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Abstract 
Background: Hypertrophic scarring is the most serious and unmet challenge following burn and 
trauma injury and often leads to pain, itching and even loss of function. However, the demand 
for ideal scar prevention and treatment is difficult to satisfy. We aimed to discover the effects and 
mechanisms of adipose-derived stem cell (ADSC) exosomes in hypertrophic scarring. 
Methods: ADSC exosomes were isolated from the culture supernatant of ADSCs and identified by 
nanoparticle tracking analysis, transmission electron microscopy and western blotting. The effect 
of ADSC exosomes on wound healing and scar formation was detected by the wound model 
of BALB/c mice. We isolated myofibroblasts from hypertrophic scar tissue and detected the cell 
viability, proliferation and migration of myofibroblasts. In addition, collagen formation and fibrosis-

related molecules were also detected. To further disclose the mechanism of ADSC exosomes on 
fibrosis in myofibroblasts, we detected the expression of Smad2 in hypertrophic scar tissue and 
normal skin and the regulatory mechanism of ADSC exosomes on Smad2. Injection of bleomycin 
was performed in male BALB/c mice to establish an in vivo fibrosis model while ADSC exosomes 
were administered to observe their protective effect. The tissue injury of mice was observed via 
hematoxylin and eosin and Masson staining and related testing. 
Results: In this study, we found that ADSC exosomes could not only speed up wound healing and 
improve healing quality but also prevent scar formation. ADSC exosomes inhibited expression of 
fibrosis-related molecules such as α-smooth muscle actin, collagen I (COL1) and COL3 and inhibited 
the transdifferentiation of myofibroblasts. In addition, we verified that Smad2 is highly expressed in 
both hypertrophic scar tissue and hypertrophic fibroblasts, while ADSC exosomes downregulated 
the expression of Smad2 in hypertrophic fibroblasts. Further regulatory mechanism analysis 
revealed that microRNA-125b-5p (miR-125b-5p) is highly expressed in ADSC exosomes and binds 
to the 3′ untranslated region of Smad2, thus inhibiting its expression. In vivo experiments also
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revealed that ADSC exosomes could alleviate bleomycin-induced skin fibrosis and downregulate 
the expression of Smad2. 
Conclusions: We found that ADSC exosomes could alleviate hypertrophic scars via the suppression 
of Smad2 by the specific delivery of miR-125b-5p. 
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Highlights 
• ADSC exosomes promote wound healing, improve healing quality and alleviate hypertrophic scarring. 
• ADSC exosomes can alleviate hypertrophic scarring by regulating the TGF-β/Smad signaling pathway. 
• Highly expressed miR-125b-5p in ADSC exosomes directly inhibits expression of Smad2 and alleviates hypertrophic scarring. 

Background 
Hypertrophic scarring (HS) is a complicated disease that is 
most commonly found in patients who undergo surgery [1]. 
In addition, HS is the most serious and unmet challenge 
following burn and trauma injury, and as many as 70% of 
patients develop hypertrophic scars [2]. HS features exces-
sive hyperplasia repair and deposition of collagen protein in 
dermis tissue after injury to the dermis or deep tissue [3]. In 
addition, pain, itching and even loss of function are the most 
reported complaints, which often result in serious physical 
and psychosocial disorders in HS patients [4]. Therefore, 
quality of life is significantly reduced by the functional and 
psychosocial sequelae of HS, leading to prolonged reintegra-
tion into society. Hence, HS places an enormous burden on 
the health care system. It is therefore pressing to explore 
approaches to minimize scar formation and optimize treat-
ment. However, the demand for ideal scar prevention and 
treatment is difficult to satisfy. Hence, further elucidation 
of the molecular mechanisms underlying scar formation and 
prevention is paramount. 

Injuries in the dermis and delayed healing are the most 
common reasons for the formation of HS [5,6]. Therefore, 
in terms of the prevention of HS, it is crucial to prevent 
infection and optimize the healing potential of wounds [7]. In 
the course of wound healing, fibroblasts play an important 
role and are responsible for wound contraction as well as 
collagen synthesis and secretion [8]. However, in the develop-
ment of HS, fibroblasts transdifferentiate into myofibroblasts 
and express α-smooth muscle actin (α-SMA) after being 
stimulated in chronic wounds [9]. Myofibroblasts are char-
acterized by increased cell viability and function, such as 
contraction, synthesis and secretion of collagen [10]. During 
wound healing, myofibroblasts function controllably and 
exist transiently and then they gradually undergo apoptosis 
[11]. However, the persistent existence of myofibroblasts 
leads to excessive collagen deposition and eventually HS. 
Hence, prolonged activation of myofibroblasts can result in 
collagen metabolism disturbances. Suppression of the trans-
differentiation and overactivity of myofibroblasts is a vital 
method for the prevention of HS. 

Adipose-derived stem cell (ADSC) exosomes, extracellular 
vesicles with a diameter of 30–150 nm, are an important 
means of intercellular communication [12]. Almost all cells 
can secrete exosomes, which contain abundant components 
such as lipids, proteins and nucleic acids [13]. Once exo-
somes are taken up by other cells, their components exert 
corresponding regulatory effects depending on the source of 
the exosomes. Therefore, similar to ADSC, exosomes can 
protect tissues from certain wounding agents and promote 
the regeneration of damaged tissue [14,15]. Notably, ADSC 
exosomes could not only promote wound healing but also 
improve healing quality and remit HS [16]. Emerging studies 
have focused on the regulatory effect of mesenchymal stem 
cell (MSC) exosomes on myofibroblast transdifferentiation 
[17,18]. In addition, our previous results indicated that ADSC 
exosomes could alleviate HS by downregulating the expres-
sion of the PI3K/AKT pathway and the IL-17a/Smad2 axis in 
myofibroblasts [16,19]. However, in-depth and comprehen-
sive research should be conducted to elucidate the mechanism 
underlying the regulatory effect of ADSC exosomes on HS. 

