed tubules. (scale bars = 100 μm) B The number 
tube structures per view field of each group. It represents the tubule that has already formed. C The number of master junctions per view field 
of each group. It represents the potential to form new tubules. D The line graph of the number of meshes E The line graph of the number of master 
junctions. *p < 0.05, **p < 0.01
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Fig. 3  Cell migration results of HUVECs. (n = 3) A Representative images of cell migration results, scale bars = 500 μm. B The migration rate of each 
group over time. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. C The line graph of the migration rate which can show the growth trend of each 
group
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overall collagen deposition by enhancing Type III colla-
gen deposition. The expression of Type I collagen in the 
MSGMSC-exos group was even lower than that in the 
GelMa group. The MSGMSC-exos group demonstrated 
the lowest ratio of collagen I to collagen III, with a sta-
tistically significant difference compared to the ADSC-
exos group (P < 0.05). This suggested that, although the 
overall collagen deposition in the MSGMSC-exos group 
was lower than that in the ADSC-exos group, it has a 
greater potential for preventing scar formation after 
wound healing. qPCR further confirmed the upregula-
tion of anti-scar genes such as MMP1 and MMP3, and 

the downregulation of COL1 gene in the MSGMSC-exos 
group compared to either the ADSC-exos group or the 
GelMa group (Fig. S4) .

We further conducted IHC staining for Ki67, CD31, 
and α-SMA to evaluate the proliferation of granulation 
tissue, angiogenesis and vascular maturation in  vivo. 
The Ki67-positive cells were significantly increased in 
the MSGMSC-exos and ADSC-exos groups compared 
to the GelMa and Control groups, indicating that gran-
ulation tissue proliferation was improved after exosome 
treatment (Fig. 7A). CD31 is an endothelial cell marker, 
commonly expressed in the cells lining the lumen of both 

Fig. 4  Healing process of wounds promoted by MSGMSC-exos and ADSC-exos. A The procedure of in vivo study. B Representative images 
of wound healing process in Control, GelMa, GelMa + ADSC-exos and GelMa + MSGMSC-exos group. C Wound healing rates at different time 
points of the four groups. (n = 6) *p < 0.05, **p < 0.01, ***p < 0.001. #p < 0.05, ##p < 0.01 (* stands for MSGMSC-exos group vs GelMa group. # stands 
for ADSC-exos group vs GelMa group). D Representative photomicrographs of wounds, showing increased neo-vessel formation (Red arrows) 
in MSGMSC-exos and ADSC-exos groups (scale bars = 5 mm)
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immature and mature blood vessels. The MSGMSC-exos 
and ADSC-exos groups showed more CD31-positive 
tubular structures (Fig.  7B), demonstrating that both 

MSGMSC-exos and ADSC-exos effectively promote 
angiogenesis in  vivo. α-SMA is primarily expressed by 
vascular smooth muscle cells in the walls of mature blood 

Fig. 5  Representative images of H&E staining in four groups. Red arrows stand for the margin of the wound bed. Black lines stand 
for the nonepithelialized area in the control and GelMa group (scale bar = 1 mm)
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vessels. Compared to CD31, α-SMA represents more 
mature blood vessels. α-SMA staining results indicated 
that both the MSGMSC-exos and ADSC-exos groups 
exhibited a greater number of mature blood vessels, with 
no significant statistical difference between these two 
groups (Fig. 7C).

MSGMSC‑exos has a more potent anti‑inflammatory effect 
compared to ADSC‑exos
Immunofluorescence staining for F4/80 (pan-mac-
rophage), CD86 (M1 macrophage), CD206 (M2 
macrophage), and FOXP3 (regulatory T cells) was 
conducted to evaluate the inflammation in the wound 
bed. F4/80-positive cells were slightly reduced in both 
the MSGMSC-exos and ADSC-exos groups (Fig.  7D, 
E), with statistical significance only observed in the 
MSGMSC-exos group (P < 0.05). CD86-positive mac-
rophages (the pro-inflammatory M1 phenotype) 
decreased in both the MSGMSC-exos and ADSC-exos 

