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a b s t r a c t

ADSCs are a large number of mesenchymal stem cells in Adipose tissue, which can be applied to tissue
engineering. ADSCs have the potential of multi-directional differentiation, and can differentiate into bone
tissue, cardiac tissue, urothelial cells, skin tissue, etc. Compared with other mesenchymal stem cells,
ADSCs have a multitude of promising advantages, such as abundant number, accessibility in cell culture,
stable function, and less immune rejection. There are two main methods to use ADSCs for tissue repair
and regeneration. One is to implant the “ADSCs-scaffold composite” into the injured site to promote
tissue regeneration. The other is cell-free therapy: using ADSC-exos or ADSC-CM alone to release a large
number of miRNAs, cytokines and other bioactive substances to promote tissue regeneration. The tissue
regeneration potential of ADSCs is regulated by a variety of cytokines, signaling molecules, and external
environment. The differentiation of ADSCs into different tissues is also induced by growth factors, ions,
hormones, scaffold materials, physical stimulation, and other factors. The specific mechanisms are
complex, and most of the signaling pathways need to be further explored. This article reviews and
summarizes the mechanism and clinical application of ADSCs in tissue injury repair so far, and puts
forward further problems that need to be solved in this field, hoping to provide directions for further
research in this field.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Tissue engineering is an emerging biomedical technology and
an important part of regenerative medicine. Tissue engineering
enables tissue regeneration by using living cells, biomaterials, and
stimulating factors to produce viable biological substitutes to
replace diseased tissues [1]. The selection of cells is an exceedingly
significant issue in tissue engineering. Stem cells are widely used in
tissue engineering due to their proliferation ability and multi-
directional differentiation potential. Embryonic stem cells (ESCs)
are ideal stem cells for tissue engineering with unlimited prolifer-
ation and multi-directional differentiation potential, which can
differentiate into ectoderm, mesoderm, and endoderm to shape
various tissues and organs. However, there are ethical issues due to
the destruction of embryos to obtain embryonic stem cells. Shinya
Yamanaka found that genes can be introduced into somatic cells to
make induced pluripotent stem cells [2]. Although ethical issues
have been solved and there is no immune rejection in this way, the
use of induced pluripotent stem cells is also limited on account of
the risk of teratogenesis, complex culture process and low trans-
formation efficiency. Compared with embryonic stem cells, adult
stem cells have the following advantages: firstly, there are no
ethical problems, adult stem cells derived from the patient's own
will not cause transplant rejection. Secondly, the differentiation of
adult stem cells is relatively stable, and the use of adult stem cells
has a lower risk of teratogenesis. The clinical application is safer [3].
Therefore, adult stem cells have become the main cells used in
tissue engineering. Bone marrow mesenchymal stem cells (BM-
MSCs) and umbilical cord mesenchymal stem cells (UC-MSCs) are
adult stem cells that can meet the needs of tissue engineering. In
particular, BM-MSCs have been widely used in the regeneration of
bone tissue, cardiac tissue, nerve tissue and other tissues [4].
However, BM-MSCs have the problem of insufficient source, and
the proliferation ability of BM-MSCs is also limited by age. Themain
source of BM-MSCs is bone marrow. With the increase of age, the
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content of bone marrow gradually decreases, so as to make it more
difficult to obtain high purity and activity BM-MSCs [5]. Tissue
engineering requires a large number of cells to form donor tissues,
and the difficulties in obtaining and expanding mesenchymal stem
cells in vitro have limited their clinical application.

In recent years, ADSCs have attracted more and more attention.
ADSCs are stem cells isolated from stromal vascular cells of adipose
tissue under the action of collagenase. Similar to other stem cells,
ADSCs have the potential of multi-directional differentiation, which
can repair traumatic tissues and differentiate into urothelium,
bone, muscle, nerve, skin, etc. [6e8]. Compared with other
mesenchymal stem cells（MSC）, ADSCs have great advantages in
skin tissue engineering, bone tissue engineering, urinary tract
repair, cardiovascular disease, and nervous system disease treat-
ment [9]. ADSCs are ideal seed cells of tissue engineering in future.