In this study, we explored the protective effect of ADSC 
exosomes on wound healing and HS and revealed a possible 
mechanism. We found that ADSC exosomes could not 
only speed up wound healing, but also mitigate HS. ADSC 
exosomes downregulated the expression of fibrosis-related 
molecules, as well as Smad2. Further bioinformatics analysis 
and inhibition experiments revealed that highly expressed 
microRNA-125b-5p (miR-125b-5p) in ADSC exosomes 
could directly bind to the 3′ untranslated region (3′UTR) 
of Smad2 and inhibit its expression, hence improving HS. 
Collectively, this study revealed that ADSC exosomes inhibit 
fibrosis in myofibroblasts and improve HS via delivery of 
miR-125b-5p. 

Methods 
Ethical approval 
Hypertrophic scar tissue, normal full-thickness skin tissue 
and adipose tissue were obtained from patients (mean age 
35 years) undergoing surgery in the Department of Burns
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and Cutaneous Surgery, Xijing Hospital (Xi’an, China). Prior 
to surgery, all patients were informed of the purpose and 
procedure of the study and agreed to provide the tissue 
that should be removed for their surgery. All participants in 
the experiment signed a written informed consent form and 
the study was approved by the Ethics Committee of Xijing 
Hospital, Fourth Military Medical University. 

Extraction and culture of hypertrophic scar fibroblasts 
Extraction of hypertrophic scar fibroblasts was performed as 
previously reported [20]. The hypertrophic scar tissue was 
collected and treated on a sterile bench with a scalpel to 
separate and remove the epidermis and subcutaneous tissue, 
followed by digestion of the cells with 0.2% collagenase type I 
(Sigma, Germany) at 37◦C for 0.5–1 h. The digested cells were 
passed through 100 and 70 μm cell filters, followed by the 
addition of Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, USA) containing 10% fetal bovine serum to stop the 
digestion, centrifuged at 300 × g for 5 min, resuspended in 
cell culture flasks, cultured and passaged at 5% CO2 and 
37◦C. Third- to fifth-generation fibroblasts were used for 
subsequent experiments. 

Extraction and identification of human adipose stem 
cells 
Human subcutaneous adipose tissue was removed from 
the fascia and blood vessels, placed in glass jars, cut up as 
much as possible and then digested by shaking in a 0.2% 
solution of collagenase type I (Gibco, Grand Island, USA, Cat. 
17 100–017) at 37◦C. Subsequently, the mixture was filtered, 
centrifuged and resuspended in human ADSC-specific 
medium (OriCell medium, Cyagen, China). ADSC from 
generations 3–5 were incubated with fluorescently coupled 
antibodies (anti-CD29-FITC, anti-CD44PE, anti-CD73-
FITC, anti-CD90-FITC, anti-CD34-PE and anti-CD45-
FITC) and detected by flow cytometry (BD FACSAria™ III 
system; BD Pharmingen). Six-well cell culture plates were 
precoated with 0.1% gelatin solution, followed by lipogenic 
and osteogenic induction of differentiation at 90–100% 
confluence and 60–70% confluence (Cyagen Bioscience, Inc., 
Guangzhou, China). And then, ADSC were then cultured in 
6-well plates with lipogenic differentiation induction medium 
for 2 weeks and osteogenic differentiation induction medium 
for 3 weeks. The ADSC were fixed in 4% paraformaldehyde 
after lipogenesis and osteogenesis induction, stained with 
Oil Red O and Alizarin Red to view the induction results, 
and the images were observed under an Olympus IX71 light 
microscope (Tokyo, Japan). 

Extraction, identification and labeling of human 
adipose stem cell exosomes 
Human ADSC were cultured in 175 cm2 cell culture flasks 
in exosome-free serum medium (FBS was ultracentrifuged 
at 100,000 × g for 18 h to remove cellular exosomes from 
bovine serum). Conditioned culture medium was collected 
for exosome extraction by differential ultracentrifugation as 

previously reported [21,22]. All centrifugation steps were 
performed at 4◦C. First, sediment was removed by centrifu-
gation at 300 x g for 10 min. Next, the supernatant was 
centrifuged at 2000 x g for 10 min to remove cell debris 
and apoptotic vesicles. The supernatant was then centrifuged 
at 10,000 x g for 30 min, followed by centrifugation at 
100,000 x g for 90 min using a Ti70 rotor (Optima XPN-100 
Ultracentrifuge, Beckman Coulter, Kraemer Boulevard Brea, 
USA). The precipitated exosomes were resuspended in 100 μl 
of phosphate-buffered saline (PBS) and the morphology and 
size of the extracted exosomes were immediately observed 
by transmission electron microscopy (TEM) and nanoparticle 
tracking analysis (NTA; ZetaView® system). Simultaneous 
immunoblotting was performed to detect the expression of 
the known exosome markers CD9 and CD63. Exosomal 
protein concentrations were measured using a BCA protein 
assay kit, with an average concentration of 2 μg/μl. Exosomes 
were diluted in complete medium and decontaminated with 
a 0.22 μm filter before the experiment. Purified exosomes 
were labeled with the red fluorescent dye PKH26 to detect 
phagocytosis in hypertrophic scar fibroblasts (HSFs) (Sigma 
Aldrich, St. Louis, USA). Briefly, 250 μl of exosomes diluted 
in PBS were incubated with PKH26 at a final concentration 
of 1 × 10−6 M for 5 min. HSFs were stimulated with PKH26-
labeled exosomes in serum-free medium for 24 h and fixed 
in 4% paraformaldehyde. Cells were washed three times with 
PBS, nuclei were stained with DAPI and images were captured 
with FSX100 microscope (Olympus, Tokyo, Japan). 

