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Abstract
Background  Fibrosis with unrelieved chronic inflammation is an important pathological change in keloids. 
Mitochondrial autophagy plays a crucial role in reducing inflammation and inhibiting fibrosis. Adipose stem cell-
derived exosomes, a product of adipose stem cell paracrine secretion, have pharmacological effects, such as anti-
inflammatory and antiapoptotic effects, and mediate autophagy. Therefore, this study aims to investigate the function 
and mechanism of adipose stem cell exosomes in the treatment of keloids.

Method  We isolated adipose stem cell exosomes under normoxic and hypoxic condition to detect their effects 
on keloid fibroblast proliferation, migration, and collagen synthesis. Meanwhile, 740YPDGFR (PI3K/AKT activator) 
was applied to detect the changes in autophagic flow levels and mitochondrial morphology and function in keloid 
fibroblasts. We constructed a human keloid mouse model by transplanting human keloid tissues into six-week-old 
(20–22 g; female) BALB/c nude mice, meanwhile, we applied adipose stem cell exosomes to treat the mouse model 
and observed the retention and effect of ADSC exosomes in vivo.

Results  ADSC exosomes can inhibit the PI3K/AKT/mTOR signaling pathway. The exosomes of ADSCs decreased the 
inflammatory level of KFs, enhanced the interaction between P62 and LC3, and restored the mitochondrial membrane 
potential. In the human keloid mouse model, ADSC exosomes can exist stably, promote mitochondrial autophagy in 
keloid tissue, improve mitochondrial morphology, reduce inflammatory reaction and fibrosis. Meanwhile, At the same 
time, the exosomes derived from hypoxic adipose stem cells have played a more effective role in both in vitro and in 
vivo experiments.

Conclusions  Adipose stem cell exosomes inhibited the PI3K/AKT/mTOR pathway, activated mitochondrial 
autophagy, and alleviated keloid scars.
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Introduction
Keloids, a fibrotic disorder caused by abnormal wound 
healing after different skin injuries [1, 2], are character-
ized by excessive scar tissue formation [3, 4]. During 
wound healing, the excessive proliferation of fibroblasts 
and abnormal collagen degradation lead to fibroblast 
accumulation in the dermis [5]. Chronic inflammation in 
keloids can activate chronic fibroblast activity and inhibit 
scar maturation [6]. There are many types of scars, 
including mature scars, hypertrophic scars and atrophic 
keloids, among which hypertrophic scars and keloids are 
the most difficult to distinguish [7]. A remarkable dif-
ference between hypertrophic scars and keloids is that 
keloids often extend beyond the wound, even if there is 
no skin damage, which will not happen in hypertrophic 
scars [7]. When keloids are located in visible areas, they 
are not only aesthetically displeasing but also often cause 
pain and itching, and when they occur in joints, they can 

lead to functional disability [8]. Additionally, in some 
severe cases, keloids can lead to a serious complication—
sepsis [9], due to blockage of the follicular sebaceous 
glands and sterile inflammation, having psychosocial 
and quality-of-life implications. There are many treat-
ment options available for individuals with keloids, such 
as surgical excision, cryotherapy, intralesion injections of 
medications containing corticosteroids, pulsed dye laser 
(PDL), fractional lasers, and platelet-rich plasma (PRP) 
[10, 11]. Currently, corticosteroid injections as one of the 
most common methods of keloid treatment often result 
in hypopigmentation and pain during administration, 
but due to the hyperpigmentation typically seen in keloid 
lesions, hypopigmentation should be presented as both a 
potential complication and a treatment goal. Besides, sur-
gical excision alone may result in the formation of similar 
or larger keloids, cryotherapy may lead to ulceration [8, 
12, 13]. Because of these shortcomings, there is still a lack 
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of effective treatments for keloids; additionally, there is a 
poor understanding of the mechanisms of keloid forma-
tion. Therefore, keloids remain one of the most challeng-
ing skin problems.