groups, while CD206-positive macrophages (the 
anti-inflammatory M2 phenotype) increased in both 
groups. Additionally, the MSGMSC-exos group exhib-
ited a more significant reduction in CD86 expression 
(P < 0.05) and a notable increase in CD206 expres-
sion (P < 0.001) compared to the ADSC-exos group. 
This indicates that both MSGMSC-exos and ADSC-
exos mediate anti-inflammatory effects by driving M2 
polarization of macrophages, with minimal impact 
on macrophage quantity. Increased M2 macrophage 
polarization is a hallmark of the transition from the 
inflammatory phase to the proliferative phase in wound 
healing [42]. The skin of mice contains a large number 
of tissue-resident regulatory T cells (Tregs) expressing 
FOXP3, which can directly suppress inflammation at 
the wound site through the EGFR pathway, or indirectly 
by inhibiting the accumulation of pro-inflammatory 
macrophages, playing a critical role in the regulation of 

Fig. 6  Collagen deposition of wounds promoted by MSGMSC-exos and ADSC-exos A Representative images of Masson staining (scale 
bars = 1 mm) and immunohistochemical staining of type III collagen and type I collagen (scale bars = 100 μm) in four groups. B Quantitative analysis 
of overall collagen expression, collagen III and collagen I deposition, and collagen I/ collagen III ratio (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001
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inflammation at the wound site [43]. Immunofluores-
cence staining results showed that both MSGMSC-exos 
and ADSC-exos promoted the accumulation of Tregs, 
with MSGMSC-exos exhibiting higher FOXP3 expres-
sion than ADSC-exos (P < 0.01). The above results 
prove that MSGMSC-exos have a distinct advantage 

in suppressing wound inflammation compared to 
ADSC-exos.

Bioinformatics analyses of exosomes from MSGMSC 
and ADSC
To further explore the mechanism of promoting angio-
genesis and wound healing, we conducted proteomic 

Fig. 7  MSGMSC-exos and ADSC-exos enhance cell proliferation and angiogenesis while suppressing inflammation. A Representative images of Ki67 
immunohistochemical (scale bars = 100 μm) and quantification of the number of Ki67 positive cells in the wound area (n = 3). B Representative 
images of CD31 immunohistochemical staining (scale bars = 250 μm) and microvessel counts analysis in the wound bed (n = 3). C Representative 
images of α-SMA staining (scale bars = 250 μm) and mature vessels counts analysis (n = 3). D Representative images of immunofluorescence staining 
of macrophages and regulatory T cells in the wound bed (scale bars = 100 μm). E Quantitative analysis of the immunofluorescence staining (n = 3). 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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analysis of exosomes from MSGMSC and ADSC. The 
result revealed 414 and 408 proteins in MSGMSC-exos 
and ADSC-exos respectively. 88.16% of the proteins in 
MSGMSC-exos and 87.5% in ADSC-exos matched those 
in ExoCarta, indicating that the results were highly reli-
able. MSGMSC-exos and ADSC-exos had around 83% of 
proteins in common (Fig. 8A). The Gene Ontology (GO) 
analysis categorized the results according to biologi-
cal process (BP), cellular component (CC), and molecu-
lar function (MF). In the biological process, proteins in 
both MSGMSC-exos and ADSC-exos were significantly 
involved in wound healing, blood coagulation, extracellu-
lar matrix organization, and the regulation of angiogen-
esis (Figs. 8B, 9C). This involvement partly suggests these 
proteins may facilitate collagen deposition and angio-
genesis during the wound healing process. Additionally, 
other biological processes involved in wound healing, 
such as tissue migration, epithelial cell migration, and the 

positive regulation of cell adhesion, were also observed in 
the GO analysis. In terms of cellular component, proteins 
in both groups were significantly enriched in extracellu-
lar exosome. As for molecular function, proteins in both 
groups were involved to varying degrees in the structural 
constituent of the extracellular matrix, collagen bind-
ing, and cadherin binding. These molecular functions 
also play an important role in the wound healing pro-
cess. Regarding KEGG analysis, both exosome proteins 
were enriched in Complement and coagulation cascades, 
ECM-receptor interaction, focal adhesion, and platelet 
activation (Figs. 8D, 9E).