Cell transfection of hsa-miR-125b-5p mimic and 
inhibitor 
HSFs were grown in 6-well plates and transfected with 
synthetic RNA (100 mM per well of diluted hsa-miR-
125b-5p mimic, hsa-miR-125b-5p inhibitor and negative 
control) using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA). After 24 or 48 h of transfection, cells were 
harvested for analysis. Carboxyfluorescein (FAM)-modified 
2-OMe-oligonucleotides were chemically synthesized and 
purified using high-performance liquid chromatography 
(GenePharma, Shanghai, China). All transfections were 
performed in triplicate. mRNA or protein levels were assayed. 
The expression of fibrosis markers [Smad2, collagen I 
(COL1), COL3 and α-SMA] was analyzed. 

Quantitative real-time polymerase chain reaction 
Samples were dissolved in TRIzol reagent (Takara, Japan), 
total RNA was extracted and the concentration was quan-
tified. A total of 500 ng of RNA was reverse transcribed 
to cDNA using a Prime Script™ RT kit (Takara, Japan). 
cDNA was reverse transcribed to cDNA using Ultra SYBR 
mix (CWBIO, Beijing, China) and specific primers and then 
analyzed using a Bio-Rad IQ5 real-time analysis system (Bio-
Rad, Hercules, CA, USA) with specific primers. The reaction 
mixture was predenatured at 95◦C for 10 min, denatured at 
95◦C for 15 s, annealed at 60◦C for  1 min  and entered  a  
melting-curve phase with 40 cycles of amplification. Relative
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expression levels were calculated using the 2-��CT method. 
Each reaction was performed in triplicate to obtain normal-
ized expression levels of the target gene for GAPDH. For 
miRNA, 600 ng of RNA was transcribed into cDNA using 
a reverse transcription kit (Mir-X™ miRNA First-Strand 
Synthesis) available from Clontech. Real time polymerase 
chain reaction (RT–PCR) was performed using the miScript 
SYBR Green PCR kit and miRNA-specific primers. U6 was 
used as an internal control. 

Western blotting 
To extract proteins from cells and tissues, fibroblasts and scar 
tissue were collected, washed twice with PBS and lysed in 
cell lysis buffer (RIPA, Beyotime) supplemented with protease 
inhibitors (PMSF, China Bost). After lysis the samples were 
incubated on ice for 15 min. Cell debris was then removed by 
centrifugation at 12,000 x g for 5 min at 4◦C. The protein 
concentration was determined using a BCA kit (Beyotime). 
Total protein (50 μg)_was run on a 10% SDS-PAGE gel 
and transferred to a PVDF transfer membrane (Millipore, 
Billerica) at 100 V for 40–100 min. The membrane was then 
blocked with 5% skim milk for 1 h at room temperature in 
TBST and probed with the following antibodies: COL1 (1 : 
1000, Abcam, Cambridge, UK), COL3 (1 : 1000, Abcam, 
Cambridge, UK), α-SMA (1 : 1000, CST, USA), CD9, CD63 
(1 : 1000, Proteintech, China), Smad2 antibody sampling 
kit (1 : 1000, CST) and β-actin (1 : 1000, Xi’an Johnson 
& Johnson) and incubated overnight at 4◦C. The next day, 
the samples were incubated with enzyme-labeled anti-rabbit 
IgG secondary antibody (1 : 3000, Bots, Wuhan, China) for 
1 h at 37◦C. Proteins were detected by chemiluminescence 
with an ECL kit (ECL Kit, MA, USA), immunoblotting of 
membranes was probed with a FluorChem FC system (Alpha 
Innotech), protein expression intensity was analyzed with 
ImageJ software and β-actin was used to normalize. 

Wound scratch test and Transwell assay 
HSFs were cultured in 6-well cell culture plates and starved 
with serum-free medium for 12–16 h prior to stimulation 
with ADSC exosomes (20 μg/ml). Monolayers of cells were 
scored into straight notches with a 200 μl sterile pipette tip, 
rinsed three times with PBS and treated with ADSC exosomes 
or an equivalent amount of PBS. After 0, 12 and 24 h, the 
distance of the scratch border was measured along the four 
points of the scratch using Image-Pro Plus 6.0 software. 

The HSFs cell suspension was inoculated at a density of 
2 x 104 /well into the upper chamber of a 24-well transfer 
plate (Corning, NY) with a filter membrane pore size of 8 μm 
by adding 500 μl of medium containing de-FBS. Medium 
(1 ml) supplemented with ADSC exosomes (20 μg/ml) or an 
equivalent volume of PBS was added to the lower chamber 
and incubated for 24 h. HSFs were then fixed with 4% 
paraformaldehyde for 30 min and washed three times with 
PBS. HSFs were stained with 0.5% crystalline violet stain-
ing solution (500 μl, Boster) and incubated for 10 min at 
room temperature. After washing with PBS, the number of 

migrating cells was observed under a microscope (FSX100, 
Olympus, Tokyo, Japan). 

Immunofluorescence staining 
HSFs with different treatments were cultured in 6-well cell 
culture plates for 24 h. HSFs were fixed in 4% paraformalde-
hyde for 15 min at room temperature, washed three times 
with PBS, permeated with 0.1% Triton X-100 in PBS for 
20 min and blocked with 2% BSA in PBS for 1 h. Primary 
antibodies (α-SMA, 1 : 200, CST; ki67, 1 : 200, CST; and 
Smad2 1 : 200, CST) were diluted in 2% BSA and incubated 
overnight at 4◦C. The next day, the HSFs were incubated with 
an anti-rabbit secondary antibody (1 : 200) for 1 h at 37◦C 
and counterstained with DAPI and images were obtained on 
an Olympus FSX100 microscope. 

Luciferase reporter assay 
To confirm that Smad2 is indeed a direct target of miR-125b-
5p, a luciferase-3′-UTR reporter construct for Smad2 mRNA 
was obtained from HANBIO (Shanghai, China). Wild-type 
Smad2 3′UTR, mutant Smad2 3′UTR or its nontargeting 
control RNA was cotransfected with miR-125b-5p mimics 
at a final concentration of 50 nM using Lipofectamine 2000 
transfection reagent. Samples were harvested after 24 h for 
luciferase assay (Promega, WI, USA). 