In adult wound healing, inflammatory cells are 
recruited to the wound site and promote the synthesis 
of growth factors [14], such as TGF-β and PDGF, which 
promote fibroblast proliferation and myofibroblast differ-
entiation, as well as the production of a variety of proin-
flammatory factors (MCP-1, MIP-1, IL-1, and IL-17) that 
work together to promote extracellular matrix deposition 
and fibrosis [15, 16]. In fact, the TGF-β family is divided 
into three subtypes. It has been reported that TGF-β of 
the three subtypes are all related to scar formation, but 
their roles are quite different. Overproduction of TGF-β1 
and TGF-β2 may promote scar formation, while TGF-
β3 promotes scar-free healing [17]. Autophagy is gener-
ally considered to involve the nonselective transport of 
cytoplasmic components such as nucleic acids, proteins, 
and organelles to lysosomes and other bulk degradation 
processes (also referred to as macroautophagy); this pro-
cess is usually nonselective but also acts as a selective sys-
tem to mediate the clearance of specific organelles [18]. 
For example, mitochondrial autophagy targets damaged 
mitochondria and transports damaged mitochondria to 
lysosomes [19]. Many studies have demonstrated that 
when mitochondrial autophagy is reduced, the accumu-
lation of dysfunctional mitochondria can lead to chronic 
inflammation, the driver of structural abnormalities and 
dysfunctions of mitochondria observed in many studies. 
In previous studies, metformin was shown to promote 
autophagy and restore mitochondrial function while 
reducing inflammation [20]. Mitochondrial autophagy 
has been found to be associated with a variety of fibrotic 
diseases. In pulmonary fibrotic diseases, mitochondrial 
autophagy is reduced in fibroblasts, excess ROS can regu-
late the differentiation of fibroblasts to myofibroblasts, 
and increased mitochondrial autophagy eliminates ROS-
producing mitochondria and prevents fibroblasts from 
differentiating [21]. Additionally, autophagy levels have 
been shown to be lower in keloids than in normal der-
mal tissue, and defective autophagy has been shown to 
prevent the elimination of inflammatory vesicles, lead-
ing to excessive inflammation [22]. Many studies have 
shown that mitochondria in keloid fibroblasts (KFs) are 
characterized by an abnormal vacuolar, cristae-vanish-
ing morphology [23]. MTOR, including two complexes, 
mTORC1 and mTORC2, is a key molecule for regulat-
ing mitochondrial autophagy, which is closely related to 
the regulation of mitochondrial function. In PI3K/AKT/
mTOR pathway, when PI3K phosphorylation activates 
AKT, AKT can activate mtorC1 by inhibiting MTOR 
inhibitor. At the same time, when PI3K phosphorylation 
activates mTORC2, AKT is activated as the downstream 

molecule of mTORC2 and plays a role again to activate 
mTORC1. When the PI3K/AKT/mTOR pathway is over-
expressed, mTORC1 will inhibit the ULK complex and 
then the VPS34 complex, and finally affect the process 
of mitochondrial autophagy. Indeed, many studies have 
shown that PI3K/AKT/mTOR signals are often overex-
pressed in keloids [24–26]. This suggests that the occur-
rence of keloid may be related to the abnormal activation 
of PI3K/AKT/mTOR signal, which leads to the inhibi-
tion of mitochondrial autophagy. Overall, mitochondrial 
autophagy may be a target for the treatment of keloids.

Adipose mesenchymal stem cells (ADSCs) are one of 
the main sources of extracellular matrix proteins that 
maintain the structure and function of the skin [27], and 
these cells interact with skin cells through autocrine or 
paracrine pathways to regulate the endocytosis and heal-
ing processes of the skin, potentially reducing the forma-
tion of regenerative scars in wounds by promoting the 
rebuilding of the extracellular matrix and regulating col-
lagen remodeling [10]. Exosomes are paracrine products 
of ADSCs and are small membrane vesicle structures 
with a diameter of 30–150  nm [28]. Exosomes can be 
internalized by cells to mediate remote intercellular com-
munication and carry complex biological information to 
target cells. There is growing evidence that ADSC exo-
somes are involved in a wide range of biological processes 
by modulating immune and inflammatory responses. In 
addition, ADSC exosomes reduce reactive oxygen spe-
cies production and improve mitochondrial function in 
human umbilical vein endothelial cells (HUVECs) [29]. 
According to our previous study, compared to the exo-
somes secreted by ADSCs under normoxic condition 
(nADSCEs), the exosomes secreted by ADSCs under 
hypoxic condition (hADSCEs) were more abundant and 
exerted greater bioregulatory effects, and there was dif-
ferential expression of miRNAs between nADSCEs and 
hADSCEs [30].

Therefore, we hypothesized that ADSC exosomes could 
promote mitochondrial autophagy in KFs by regulating 
the PI3K/AKT/mTOR pathway, restoring mitochondrial 
bioactivity and alleviating keloid disease and that hAD-
SCEs were more effective at treating keloids than were 
nADSCEs.