2. ADSCs and their functions

Derived from stromal vascular fraction (SVF), ADSCs are a kind
of MSC abundantly present in adipose tissue [10]. In 1977, Van and
Roncari reported that adipose tissue in adult rats contained cells
with proliferative potential. In 2001, Zuk et al. isolated a sample of
cells with multi-directional differentiation potential from adipose
tissue for the first time and named it adipose-derived stem cells.

The extraction process of ADSCs is relatively simple. The
extracted adipose tissue is washed with PBS to remove unrelated
cells such as red blood cells, then type I collagenase is added, red
blood cells are further lysed with red blood cell lysates, and ADSCs
are separated from mature adipocytes by centrifugation [7]. The
ability of ADSCs to proliferate, differentiate and promote angio-
genesis decreases with aging. Therefore, cryopreservation of
ADSCs and reducing the number of passages can preserve the
function of ADSCs to the greatest extent [11]. Moreover, ADSCs
expressed CD13, CD44, CD90, CD49d, CD105, CD10 and so on.
ADSCs expressed CD49d but not CD106, which is different from
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MSC. MSC expressed CD106 but not CD49d, which can be distin-
guished from ADSCs [12].

The morphology and function of ADSCs are similar to BM-MSC.
ADSCs also have the potential of self-renewal and multi-directional
differentiation. Derived from the mesoderm, ADSCs can promote
the repair process of these tissues after injury and differentiate into
bone tissue, cardiac tissue, urothelial cells, skin tissue, etc (Fig. 1).
Furthermore, ADSCs can secrete a large number of cytokines to
exert their effects. ADSCs can secrete cytokines such as IL-1a, IL-6,
and IL-10 to play an anti-inflammatory role [13]. IL-1a binds to IL-
1typeIreceptor and induces structural changes of IL-1R, interacts
with IL-1RAcP, and initiates NF-kB signal transduction cascade [14].
IL-6 binds to mIL-6Ra and gp130 to form a hexamer complex,
which induces the phosphorylation of Janus kinase (JAK), and then
activates the dimerization of signal transducer and activator of
transcription 3(STAT3) for downstream signal transduction [15].
Upon binding to IL-10 receptor, IL-10 activates Janus kinase1
(JAK1)/tyrosine kinase 2 (Tyk2)-signal transducer and activator of
transcription 3 (STAT3) signaling pathway conducts downstream
signal transduction and plays an anti-inflammatory role [16].
ADSCs secrete TGF-b, vascular endothelial growth factor (VEGF),
placental growth factor (PGF), angiopoietin-1 (Ang-l) and so on to
promote endothelial cell proliferation and angiogenesis [17]. After
TGF-b binds toTGF-b type II receptor, TGF-b type II receptor induces
the phosphorylation of type I receptor, and type I receptor pro-
motes the phosphorylation of SMAD protein to conduct down-
stream signal transduction [18]. Upon binding to VEGF-R, VEGF
regulates cell proliferation by activating the Ras/MAPK pathway,
cell survival by activating the PI3K/AKT pathway, and new capillary
formation by activating the RhoA/ROCK pathway [19]. PGF can
directly bind to VEGFR-1 and activate PI3K/AKT signaling pathway.
PGF can also replace vascular endothelial growth factor A (VEGFA)
from transmembrane or soluble VEGFR-1, so that more VEGFA can
activate VEGFR-2 to promote endothelial cell proliferation and
neovascularization, which is the main mechanism of PGF [20]. Ang-
1 binds to the tyrosine kinase receptor Tie-2 and plays an important
role in vascular maturation, migration, adhesion and survival of
endothelial cells [21]. These cytokines play an important role in
tissue repair [22].