Bleomycin-induced fibrosis mouse model 
All animal experiments were performed in strict accordance 
with the animal care policy approval and system. A total of 24 
male BALB/c mice (6–8 weeks old) were purchased from the 
Experimental Animal Centre of the Fourth Military Medical 
University (Xi’an, China) and fed under standard conditions. 
Mice were randomly divided into three groups (8 mice per 
group): PBS control group, 100 μl bleomycin (1 mg/ml) group 
and 100 μl bleomycin (1 mg/ml) + ADSC-Exo group (100 μg 
diluted in 100 μl of PBS). All mice in the bleomycin group and 
bleomycin + ADSC-Exo group were subcutaneously injected 
with bleomycin every day before sacrifice to establish the HS 
mouse model. The mice were sacrificed 4 weeks later and the 
lesioned skin tissues were analyzed by hematoxylin and eosin 
(H&E) and Masson staining. 

Effect of ADSC exosomes on the wound model 
Male BABL/c mice at 6–8 weeks were purchased from the 
Experimental Animal Centre of the Fourth Military Med-
ical University. The animal protocols were carried out in 
strict accordance with the policies of the Laboratory Animal 
Committee of the Fourth Military Medical University (Xi’an, 
China). Mice were randomly divided into two groups: the 
PBS group and the ADSC-Exo group (100 μg diluted in 
100 μl of PBS). Mice were anesthetized with isoflurane and 
a full-thickness  skin  defect  of  1 x 1 cm2 was formed on 
the dorsal skin. Three days later, ADSC exosomes or an 
equivalent volume of PBS was injected subcutaneously into 
the wound perimeter using a syringe for three consecutive 
days. Photographs of the wounds were taken on days 3, 7,
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10 and 14, the mice were subsequently sacrificed and wound 
tissue was collected for the subsequent histological analysis. 
There were at least 6 mice in each experimental group (n = 6). 

Histopathology analysis 
Tissue samples were fixed in 4% paraformaldehyde, dehy-
drated in graded ethanol, embedded in paraffin and cut into 
5 μm thick sections. H&E and Masson trichrome stain-
ing were used to detect histological changes and collagen 
deposition. For immunohistochemical staining, sections were 
deparaffinized and immersed in 3% H2O2 for 15 min at 
37◦C to remove terminal peroxidase activity, and blocked 
with 5% BSA in PBS for 1 h to eliminate nonspecific binding. 
The slides were then incubated overnight at 4◦C with primary  
antibodies against α-SMA and Smad2. The next day, slides 
were incubated with the PV6000 Histostain™ kit (ZSGB, 
Beijing, China) and stained with diaminobenzidine (ZSGB, 
Beijing, China). Images were taken with an FSX100 Bioimag-
ing Navigator (Olympus, Tokyo, Japan). 

Statistical analysis 
All data were analyzed using GraphPad 8.0 software. All 
experiments were repeated at least three times and data are 
presented as the mean ± standard deviation. Student’s t test 
was used for comparisons between two groups, and one-
way analysis of variance was used for comparisons between 
multiple groups, followed by Dunnett’s t test for comparisons 
within groups. For analysis of treatment with influence of 
time, such as wound healing, analyzed with two-way analysis 
of variance. P < 0.05 was considered statistically significant. 

Results 
Characterization of ADSCs and exosomes 
Primary ADSCs were isolated from adipose tissue, as shown 
in Figure 1a, exhibiting fibroblast-like morphology under 
an inverted microscope. To verify the multiple differentia-
tion potential of isolated primary ADSC, adipogenic and 
osteogenic induction were conducted with P3 ADSC. Lipid 
droplets were observed by Oil Red O staining, and calcium 
deposition was observed by Alizarin Red S staining. In 
addition, specific MSC surface markers were analyzed by 
flow cytometry, including positive expression of the MSC 
surface markers CD29 (99.47%), CD44 (99.96%), CD73 
(80.70%) and CD90 (98.17%), and negative expression of 
the hematopoietic stem cell surface markers CD34 (1.79%) 
and CD45 (2.33%) (Figure 1b). These results confirmed 
the characterization of ADSC. Extracellular vesicles were 
extracted after collecting the conditioned medium for ADSC, 
which was authenticated with TEM, western blotting and 
NTA. As shown in the TEM image (Fig 1c), particles showed 
a typical exosome cup-shaped morphology with a double-
layer membrane structure. NTA analysis results showed that 
the average diameter of vesicles was 101.5 nm (Figure 1d), 
and western blots showed high expression of CD63, CD9 
and TSG101 molecular markers in the isolated vesicles 

(Figure 1e). The above identification showed that the isolated 
vesicles were consistent with exosome parameters. As shown 
in Figure 1f, PKH26-labeled exosomes can be engulfed by 
scar fibroblasts. These results indicate successful isolation of 
exosomes from ADSC. 

ADSC exosomes accelerated wound healing and 
decreased collagen deposition in a wound model of 
BALB/c mice 
It is worth noting that the speed and quality of wound healing 
are closely connected with hypertrophic scars. To observe the 
effect of ADSC exosomes on wound healing and fibrosis of 
skin, we created full-thickness wounds on the backs of BAL-
B/c mice, which are the most widely used models in wound 
healing and scar research. As is shown in Figure 2a, injection 
of ADSC exosomes around the wound significantly increased 
the healing of full-thickness wounds. On days 7, 10 and 
14 post-wounding, the wound areas in the ADSC exosomes 
group were smaller than those in the control group. There 
were significant differences between wound areas of different 
groups on days 7, 10 and 14 (p < 0.05) (Figure 2b and c). 
H&E and Masson’s trichrome staining were carried out to 
evaluate the quality of wound healing. As Figure 2d indi-
cates, the wound areas in the ASDC exosome group were 
smaller than those in the control group, while the number 
of cutaneous appendages in the ASDC exosome group was 
greater than that in the control group (supplementary Fig-
ure S1, see online supplementary material). Masson and 
Sirius red staining results indicated that the ADSC exo-
somes group displayed more collagen synthesis in the bas-
ket weave orientation, while the control group displayed 
less collagen with a parallel arrangement (Figure 2e and f). 
Besides, analysis of Sirius red staining results indicated that 
COL3 expression in the ADSC exosome group is higher 
than that in the control group, while COL1 expression is 
lower in the ADSC exosomes group (supplementary Fig-
ure S2, see online supplementary material). More capillary 
formation in the ADSC exosomes group was observed in 
the CD31 immunohistochemical staining results (Figure 2e). 
Moreover, Ki67 immunofluorescence staining results indi-
cated that ADSC exosomes could significantly increase cell 
proliferation capacity around wounds (Figure 2g). Therefore, 
the above results confirmed that ADSC exosomes could accel-
erate wound healing and improve healing quality, implying 
less fibrosis. 