We first investigated the effects of ADSC exosomes 
on the growth, survival, migration, collagen synthesis 
and degree of inflammatory response of KFs in vitro by 
exploring the associated mitochondrial autophagy mech-
anisms. In addition, we investigated the ability of ADSC 
exosomes to alleviate keloids in a nude mouse model of 
subcutaneously embedded human-derived keloid tis-
sue and compared the difference in the role of exosomes 
under two different culture conditions (nADSCEs and 
hADSCEs), providing new information on the role of 
ADSC exosomes in the treatment of keloids.
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Materials and methods
Cell culture
Human adipose tissue and keloid tissue samples were 
aseptically collected from the Department of Plastic and 
Aesthetic Surgery, Second Affiliated Hospital of Har-
bin Medical University. These samples were all tested 
negative for hepatitis C, hepatitis B, syphilis and human 
immunodeficiency virus tests.

Cell culture and characterization of ADSCs
ADSCs were isolated according to the procedure detailed 
in our previous study [30]. Briefly, adipose tissue was 
minced and digested with type I collagenase, filtered 
through a strainer and cultured in DMEM/F-12 (Sigma, 
USA) supplemented with 10% fetal bovine serum (FBS, 
Corning, USA) and 1% penicillin‒streptomycin (Beyo-
time, China). Osteogenic and adipogenic differentiation 
were induced in cultured 3rd generation cells, which 
were stained with alizarin red and oil red O to determine 
their multidirectional differentiation potential. Subse-
quently, CD105, CD90, CD45, CD30, and CD29 expres-
sion was analyzed by flow cytometry, and ADSCs with 
good growth characteristics during generation were used 
in subsequent experiments.

Keloid fibroblasts (KFs) culture
Keloid tissue was rinsed with PBS and cut it into 
2 mm*2 mm pieces, and the pieces were placed in culture 
flasks in Dulbecco’s modified Eagle medium (DMEM; 
Gibco, USA) supplemented with 10% fetal bovine serum 
(FBS; Gibco, USA) and 100 IU penicillin/100  mg/mL 
streptomycin (Beyotime, China) and cultured at 37 °C in 
a humidified 5% CO2 atmosphere. The obtained KFs were 
used for subsequent experiments.

Isolation and internalization of exosomes
In order to obtain the exosomes of ADSCs under nor-
moxic condition and anoxic condition (nADSCEs and 
hADSCEs), we used a standard incubator (37  °C with 
5% CO2) and a hypoxic incubator (< 1% O2) to cultivate 
ADSCs respectively, and collected the cell supernatant 
when the cells grew to 70–80% confluence. Exosomes 
were isolated and purified according to the procedure 
described in our previous study [30], and the concen-
tration of proteins in the exosomes was measured with 
a bicinchoninic acid detection kit (Beyotime, China); 
the exosomes were then stored at 80 °C. The sizes of the 
purified exosomes ranged from 100 to 150 nm, as deter-
mined using a NanoSight LM10 (Malvern Instruments) 
nanoparticle tracking system. The ultrastructures of 
the exosomes were analyzed by transmission electron 
microscopy (TEM) using a Libra 120 instrument (Zeiss). 
The protein levels of HSP70, TSG101 and CD63 were 
assessed by western blotting. Exosomes were labeled 

using a PKH26 Red Fluorescent Cell Junction Kit (Sigma, 
USA) according to the manufacturer’s instructions. The 
cell membrane of KFs was labeled using a PKH67 Green 
Fluorescent Cell Junction Kit (Sigma, USA). KFs were 
cocultured with exosomes for 24  h. Images were taken 
under a fluorescence confocal microscope after staining 
the cell nuclei with DAPI.

In vitro human KFs treatment
KFs (5 × 106 cells) were treated with nADSCEs (100  µg/
mL), hADSCEs (100  µg/mL), nADSCEs (100  µg/
mL) + 740Y-P (100  µg/mL), hADSCEs (100  µg/
mL) + 740Y-P (100  µg/mL) or PBS (Ctrl), and the cells 
were harvested after 24 h of treatment and used for sub-
sequent experiments.

Assessment of cell activity
Cell activity was assessed according to the instructions 
of an EdU assay kit (Beyotime, China). The treated KFs 
were incubated with EdU working solution for 2–3  h, 
after which the cells were fixed and Hoechst (Beyotime, 
China) staining was applied.

Analysis of cell migration ability
KFs were seeded into 6-well plates, and when the conflu-
ence was 100%, the monolayer was scraped with a 200-µl 
pipette tip. Serum-free DMEM containing ADSC exo-
somes (100  µg/ml nADSCEs or hADSCEs) or PBS was 
added to the six-well plates. Pictures were taken with a 
Leica inverted microscope after 0, 12, 24, and 48 h, and 
migration distances were calculated from the pictures.