The volcanogram and heatmap reflected the differ-
ences in protein expression between the two groups 
(Fig. 9A, B). The heatmap indicated that MSGMSC-exos 
contained more MMP1 and MMP3 proteins which are 
essential in scarless wound healing. The differential pro-
teins between the two groups are enriched in pathways 

Fig. 8  Bioinformatics analysis of MSGMSC-exos and ADSC-exos. A Venn diagram of MSGMSC-exos and ADSC-exos against ExoCarta. B GO analysis 
of ADSC-exos C GO analysis of MSGMSC-exos D KEGG analysis of ADSC-exos E KEGG analysis of MSGMSC-exos
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such as collagen metabolic process, positive regulation of 
immune response, and PPAR signaling pathway (Fig. S5), 
which is consistent with the observed differences in 

anti-inflammatory and collagen deposition promotion 
effects in experimental results. Among the differential 
proteins, those exhibiting highly significant differences 

Fig. 9  Bioinformatics analysis of the specific proteins detected in each source of exosomes. A The volcanogram of differential proteins 
for MSGMSC-exos vs ADSC-exos. B Heatmap of MSGMSC-exos vs ADSC-exos C GO and KEGG analysis of specific proteins for ADSC-exos D 
GO and KEGG analysis of specific proteins for MSGMSC-exos E PPI analysis based on shared pro-angiogenic proteins. F Elisa test of ITGB1 
in MSGMSC-exos and ADSC-exos
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(Log2Fc > 5) and closely associated with wound healing 
were highlighted in the volcanogram. CLEC11A, CSTL, 
and LAMC1 were expressed more in MSGMSC-exos, 
while KRT5, CALR, and TSPAN8 showed higher expres-
sion in ADSC-exos. Their specific roles in wound healing 
are detailed in Supplementary Table 1. Subsequently, we 
compared the specific BP, CC, MF, and KEGG pathways 
between the two groups (Fig.  9C, D). ADSC-exos pro-
teins were specifically enriched in fatty acid metabolic 
process, regulation of ERK1 and ERK2 cascade, lipo-
protein particle binding, protein-lipid complex binding 
and lipid and atherosclerosis. whereas MSGMSC-exos 
proteins were specifically enriched in response to light 
stimulus, positive regulation of proteolysis, positive regu-
lation of ion transport, galactose metabolism and folate 
biosynthesis. These differences may partially reflect the 
unique characteristics of their source tissues. Proteins in 
ADSC-exos were more involved in biological processes 
and diseases related to fat metabolism, while proteins in 
MSGMSC-exos were highly correlated with certain func-
tions of the salivary gland. 12 pro-angiogenic proteins 
were identified in both ADSC-exos and MSGMSC-exos, 
and the details of how they work in promoting angiogen-
esis can be found in supplementary Table 2. PPI analysis 
showed that Integrin beta-1 (ITGB1) played a central role 
among these 12 proteins (Fig. 9E). Results of elisa experi-
ment and western blot confirmed that ITGB1 was pre-
sent in both ADSC-exos and MSGMSC-exos, and there 
was no significant difference in concentration between 
the two groups (Fig. 9F, S6).

Discussion
Exosomes have been extensively studied in the field of 
promoting wound healing in recent years due to their 
high safety, easy preservation, low immunogenicity, and 
fewer ethical issues. Exosomes derived from different 
mesenchymal stem cells have been proven to have excel-
lent potential in promoting angiogenesis and wound 
healing. Previous studies have suggested that ADSC-exos 
have better application prospects because they are easier 
to obtain and have stable production [44, 45]. However, 
the complicated process of extracting ADSCs is often 
underestimated. Extracting ADSCs from liposuction 
fluid often involves several steps, including PBS wash-
ing, enzyme digestion, and centrifugation [46]. Gener-
ally, hundreds of milliliters of liposuction fluid need to 
be processed each time, which is an enormous workload 
[30]. Despite the long hours of work, the production of 
each extraction of ADSCs is not satisfactory. Based on 
our experience, extracting a T75 culture flask of ADSCs 
requires about 40  ml of pure adipose tissue, or roughly 
150  ml of liposuction fluid, which is consistent with 
previous literature [47]. In contrast, the procedure for 