ADSC exosomes inhibited the proliferation and 
migration of HSFs and alleviated the expression of 
profibrotic markers in HSFs 
Now that we found that ADSC exosomes could alleviate 
fibrosis in wound healing, we further detected their effect 
on hypertrophic scars. For in vitro experiments, we isolated 
HSFs from hypertrophic scar tissue and treated HSFs with 
or without ADSC exosomes. First, we observed the effect of 
ADSC exosomes on the migration and proliferation capacity 
of HSFs. As shown in Figure 3a and b, scratch assay results

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad064#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad064#supplementary-data
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Figure 1. Characterization of adipose-derived stem cells (ADSC) and ADSC exosomes (Exo). (a) Morphology of ADSC observed by inverted microscopy. Oil 
Red O and Alizarin Red S staining showing lipid droplets and calcium deposition after adipogenic and osteogenic induction, respectively. Scale bar: 1 mm. 
(b) Flow cytometry showed that ADSC were positive for CD29 (99.47%), CD44 (99.96%), CD73 (80.70%) and CD90 (98.17%), and negative for CD34 (1.69%) and 
CD45 (2.33%). (c) Morphology of ADSC Exo detected by transmission electron microscopy. Scale bar: 500 nm (left); 250 nm (right). (d) Diameter distribution of 
ADSCs Exo detected by nanoparticle tracking analysis (nm). (e) Syntenin, TSG-101, CD81 and calnexin expression in ADSC Exo was detected by western blotting. 
(f) Immunofluorescence staining results of PKH26-labeled ADSC Exo on fibroblasts; blue: DAPI, red: PKH26-labeled ADSC Exo. Scale bar: 125 μm 

indicated that ADSC exosomes inhibit the migration capacity 
of HSFs at 12, 24 and 48 h after stimulation. The prolifera-
tion capacity of HSFs was suppressed after ADSC exosomes 
treatment, as shown by the CCK8 assay results ( Figure 3c). 
In addition, the Transwell assay also confirmed the influence 
of ADSC exosomes treatment on the migration capacity of 
HSFs (Figure 3d), while Ki67 immunofluorescence staining 
confirmed the weakened proliferation capacity of HSFs in 
the ADSC exosomes group (Figure 3e). These results revealed 
that ADSC exosomes could inhibit the proliferation and 
migration of HSFs. Afterward, we tested the fibrosis-related 
indicators COL1, COL3 and α-SMA in HSFs treated with 
ADSC exosomes. As shown in Figure 3f, the protein expres-
sion levels of COL1, COL3 and α-SMA were all significantly 
downregulated by ADSC exosomes. In addition, we labeled 
ADSC exosomes with PKH26 and added them to HSFs. 
At 24 h after ADSC exosomes treatment, we conducted α-
SMA immunofluorescence staining. As shown in Figure 3g, 
the ratio of α-SMA-positive cells and the mean fluorescence 
intensity (MFI) of α-SMA were significantly decreased in 

HSFs treated with ADSC exosomes. These results suggested 
that ADSC exosomes could inhibit the proliferation and 
migration of HSFs and reverse the transdifferentiation of 
fibroblasts to myofibroblasts to alleviate hypertrophic scar 
fibrosis. 

Smad2 plays an important role in HS 
To determine the mechanism by which ADSC regulate wound 
healing and scar fibrosis, we analyzed the RNA transcriptome 
sequencing results of hypertrophic scars and normal skin 
reported by Liu et al. (GSE181540) [23]. As shown in 
supplementary Figure S3a (see online supplementary mate-
rial), the heatmap revealed the expression of different 
genes in hypertrophic scars and normal skin. As many 
as 1529 genes were upregulated in hypertrophic scars, 
while 3172 were downregulated (supplementary Fig-
ure S3b). Further bioinformatics analysis was conducted 
to analyze the differentially expressed genes. GO enrich-
ments indicated that DEGs are enriched in several, bio-
logical processes: the oxidation–reduction process and

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad064#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad064#supplementary-data
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Figure 2. ADSC Exo accelerated wound healing and decreased collagen deposition in a wound model of BALB/c mice. (a-c) Wound area after treatment with 
ADSC Exo or PBS on days 0, 3, 7, 10 and 14, ns: no statistical significance, ∗p < 0.05, ∗∗p < 0.01. (d) H&E staining results of wounds treated with ADSC Exo or 
PBS. Scale bars: 2 mm or 500 μm. (e) Masson and CD31 immunohistochemical staining results of wounds treated with ADSC Exo or PBS. Scale bar: 500 μm. 
(f) Sirius red staining results of wounds treated with ADSC Exo or PBS. Scale bars: 500 μm or 50  μm. (g) Ki67 immunofluorescence staining results of wounds 
treated with ADSC Exo or PBS, blue: DAPI, green: Ki67, ∗∗p < 0.01. Scale bar: 400 μm. ADSC adipose-derived stem cells, Exo exosomes, PBS phosphate-buffered 
saline, H&E hematoxylin and eosin 

metabolic process, regulation of transcription, DNA-
templated protein phosphorylation; cellular component: 
nucleus, membrane, nucleosome; and molecular function: 
DNA binding, protein binding, ATP binding, protein 
heterodimerization activity, TGF/Smad signal transduction 
system ( supplementary Figure S3c). KEGG enrichment 

results indicated that DEGs are assembled in phenyl-
propanoid biosynthesis, valine, leucine and isoleucine 
biosynthesis, and the phosphatidylinositol signaling system 
(supplementary Figure S3d). Interestingly, transcriptome 
sequencing results confirmed that the expression of smad2, 
a key component in the TGF-Smad pathway that plays a