Similarly, ADSC exosomes were added to each well of a 
24-well plate. KFs were seeded in serum-free medium in 
the upper chamber of the transwell system. Twenty-four 
hours later, the cells were stained with 0.1% crystal violet 
and photographed using a Leica inverted microscope.

Mitochondrial membrane potential assay
An enhanced mitochondrial membrane potential assay 
kit with JC-1(Beyotime, China) was used to assess 
changes in the mitochondrial membrane potential of 
KFs. We incubated KFs with JC-1 staining working solu-
tion for 20 min at 37 °C according to the manufacturer’s 
instructions, and the cells were subsequently rinsed with 
staining buffer. The cell were photographed under a fluo-
rescence confocal microscope within 30 min.

Mitochondrial probe and lysosomal probe staining
The probes MitoTracker Green (Beyotime, China) and 
LysoTracker Red (Beyotime, China) were applied to label 
mitochondria and lysosomes in KFs. KFs were incu-
bated with MitoTracker Green or LysoTracker Red for 
25–35 min at 37 °C according to the instructions for use, 
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followed by a wash with PBS. The cells were observed and 
photographed under a fluorescence confocal microscope.

Evaluation of autophagic cells
Cells were transfected with HBAD-mCherry-EGFP-LC3 
(HanHeng, China) at an MOI of 500 for 4  h accord-
ing to the manufacturer’s protocol. An equal volume of 
complete medium was added, followed by incubation for 
8 h. Then, the medium was replaced with fresh complete 
medium, and the cells were incubated for another 24 h. 
Cells were treated with PBS, nADSCEs, hADSCEs, or 
740YPDGFR as described previously and imaged using a 
confocal fluorescence microscope.

Construction and grouping of keloid animal models
Six-week-old (20–22  g; female) BALB/c nude mice pur-
chased from Weitong Lihua were housed in an IVC sys-
tem and fed a normal diet. In this experiment, BALB/c 
nude mice were anesthetized using iso-flurane (1.5-2%) 
and cervical dislocation was employed for euthanizing 
the mice. No adverse events occurred in this experiment, 
and the work has been reported in line with the ARRIVE 
guidelines 2.0. The sample size of the experimental 
group and the control group is preliminarily determined 
according to the previous research on keloids, and each 
nude mouse is numbered, and one nude mouse is an 
experimental unit. Using a random number generator, 
they were randomly divided into three groups: control 
group (Ctrl), normoxic adipose stem cell exosomes treat-
ment group (nADSCEs) and hypoxic adipose stem cell 
exosomes treatment group (hADSCEs). There were 5 
nude mice in each group, and 15 nude mice were used 
in this experiment. At the same time, in order to control 
the bias of the experiment, the grouping of the experi-
ment was completed by other experimenters who did 
not understand the research scheme. For humanitarian 
priority reasons, when animals show anorexia, weak-
ness and other manifestations, they should be removed 
from the experiment and euthanized in time. No adverse 
events occurred in this experiment, and no experimental 
animals or experimental units were excluded. The num-
ber of nude mice contributing data for analysis in each 
experiment is shown in the legend.

Anesthetized BALB/c nude mice were incised to fully 
expose the right posterior side of the trunk. Keloid tis-
sue was embedded subcutaneously, and the incision was 
closed. The sutures were removed after 5 days. Accord-
ing to the situation of nude mice, 50  µl of nADSCEs, 
hADSCEs or PBS was injected around the embedded 
tissue every other day, starting on postoperative day 7. 
Photographs were taken on days 0, 7, 14, and 21, and the 
keloid tissue transplanted under the skin was harvested 
and weighed on day 21 and used for the subsequent 
experiments.

HE staining and Masson staining
Keloids in the mice were isolated, weighed and fixed in 
4% paraformaldehyde solution. After 48  h of fixation, 
keloids were embedded in paraffin and sectioned. Subse-
quently, hematoxylin-eosin (H&E) staining and masson 
staining was performed, and images were obtained with 
a Leica microscope.

Immunofluorescence staining
To observe mitochondrial autophagy in keloids, keloid 
sections were placed in goat serum and incubated for 
1 h. Subsequently, the sections were incubated with anti-
LC3II and anti-TOMM20 primary antibodies at 4  °C 
overnight. The sections were rinsed and then incubated 
with secondary antibody for 1 h, stained with DAPI, and 
visualized under a fluorescence confocal microscope.

Transmission electron microscopy
Keloids or exosomes were fixed in 2.5% glutaraldehyde 
for 24 h and dehydrated using different concentrations of 
ethanol and acetone. The dehydrated tissues were stained 
with uranyl acetate and lead citrate and then viewed 
under a transmission electron microscope.