extracting MSGMSCs is extremely simple and requires 
only a minor salivary gland of about 2 X 2 mm to obtain 
a T75 culture flask of MSGMSCs [34]. Minor salivary 
glands also have numerous sources: salivary gland biopsy 
and lip surgery such as cleft palate reconstruction and 
lipoplasty are all legitimate sources of minor salivary 
glands [48, 49]. Given these characteristics, MSGMSCs 
are a promising new source of mesenchymal stem cell 
exosomes.

Although exosomes from various kinds of mesenchy-
mal stem cells have been proven effective in promoting 
wound healing, researchers are obsessed with develop-
ing new materials to deliver these exosomes, meanwhile 
ignoring the comparison of the effects and characteristics 
of different exosomes [50, 51]. This hampers the subse-
quent selection and development of mesenchymal stem 
cells and represents a limitation in current research. 
Currently, only a few studies have evaluated the efficacy 
differences between different exosomes in promoting 
wound healing, and their conclusions are controversial. 
Guo et  al. found that ADSC-exos and BMSC-exos have 
similar effects on wound healing, while Pomatto, M 
et al. reported that ADSC-exos have better efficacy than 
BMSC-exos [10, 52]. Although Hoang, D. H et al. did not 
conduct animal experiments, their results indicate that 
ADSC-exos, BMSC-exos, and UCSC-exos have similar 
effects on promoting fibroblast and keratinocyte migra-
tion [53]. To accurately assess the efficacy of MSGMSC-
exos in promoting wound healing and guide future 
research directions, we compared them with ADSC-exos 
in our study. We focused on their effects on promot-
ing angiogenesis since it’s a crucial stage during wound 
healing, and there lacks studies aiming at comparing the 
angiogenic capabilities of different exosomes.

First, we confirmed the pro-angiogenic capabilities of 
MSGMSC-exos and ADSC-exos in vitro and in vivo. Both 
in vitro and in vivo data showed no significant differences 
in their pro-angiogenic capabilities. Proteomic analysis 
further demonstrated that both were enriched in regula-
tion of angiogenesis, with ITGB1 playing a central role 
among the pro-angiogenic proteins. ITGB1 is a mem-
brane-anchoring subunit of many integrins and acts as a 
mechanosensory protein in endothelial cells [54]. Besides 
directly interacting with the Vascular Endothelial Growth 
Factor Receptor (VEGFR), ITGB1 has been identified to 
promote angiogenesis and regulate endothelial cell adhe-
sion to the extracellular matrix through pathways such as 
PI3K/AKT and MAPK/ERK [55–58]. The PI3K/AKT and 
MAPK/ERK signaling pathways are potential candidate 
targets for ITGB1 protein in promoting wound healing, 
as their activation has been shown to play a positive role 
in the wound healing process [59–63]. Besides, more vas-
cular maturation was determined by stereomicroscopy 
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and α-SMA immunohistochemistry staining, which coin-
cides with ITGB1 is essential in vascular maturation and 
remodeling [64]. We believe ITGB1 is a potential candi-
date for enhancing angiogenesis and vascular maturation 
by MSGMSC-exos and ADSC-exos, similar to the find-
ings of Wu et al [65]. Another interesting finding is that, 
despite many studies reporting that ADSC-exos upregu-
late Vascular Endothelial Growth Factor (VEGF) expres-
sion in both in  vivo and in  vitro experiments [66–69]. 
Proteomic results suggest that neither MSGMSC-exos 
nor ADSC-exos directly contain VEGFA protein, which 
is corroborated by several other studies [44, 65, 70, 71]. 
This implies that the upregulation of VEGF expression by 
mesenchymal stem cell exosomes may mainly be medi-
ated through their contained microRNAs, such as miR-
21 and the let-7 family microRNAs [28, 72].