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad064#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad064#supplementary-data
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Figure 3. ADSC Exo inhibited the proliferation and migration of hypertrophic scar fibroblasts (HSFs). (a,b) The effect of ADSC Exo on HSFs migration was 
evaluated by scratch wound assays. Scale bar: 1 mm. (c) Effect of ADSC Exo on HSFs proliferation detected by CCK8. (d) Effect of ADSC Exo on HSFs migration 
evaluated by Transwell assay, ∗∗p < 0.01. Scale bar: 500 μm. (e) Ki67 immunofluorescence staining results of HSFs treated with ADSC Exo or PBS; blue: DAPI, 
red: PKH26, green: Ki67. Scale bar: 125 μm. (f) α-SMA, collagen I (COL1), and collagen III (COL3) expression in HSFs treated with ADSC Exo or PBS, ∗∗p < 0.01. 
(g) α-SMA immunofluorescence staining results of wounds treated with ADSC Exo or PBS, blue: DAPI, red: PKH26, green: α-SMA, ∗∗p < 0.01. Scale bar: 125 μm. 
ADSC adipose-derived stem cells, Exo exosomes, PBS phosphate-buffered saline, α-SMA α-smooth muscle actin 
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Figure 4. Smad2 plays an important role in hypertrophic scarring. (a) H&E staining results of tissue from normal skin and hypertrophic scars. Scale bars: 1 mm or 
500 μm. (b) Masson staining results of tissue from normal skin and hypertrophic scars. Scale bars: 1 mm or 500 μm. (c) α-SMA immunohistochemical staining 
results of tissue from normal skin and hypertrophic scars. Scale bar: 1 mm or 500 μm. (d) Smad2 immunohistochemical staining results of tissue from normal 
skin and hypertrophic scars. Scale bars: 1 mm or 500 μm. H&E hematoxylin and eosin, α-SMA α-smooth muscle actin 

Figure 5. ADSC exosomes downregulate the expression of Smad2. (a) PCR results of Smad2 expression in HSFs treated with ADSC Exo and PBS, ∗∗p < 0.01. (b) 
Western blot results of Smad2 and p-Smad2 expression in HSFs treated with ADSC Exo and PBS, ∗∗p < 0.01. (c) Smad2 immunofluorescence staining results of 
HSFs treated with ADSC Exo and PBS, blue: DAPI, red: PKH26, green: Smad2, ∗∗p < 0.01. Scale bar: 125 μm. ADSC adipose-derived stem cells, Exo exosomes, 
PBS phosphate-buffered saline, HSFs hypertrophic scar fibroblasts 
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Figure 6. ADSC Exo downregulate the expression of Smad2 by delivering miR-125b-5p. (a) Hotmap showing miRNA microarray results of ADSC Exo. 
(b) PCR results of the expression of 5 miRNAs (miR-125b-5p, miR-10a-5p, miR-23a-3p, miR-21-5p and miR-92a-3p) in ADSC Exo. (c) PCR  results  
indicating miR-125b-5p expression in PBS- and ADSC Exo-treated HSFs, ∗∗p < 0.01. (d) Structure and luciferase results of the dual luciferase reporter 
gene, ∗∗p <0.01. (e) PCR results indicating miR-125b-5p expression in negative control (NC), miR-125b-5p expression mimic- and inhibitor-treated 
HSFs, ∗∗p < 0.01. (f) Western blot results of α-SMA, COL1, COL3, p-Smad2 and Smad2 expression in NC, miR-125b-5p expression mimic- and inhibitor-

treated HSFs.ADSC adipose-derived stem cells, Exo exosomes, PBS phosphate-buffered saline, H&E hematoxylin and eosin, HSFs hypertrophic scar fibroblasts 

crucial role in the transdifferentiation of myofibroblasts, was 
significantly upregulated in hypertrophic scars ( supplementary 
Figure S3e). The TGF-β/Smad2 pathway, which is overex-
pressed in scar tissue and causes fibrosis, plays an important 
role in scar fibrosis. Then, we collected skin tissues from 10 
healthy patients (normal skin) and 8 hyperplastic patients 
(scar skin) and conducted H&E, Masson, and αSMA 

and Smad2 immunohistochemical staining. H&E staining 
indicated that the thickness of the dermis in the scar was 
greater than that in normal skin (Figure 4a). Masson staining 
results also showed increased collagen deposition and 
disordered arrangement in scar tissue (Figure 4b). In addition, 
αSMA immunohistochemical staining results indicated that 
the expression of αSMA was significantly upregulated in the

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad064#supplementary-data
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Figure 7. ADSC Exos alleviate fibrosis and decrease the expression of Smad2 in a mouse fibrosis model. (a) H&E staining results of ADSC Exo or PBS-treated 
bleomycin-induced fibrosis. Scale bars: 1 mm or 400 μm. (b) Masson staining results of ADSC Exo or PBS-treated bleomycin-induced fibrosis. Scale bars: 1 mm 
or 400 μm. (c) Smad2 immunofluorescence and immunohistochemical staining results of ADSC Exo or PBS-treated bleomycin-induced fibrosis, blue: DAPI, 
green: Smad2. Scale bars: 500 or 400 μm. ADSC adipose-derived stem cells, Exo exosomes, PBS phosphate-buffered saline, H&E hematoxylin and eosin 

dermis of scar tissue, in which fibroblasts were predominant 
( Figure 4c). Meanwhile, as Figure 4d indicates, there is more 
Smad2 expression in scar tissue than in normal skin. 