Statistical analysis
All experiments were repeated at least 3 times, and the 
results are expressed as the mean ± standard deviation. 
Student’s t test was used for intergroup comparisons, 
and one-way analysis of variance (ANOVA) was used for 
multigroup comparisons, with differences considered 
statistically significant at P < 0.05 (*P < 0.05; **P < 0.01; 
***P < 0.001, ****P < 0.0001). The statistical analyses and 
generation of images were performed with GraphPad 
Prism 9.0.

Results
Characterization of ADSCs
To obtain ADSCs, adipose stem cells were isolated from 
the abdominal adipose tissue of liposuction patients. In 
the 5th generation of ADSCs, ADSCs were induced to 
differentiate into osteoblasts and adipocytes, and lipid 
droplets and calcium nodules were stained with oil red 
O and alizarin red, respectively, to indicate their multi-
differentiation potential for osteoblastogenesis and lipo-
genesis (Fig.  1A, B). Moreover, according to the flow 
cytometry results, ADSCs were positive for CD105, 
CD90, and CD29 expression and negative for CD45 and 
CD30 expression (Fig. 1C). These results were consistent 
with the characterization of ADSCs in previous studies, 
indicating that ADSCs were successfully isolated.

Characterization and internalization of ADSC exosomes
To explore the differences in the effects of ADSC exo-
somes on keloids under different culture conditions, 
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exosomes were isolated from ADSCs cultured under nor-
moxic and hypoxic condition (nADSCEs and hADSCEs). 
Electron microscopy revealed that both types of exo-
somes had circular vesicle-like structures with lipid bilay-
ers (Fig.  1D). The size distribution of the total extracts 
ranged from 150 to 200  nm, which was consistent with 
the characteristics of exosomes (Fig. 1E). Moreover, west-
ern blot results revealed the positive expression of exo-
some marker proteins such as TSG01, CD63 and HSP60 
in nADSCEs and hADSCEs, with the expression of these 
markers being significantly higher in hADSCEs than in 
nADSCEs, which indicated that ADSC exosomes were 
successfully isolated and that ADSCs secreted more exo-
somes under hypoxic condition (Fig. 1F). The exosomes 
were labeled with fluorescent PKH26 to identify nAD-
SCEs and hADSCEs and fluorescent PKH67 to identify 
KFs for 24 h and then photographed under a fluorescence 
confocal microscope (Fig.  1G). The results showed that 

nADSCEs and hADSCEs were successfully internalized 
by KFs.

In vitro, ADSC exosomes inhibited the proliferation and 
migration of KFs
To determine the effect of ADSC exosomes on KFs in 
an in vitro environment, nADSCEs and hADSCEs were 
cocultured with KFs, followed by incubation with EdU 
to assess KFs activity (Fig. 2A), and a scratch test and a 
transwell test were used to assess hKF migration (Fig. 2B, 
C). The results showed that ADSC exosomes significantly 
inhibited the proliferation and migration of KFs and 
that the effect of hADSCEs was greater than that of the 
nADSCEs.

Fig. 1  ADSCs and ADSCE exosomes. (A) ADSCs that were able to differentiate into adipocytes were stained with Oil Red O to detect lipid droplets. (B) 
Calcium nodules stained with Alizarin Red S are shown, indicating that ADSCs could differentiate into osteoblasts. (C) Flow cytometry analysis of hADSC-
specific antigen labeling. (D) Morphology of nADSCEs and hADSCEs under electron microscopy. (E) Particle size distributions of nADSCEs and hADSCEs. 
(F) Western blot analysis of the surface markers of nADSCEs and hADSCEs. (G) Fluorescence images of PKH26-labeled nADSCEs and hADSCEs internalized 
by PKH67-labeled KFs. Full-length blots are presented in Supplementary Fig. 1
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In vitro, ADSC exosomes can inhibit PI3K/AKT/mTOR 
pathway and alleviate chronic inflammation caused by scar 
formation and fibrosis
To assess the correlation between the effect of ADSC 
exosomes on KFs and the PI3K/AKT/mTOR pathway, 
we cocultured KFs with ADSC exosomes and pretreated 
the cells with 740Y-P. The results showed that the PI3K/
AKT/mTOR pathway in KFs was significantly inhibited 
by the action of ADSC exosomes (Fig.  3A). Moreover, 
RT‒PCR analysis of KFs treated with ADSC exosomes 
indicated a significant decrease in the expression of the 
inflammatory factors TGF-β1, TNF-α, IL-6, and IL-10 
(Fig.  3B). Western blot analysis of collagen deposition 
and fibrosis levels revealed a significant decrease in 

COL1, COL3, and αSMA expression (Fig. 3C). Similar to 
previous results, the effect of hADSCEs was greater than 
that of nADSCEs. ADSC exosomes were significantly 
inhibited in the 740Y-P-pretreated KFs. Thus, ADSC exo-
somes inhibited chronic inflammation and attenuated 
collagen deposition and fibrosis in KFs, possibly through 
the PI3K/AKT/mTOR pathway.