Combining the in vivo and in vitro experimental results 
with proteomic sequencing data, we believe that although 
different types of exosomes are derived from different 
mesenchymal stem cells, the proteins related to promot-
ing wound healing they contain are relatively conserved. 
Although previous studies hinted at this, they lacked 
direct experimental evidence to support it [44, 73–76]. 
Our experiment provides direct data demonstrat-
ing that the effects of MSGMSC-exos and ADSC-exos 
on promoting wound healing are relatively conserved. 
MSGMSC-exos are less effective than ADSC-exos in 
promoting collagen deposition but exhibit superior scar 
suppression ability. This can be partially attributed to the 
higher levels of MMP-1 and MMP-3 in MSGMSC-exos, 
which can prevent excessive collagen deposition, inhibit 
scar formation, and are associated with scarless heal-
ing in fetal tissue by activating the MEK-ERK1/2 MAP 
kinase signaling pathway and suppressing the TGF-β/
Smad pathway [77–79]. The greater anti-inflammatory 
ability of MSGMSC-exos may be associated with its 
higher content of CLEC11A protein. Recent studies 
have validated that CLEC11A is associated with more 
M2 macrophage polarization and a higher percentage 
of Treg cells [80]. CLEC11A has been proven to activate 
the Wnt-β-catenin signaling pathway [81], which is cru-
cial for maintaining the M2 phenotype of macrophages 
and enhancing the survival of CD4 + /CD25 + Treg cells 
[82–84]. Consequently, the Wnt-β-catenin pathway is a 
primary candidate for the enhanced anti-inflammatory 
effects of MSGMSC-exos. The primary functional dif-
ferences in the proteins carried by MSGMSC-exos and 
ADSC-exos can reflect differences in their tissue sources. 
The proteins in MSGMSC-exos are specifically enriched 
in response to light stimulus, positive regulation of ion 
transport, and folate biosynthesis, which is consistent 
with findings that light stimuli affect salivary secretion 
and salivary glands are related to ion transport and folate 

synthesis [85–88]. In contrast, ADSC-exos are specifi-
cally enriched in fatty acid metabolism process, regula-
tion of ERK1/2 cascade, and lipid and atherosclerosis. 
Evidence also strongly associates these functions with 
adipose tissue: first, adipose tissue serves as the primary 
storage site for fatty acids, stored as triglycerides; second, 
in adipose tissue, the ERK1/2 pathway regulates various 
functions, including adipocyte differentiation, lipolysis, 
and insulin sensitivity; and lastly, atheromatous plaques 
with lipid deposits have been shown to be closely linked 
to atherosclerosis [89–91].

There are certain limitations to our study. Firstly, while 
we have identified ITGB1 as a potential candidate for the 
pro-angiogenic effects of MSGMSC-exos and ADSC-
exos, we didn’t explore the extent to which blocking 
ITGB1 would affect angiogenesis, nor the specific mecha-
nisms by which ITGB1 promotes angiogenesis. Secondly, 
we did not provide mechanistic investigation regarding 
the differences between MSGMSC-exos and ADSC-exos 
in collagen deposition and anti-inflammatory effects. 
Lastly, research has indicated that the pro-inflammatory 
cytokine IL-17A can enhance the early-stage migration of 
epithelial cells in wound healing [92]. Given the stronger 
anti-inflammatory ability exhibited by MSGMSC-exos 
compared to ADSC-exos, we propose that immediate 
exosomes application after injuries may not be the most 
optimal timing, which is worth further investigation. 
Wound healing is a highly intricate and delicate pro-
cess, and the aforementioned issues should be further 
explored in future research.

Conclusions
Our study demonstrates that MSGMSC-exos is a prom-
ising novel exosome, showing similar pro-angiogenic 
and wound healing effects to ADSC-exos, with ITGB1 
identified as the core potential pro-angiogenic candi-
date. Additionally, MSGMSC-exos shows enhanced 
anti-inflammatory and anti-scar formation effects. Con-
sidering the wide availability, easy extraction and culture 
of MSGMSCs, MSGMSC-exos shows promising applica-
tion prospects in wound healing treatment.
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