ADSC exosomes downregulate the expression of 
Smad2 
To verify whether ADSC exosomes could regulate the expres-
sion of Smad2, we detected the expression of Smad2 in myofi-
broblasts treated with or without ADSC exosomes. As shown 
in Figure 5a, PCR results indicated that ADSC exosomes 
treatment decreased the expression of Smad2 at the mRNA 
level. Western blot results also showed decreased expression 
of both Smad2 and p-Smad2 in ADSC exosomes-treated 
myofibroblasts (Figure 5b). Moreover, Smad2 immunoflu-
orescence staining results showed that when treated with 
ADSC exosomes, the ratio of Smad2-positive cells and the 
MFI of Smad2 were significantly decreased in myofibrob-
lasts (Figure 5c). The above results indicated that ADSC 
exosomes could downregulate the expression of Smad2 in 
myofibroblasts. 

ADSC exosomes downregulate the expression of 
Smad2 by delivering miR-125b-5p 
miRNAs are crucial posttranscriptional regulators that 
can directly bind to the 3′UTR of mRNA and inhibit 
its translation. To verify the regulatory mechanism of 
ADSC exosomes on Smad2, we analyzed the miRNA chip 
results (GSE92313). As shown in Figure 6a, as  many  as  
45 miRNAs were detected in ADSC exosomes, among 

which miR-125b-5p, miR-10a-5p, miR-23a-3p, miR-21-
5p and miR-92a-3p were the most abundant. Next, we 
conducted PCR and confirmed that miR-125b-5p, miR-
10a-5p, miR-23a-3p, miR-21-5p and miR-92a-3p were 
relatively highly expressed in ADSC exosomes (Figure 6b). 
Interestingly, miRbase analysis revealed that Smad2 is a 
potential target gene of miR-125b-5p. Then, we detected 
the expression of miR-125b-5p in ADSC exosomes-treated 
myofibroblasts. The results indicated that the expression of 
miR-125b-5p in ADSC exosomes-treated myofibroblasts was 
significantly higher than that in myofibroblasts (Figure 6c). 
To further verify the regulatory effect of miR-125b-5p 
on Smad2, we conducted a dual luciferase reporter assay. 
As shown in Figure 6d, overexpression of miR-125b-5p 
impaired the activity of the Smad2–3′UTR-wt reporter, 
but there was no notable activity shift within the mutated 
reporter. Namely, Smad2 is a regulatory target of miR-
125b-5p, and miR-125b-5p can bind to the 3′UTR of the 
Smad2 gene. To further verify the regulatory effect of miR-
125b-5p on Smad2, we designed and synthesized a mimic 
and inhibitor of miR-125b-5p and transfected them into 
myofibroblasts. As shown in Figure 6e, the expression of 
miR-125b-5p was significantly promoted by the mimic but 
remained unchanged by the inhibitor. In addition, when the 
expression of miR-125b-5p was increased by the mimic, 
the expression of Smad2 and p-Smad2 was suppressed, 
while the inhibitor increased the expression of Smad2 and 
p-Smad2 (Figure 6f and supplementary Figure 4, see online 
supplementary material). Collectively, the regulatory effect
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of ADSC exosomes on Smad2 depends on the delivery of 
miR-125b-5p. 

ADSC exosomes alleviate fibrosis and decrease the 
expression of Smad2 in a mouse fibrosis model 
The above results indicated that ADSC exosomes could 
inhibit fibrosis and the expression of Smad2 via delivery 
of miR-125b-5p. To verify the antifibrotic effect of ADSC 
exosomes in vivo, we constructed a mouse fibrosis model 
by injecting bleomycin into the dermis of BALB/c mice for 
2 weeks. After dermal fibrosis was established, 100 μg of  
ADSC exosomes were injected into the dermal fibrosis of 
mice. Seven days after ADSC exosomes treatment, skin tissues 
were collected for subsequent testing. H&E and Masson’s 
trichrome staining were performed to evaluate the deposition 
and arrangement of collagen. H&E staining results showed a 
thinner epidermis and dermis as well as more hair follicles in 
the ADSC exosomes treatment group (Figure 7a). As shown 
in Figure 7b, in dermal tissue, the collagen volume fraction 
was significantly decreased, and the collagen arrangement 
was more organized in the ADSC exosomes + bleomycin 
group than in the bleomycin group alone; i.e. dermal fibrosis 
was significantly improved by ADSC exosomes. Meanwhile, 
Smad2 immunofluorescence and immunohistochemistry 
results indicated that the ratio of Smad2-positive cells and 
the MFI of Smad2 in the ADSC exosomes + bleomycin 
group were significantly decreased compared with those in 
the bleomycin group (Figure 7c). Thus, our results revealed 
that ADSC exosomes could improve the arrangement of 
collagen structure and proportion and decrease α-SMA-
positive myofibroblasts as well as the expression of Smad2 in 
a bleomycin-induced fibrosis mouse model. 

Discussion 
HS is a common disease with a high rate of morbidity [24]. As 
many as 30% of patients with skin injury develop HS, while 
70% of burned patients develop HS [2]. HS features excessive 
accumulation of extracellular matrix (ECM) and prolonged 
fibroblast activation and overactivity [25]. Interestingly, HS 
tend to form at skin injuries that reach the dermis and under 
the dermis [26]. It is worth noting that prolonged wound 
healing often results in HS, and protecting wounds from 
infection and accelerating concrescence is a crucial strategy 
to prevent HS [27]. In this study, we confirmed that ADSC 
exosomes could promote wound healing and increase the 
quality of wound healing. In addition, scar formation after 
ADSC exosomes treatment was greatly improved, with less 
collagen deposition and a more ordered arrangement. ADSC 
exosomes, as an important means of intercellular commu-
nication, have been reported to promote wound healing by 
regulating the activity of fibroblasts, vascular endothelial 
cells, macrophages and keratinocytes. 