In vitro, ADSC exosomes promote mitochondrial 
autophagy and restore mitochondrial structure and 
function
Mitochondrial autophagy is a type of autophagy that 
removes damaged mitochondria by selectively transport-
ing them to lysosomes. The observation of the formation 

Fig. 2  Compared to nADSCEs, hADSCEs significantly inhibited the proliferation and migration of KFs. (A) Cell proliferation analyzed by EdU. (B, C) Deter-
mination of the migration capacity of KFs by scratch test and transwell test
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of autophagosomes and autolysosomes through transfec-
tion with fluorescent mRFP-GFP-LC3 showed that the 
level of autophagic flow was enhanced in KFs in response 
to ADSC exosomes (Fig.  4A). The JC-1 staining results 
showed that the mitochondrial membrane potential was 
restored (Fig. 4B). Therefore, it is reasonable to speculate 
that the increased autophagic flux in KFs may affect their 
mitochondrial structure and function and that ADSC 
exosomes may promote mitochondrial autophagy in KFs. 
Therefore, we applied a mitochondrial probe and a lyso-
somal probe to stain the mitochondria and lysosomes 
of KFs and measured the length of the mitochondria 
and the colocalization of mitochondria and lysosomes 
(Fig.  4C). The results showed that the mitochondrial 
length increased and that the colocalization coefficients 
of mitochondria and lysosomes increased in the pres-
ence of ADSC exosomes. Western blot results showed 

that ADSC exosomes decreased the expression level of 
Beclin1, increased the levels of P62 and LC3II/LC3I and 
promoted autophagy in KFs, while the expression of 
HSP60 and Tomm20 decreased, suggesting a decrease in 
mitochondrial number (Fig. 4D). Moreover, when 740Y-P 
was applied, the ability of ADSC exosomes to promote 
the autophagic flow of KFs and restore mitochondrial 
morphology and function was suppressed (Fig.  4D). 
These results suggest that ADSC exosomes may promote 
mitochondrial autophagy in KFs and restore mitochon-
drial structure and function through the PI3K/AKT/
mTOR pathway.

ADSC exosomes significantly attenuate pathology and 
clinical signs in keloid model mice
We established a keloid implantation mouse model 
using fresh human keloid tissue and BALB/c nude mice, 

Fig. 3  ADSC exosomes inhibit the phosphorylation of components of the PI3K/AKT/mTOR pathway, attenuate inflammation, and inhibit collagen depo-
sition and fibrosis. (A) Western blot analysis of PI3K/AKT/mTOR pathway protein expression levels. (B) RT‒PCR was used to analyze the expression levels 
of the inflammatory factors IL-6, and IL-10, TGF-β1 and TNF-α. (C) The protein expression levels of COL1, COL3, and αSMA in treated KFs were analyzed. 
Full-length blots are presented in Supplementary Fig. 2. The data are expressed as the mean ± standard deviation. n = 5. *P < 0.01, **P < 0.001, ***P < 0.0001
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Fig. 4  Effect of ADSC exosomes on autophagy and mitochondria in KFs. (A) Confocal microscopy was used to observe the formation of autophagosomes 
and autolysosomes after the transfection of KFs with fluorescent mRFP-GFP-LC3. (B) JC-1 staining and confocal microscopy were used to observe changes 
in the mitochondrial membrane potential. (C) After staining with a mitochondrial probe and lysosomal probe, confocal microscopy was used to observe 
mitochondrial morphology and calculate the colocalization coefficients of mitochondria and lysosomes. (D) Western blot analysis of the protein expres-
sion levels of Beclin1, P62, LC3, HSP60 and TOMM20. Full-length blots are presented in Supplementary Fig. 3
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injected nADSCEs and hADSCEs every other day for 7 
days, and removed keloid grafts after 27 days to evalu-
ate the effect of the ADSC exosomes on keloid pro-
gression in vivo (Fig.  5A). ADSC exosomes was stained 
with DIR, and animal imaging system showed that they 
were absorbed by keloid tissue (Fig. 5B). In addition, we 
labeled ADSC exosomes with PKH26 and injected them 

into the keloid tissue of mouse model, and observed the 
retention of A in keloid tissue after 7 days (Fig. 5C). To 
visualize the pathological changes in keloid tissue after 
treatment with ADSC exosomes, we performed HE and 
Masson staining. In the control group, the keloid tis-
sue contained many coarse collagen bundle aggregates; 
after treatment, there was a significant decrease in these 

Fig. 5  Effects of ADSC exosomes treatment on graft quality and pathological changes. (A) Photographs of keloids were taken at 0, 7, 14 and 21 days after 
implantation, and the transplants were taken out at 21 days and weighed. (B) An animal imaging system was used. (C) nADSCEs and hADSCEs stained 
with PKH26 were injected into the keloid graft of model mice, and the keloids were observed by fluorescence microscope after 7 days. (D) HA and Masson 
staining of keloids. (E) Western blot analysis of COL1, COL3, and αSMA protein levels in the animal model. (F) Changes in the mRNA levels of the inflam-
matory factors IL-6 and IL-10, TGF-β1 and TNF-α after treatment with nADSCEs and hADSCEs. Full-length blots are presented in Supplementary Fig. 4
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aggregates (Fig. 5D). Moreover, western blot data showed 
that the ADSC exosomes downregulated the expression 
of COL11, COL3 and αSMA (Fig. 5E). In addition, RT‒
PCR analysis also showed that ADSC exosomes down-
regulated the mRNA expression of TGF-β1, TNF-α, and 
IL-6 and upregulated the mRNA expression of IL-10 
in keloid tissue (Fig.  5F). These findings indicated that 
ADSC exosomes suppressed chronic inflammation in 
keloid tissue, significantly reduced collagen deposition in 
keloids, and attenuated fibrosis.

ADSC exosomes promote mitochondrial autophagy and 
restore damaged mitochondrial morphology in a mouse 
model of keloid scarring
To investigate the molecular mechanism underlying 
the effects of ADSC exosomes treatment on keloids in 
vivo, western blot was used to analyze the phosphoryla-
tion level of components of the PI3K/AKT/mTOR path-
way in the keloid grafts of each group, and the results 
showed that in the human keloid implantation model, 
ADSC exosomes significantly inhibited the phosphory-
lation of components of the PI3K/AKT/mTOR pathway 
at the keloid tissue level (Fig.  6A), which strongly sug-
gested that in vivo, ADSCs may exert therapeutic effects 
by inhibiting the PI3K/AKT/mTOR pathway. The west-
ern blot results were consistent with the results of the in 

Fig. 6  ADSC exosomes promote mitochondrial autophagy in vivo. (A) The phosphorylation level of components of the PI3K/AKT/mTOR pathway com-
ponents in keloids was assessed by western blotting. (B) Assessment of the protein levels of the autophagy-related proteins Beclin1, P62, and LC3 and the 
mitochondria-related proteins HSP60 and TOMM20 in keloids. (C) The expression of LC3 and TOMM20 in animal model keloid tissue. (D) Observation of 
the morphological alterations of mitochondria in keloid scars by electron microscopy. Full-length blots are presented in Supplementary Fig. 5
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vitro experiments. In keloid tissues, P62 and LC3II/LC3I 
levels increased after ADSC exosomes treatment, and 
Beclin1, HSP60, and Tomm20 levels decreased; addition-
ally, the effects of treatment with hADSCEs was superior 
to effects of treatment with nADSCEs (Fig.  6B). More-
over, we fluorescently stained the grafts to assess P62 and 
Tomm20 expression (Fig.  6C). These findings suggested 
that in vivo, ADSC exosomes likely promote mitochon-
drial autophagy in keloids. To observe the change in 
mitochondrial morphology in keloid tissue, transmission 
electron microscopy was used, and the mitochondria in 
the control group exhibited an abnormal vacuole mor-
phology and ridge breaks, with almost no normal mito-
chondria. In contrast, after ADSC exosomes treatment, a 
certain number of mitochondria with normal morphol-
ogy were observed (Fig. 6D).

Discussion
Keloid scarring is a poor outcome of abnormal wound 
healing, and effective drugs against keloid scarring are 
urgently needed11. In this study, we demonstrated that 
ADSC exosomes significantly alleviate keloids by pro-
moting mitochondrial autophagy in KFs. In addition, the 
therapeutic effect of hypoxia-treated ADSC exosomes 
appeared to be greater than that of exosomes secreted 
by ADSCs under normoxia. These findings suggest that 
ADSC exosomes may be a novel therapeutic option for 
the treatment of keloids.