During wound healing, fibroblasts mainly account for 
collagen secretion and ECM synthesis [28]. Fibroblasts can 
be activated by injury or inflammation and polarized to 

myofibroblasts, with robust collagen synthesis activity and 
contractility [29,30]. There is no doubt that more collagen 
synthesis is beneficial to wound healing, but uncontrolled 
collagen synthesis leads to HS [31]. Suppression of myofi-
broblasts, which should have been eliminated after wound 
healing, is an important strategy to treat HS [32]. In this study, 
we isolated myofibroblasts from scar tissue and verified that 
ADSC exosomes could inhibit cell viability, proliferation and 
migration capacity as well as collagen synthesis capacity. 

It is widely accepted that the polarization of fibroblasts 
to myofibroblasts is the key process in fibrosis, with several 
signaling pathways and key molecules taking part [33]. α-
SMA is a marker expressed in myofibroblasts that represents 
robust ECM synthesis [34]. Emerging signaling pathways 
have been reported to participate in myofibroblast transd-
ifferentiation and fibrosis, including TGF-β/Smad, Wnt/β-
catenin and YAP/TAZ [35–37]. The TGF-β/Smad signaling 
pathway is a very well-described canonical signaling pathway 
that has been proven to play an important role in different 
fibrotic diseases, including renal fibrosis and HS [38]. When 
bound to TGF-β receptor 1, TGF-β1 triggers the phospho-
rylation and activation of Smad2 and Smad3. After phos-
phorylation, activated Smad2/3 can bind with Smad4, which 
enables Smad2/3 to translocate to the nucleus and transcribe 
specific genes, while Smad7 prevents the translocation of 
activated Smad2/3 [39,40]. An increasing number of studies 
have reported that ADSC exosomes can inhibit myofibroblast 
transdifferentiation by regulating several signaling pathways, 
such as the PI3K/AKT and TGF-β/Smad pathways [16]. Our 
previous results indicated that ADSC exosomes attenuated 
the transdifferentiation of fibroblasts to myofibroblasts by 
targeting IL-17RA to inhibit the phosphorylation of Smad2 
in hypertrophic scar fibrosis [16]. However, in this study, 
we revealed that ADSC exosomes could directly downreg-
ulate the expression of Smad2. It is important to note that 
only phosphorylated Smad2 is activated, which can trigger 
downstream regulation. All previous research has focused 
on the inhibition of Smad2 phosphorylation and activation. 
In this study, we found that ADSC exosomes could directly 
decrease the expression of Smad2 and weaken its influence 
on downstream regulation. 

miRNA, a kind of key noncoding RNA with a length 
of 18–22 nt, is one of the most important components in 
exosomes [41,42]. miRNAs in exosomes can transfer into 
receiving cells and bind to the gene’s 3′UTR to regulate 
their expression, hence regulating the biological process of 
receiving cells [43]. Although there are abundant signal-
ing modulation molecules (protein, RNA, lipid and DNA) 
contained in ADSC exosomes, the contents of miRNAs are 
relatively high in exosomes compared with other components 
due to the protective effect of exosomal miRNAs from degra-
dation [13]. Therefore, ample miRNA contents in exosomes 
account for their multiple regulatory effects on recipient 
cells. A previous study indicated that miR-192-5p in ADSC 
exosomes could impair fibrosis in HSFs by targeting the 
IL-17RA/Smad axis [16]. In addition, miR-29b-3p in MSC



Burns & Trauma, 2024, Vol. 12, tkad064 13 

exosomes has been reported to suppress the proliferation of 
fibroblasts by downregulating FZD6 expression in idiopathic 
pulmonary fibrosis [44]. In this study, we found that sev-
eral miR-125b-5p molecules are highly expressed in ADSC 
exosomes. By bioinformatics analysis and further replication 
experiments, we proved that miR-125b-5p in ADSC exo-
somes can regulate the expression of Smad2 and suppress 
fibrosis in myofibroblasts. miRNAs contained in different 
exosomes differ from one another. For instance, stem cell-
derived exosomes are different from nonstem cell exosomes, 
exosomes from a morbid state are different from those from a 
healthy state, and exosomes from senescent cells are different 
from those from young cells. It is noteworthy that miR-
125b-5p is highly expressed not only in ADSC exosomes but 
also in all kinds of MSCs, such as umbilical cord-derived 
mesenchymal stem cells (UC-MSCs) [45]. It has been reported 
that UC-MSC exosomal miRNAs, including miR-125b-5p, 
suppress myofibroblast differentiation by inhibiting the TGF-
β/Smad2 pathway during wound healing [46]. miR-125b-
5p is critical for fibroblast-to-myofibroblast transition and 
cardiac fibrosis [47]. Together with these studies, we found 
that ADSC exosomes could alleviate hypertrophic scars via 
suppression of Smad2 by specific delivery of miR-125b-5p. 

Conclusions 
In this study, we focused on the effect of ADSC exosomes 
on wound healing and hypertrophic scars. Our study demon-
strated that ADSC exosomes could promote wound heal-
ing, improve healing quality and prevent scar formation. 
ADSC exosomes inhibited the expression of fibrosis-related 
molecules such as α-SMA, COL1 and COL3 and inhibited the 
transdifferentiation of myofibroblasts. We proved for the first 
time that highly expressed miR-125b-5p in ADSC exosomes 
directly downregulated the expression of Smad2 by binding 
to its 3′UTR in hypertrophic fibroblasts. In vivo experiments 
also revealed that ADSC exosomes could alleviate bleomycin-
induced skin fibrosis and downregulate the expression of 
Smad2. We showed that miR-125b-5p in ADSC exosomes 
attenuated hypertrophic scar fibrosis by directly inhibiting 
Smad2, which provided a novel therapeutic strategy and 
elucidated the special mechanism for the clinical treatment 
of hypertrophic scars by ADSC exosomes. 

Supplementary material 
Supplementary material is available at Burns & Trauma Journal 
online. 
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