Recently, adipose stem cell-based therapies have been 
shown to be effective for the treatment of keloids [31, 
32]. Previous studies have shown that adipose stem cell 
exosomes play a central role in reducing chronic inflam-
mation in keloid fibroblasts and attenuating fibrosis [33]. 
TSG-6 in ADSC exosomes prevents keloid scar forma-
tion by reducing inflammation and inhibiting collagen 
deposition enhanced in keloids by TGF-β, a key cytokine 
in the regulation of keloid fibrosis which promotes colla-
gen synthesis and prevents its degradation [34, 35]. Stud-
ies have shown that fetal scarless wounds expressed high 
levels of TGF-β3 and low levels of TGF-β1 and TGF-β2 
[36]. In addition, bone marrow mesenchymal stem cells 
reduce fibrosis by reducing the ratio of TGF-β1/ TGF-β3 
of wound lysate in mouse full-thickness wound healing 
model [7]. ADSC exosomes promote the proliferation 
and migration of fibroblasts from normal skin, thereby 
accelerating diabetic wound healing. Moreover, under 
hypoxic condition, adipose stem cells secrete more exo-
somes to improve tissue and blood perfusion in hypoxic 
environments and reduce inflammatory filtration in fat 
[37]. Compared with those under normoxic condition, 
adipose stem cell exosomes under hypoxic condition 
are more effective at promoting angiogenesis and bone 
healing and accelerating diabetic wound healing [30, 38, 
39]; this suggests that hypoxia-derived adipose stem cell 

exosomes may be more advantageous for disease treat-
ment. In this study, we applied both nADSCEs and hAD-
SCEs to treat KFs and keloid model mice, and the results 
showed that hADSCEs were better able to inhibit the 
proliferation, migration, and collagen deposition of KFs, 
reduce the weight of keloid grafts, and attenuate the level 
of collagen deposition and fibrosis. These findings dem-
onstrated that adipose stem cell exosomes under hypoxic 
condition were more effective than adipose stem cell exo-
somes under normoxic condition at treating keloid scars.

Through bulk RNA sequencing and bioinformatics 
analysis, it was found that keloid scars transcription-
ally differed from normal and hypertrophic scars [40]. 
Hyperactivation of the PI3K/AKT/mTOR pathway in 
keloids plays a key role in the excessive proliferation of 
keloid fibroblasts and abnormal collagen deposition [41, 
42]. Compared with normal dermal-derived fibroblasts, 
keloid-derived fibroblasts exhibit decreased autopha-
gic flux, P62 aggregation and interactions with LC3 
[23]. Defects in the autophagic protein Beclin1 increase 
collagen deposition and promote a profibrotic pheno-
type in the mouse kidney [43]. Thus, the PI3K/AKT/
mTOR pathway and p62/LC3 signaling are involved in 
the development of keloidogenic autophagy dysfunc-
tion and fibrosis. Compared with normal dermal tissue, 
keloid tissue contains damaged low-density mitochon-
dria and ridge breaks [23]. In renal fibrosis, the promo-
tion of mitochondrial autophagy and improvements in 
mitochondrial function effectively alleviate renal fibrosis 
[]. Increases in mitochondrial oxidative stress and mito-
chondrial dysfunction are associated with the pathogene-
sis of keloid scars. In this study, ADSC-derived exosomes 
were applied to KFs and keloid model mice, and activa-
tion of the PI3K/AKT/mTOR pathway, expression of p62, 
and enhancement of the LC3 II/LC3 I ratio were signifi-
cantly suppressed, mitochondrial morphology and func-
tion were restored, and colocalization of mitochondria 
and lysosomes was increased, suggesting that ADSCs are 
involved in promoting keloid fibroblast mitochondrial 
autophagy in vivo and restoring mitochondrial morphol-
ogy and function.

There are some limitations of our experiments. For 
example, promoting mitochondrial autophagy may not 
be the only mechanism by which ADSC exosomes affect 
autophagic flow in keloid fibroblasts, which needs to be 
investigated through subsequent experiments. Differ-
ences in the effect of ADSC exosomes on keloid fibro-
blasts in different parts of the human body and different 
spatial distributions of keloid fibroblasts in keloid tissue 
may be identified by spatiotemporal proteomic sequenc-
ing of keloid fibroblasts originating from different body 
parts and with different spatial distributions.
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Conclusion
ADSC exosomes can exist stably in keloid tissue, and 
promote mitochondrial autophagy to play a therapeutic 
role through PI3K/AKT/mTOR pathway. Meanwhile, 
both nADSCEs and hADSCEs could treat keloids, but 
hADSCEs were more effective.
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