MSC can exert paracrine effects through extracellular vesicles
(EVs), which is one of the important forms of MSC action. Exosomes
are the most common extracellular vesicles, which refer to mem-
brane vesicles with a diameter of 30e100 nm containing bioactive
Fig. 1. ADSCs have the potential of self-renewal and multidirectional differentiation. ADSCs
urothelium, skin tissue, and nerve tissue.
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substances such as proteins and RNA [23]. Similar to MSC, ADSCs
can also play paracrine roles in tissue damage and repair through
ADSC-exos. ADSC-exos is a lipid bilayer structure, its main com-
ponents are proteins, nucleic acids and lipidmolecules, which is the
medium of information communication between cells [24]. ADSCs
mainly regulate the surrounding environment through ADSC-exos
[25]. ADSC-exos contain many angiogenic miRNAs, VEGFA, fibro-
blast growth factor (FGF), insulin-like growth factor (IGF), platelet-
derived growth factor (PDGF) and other bioactive molecules [26].
After FGF binds to FGF receptor (FGFR), it phosphorylates FRS2,
which recruits regulatory proteins GRB2 and SOS to further activate
RAS and its downstream RAF and MAPK pathways to promote
angiogenesis [27]. IGF can promote cell division, proliferation and
repair by activating PI3K/AKT signaling pathway and Mek/Erk
signaling pathway in cells [28]. PDGF activates MAPK, PI3K/Akt,
JAK/STAT and NF-kB signaling pathways by binding to its receptors
to promote cell growth and chemotaxis [29] (Fig. 2). Compared
with ADSCs, cell-free therapy using ADSC-exos alone can reduce
adverse reactions such as immune rejection, and is easier to store
and transport than living cells.

3. Advantages of ADSCs in tissue repair and regeneration

The number of ADSCs is abundant and acquisition of ADSCs is
simple. Adipose tissue is widely distributed and abundant in the
human body. The content of ADSCs in adipose tissue is up to 5000
colony-forming unitefibroblastic (CFU-F), which is 500 times that
of BM-MSCs [30]. Adipose tissue is obtained by liposuction. Only
local anesthesia is needed to extract local adipose tissue to obtain
ADSCs, which causes less trauma to patients and yields a large
number of stem cells.

The in vitro culture conditions of ADSCs are simple. The survival
rate of ADSCs is high, and the proliferation rate is faster. Human
platelet lysate (HPL) can be used to promote cell expansion in vitro
[31], so a large number of ADSCs can be obtained in a short period
of time, and the problem of stem cell source can be effectively
solved [32].

The safety of adipose-derived stem cells is higher. Since adipose
tissue is abundant in the human body, ADSCs are mainly provided
through their own body, avoiding the occurrence of immune
rejection [33]. Compared with embryonic stem cells and induced
pluripotent stem cells, ADSCs will not cause teratogenesis, tumor
formation and other problems, and the safety is higher [34].
originate from the mesoderm and can differentiate into osteoblasts, cardiomyocytes,



Fig. 2. Cytokines secreted by ADSCs and their effects. ADSCs expressed CD13, CD44, CD90, CD49d, CD105 and CD10 on their surface. ADSCs can secrete cytokines such as Il-1b, IL-6,
and IL-10 to exert anti-inflammatory effects. ADSCs secrete TGF-b, VEGF, PGF and Ang-l to promote endothelial cell proliferation and angiogenesis. ADSC-exos is a lipid bilayer
encapsulated structure, and its main components are proteins, nucleic acids, and lipid molecules. ADSC-exos contain many angiogenic miRNAs, VEGFA, FGF, IGF, PDGF and other
bioactive molecules.
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There are twomain approaches to useADSCs for tissue repair and
regeneration: “ADSCs-scaffold composite” therapy and cell-free
therapy. “ADSCs-scaffold composite” therapy refers to the method
of transplanting “ADSCs-scaffold composite” into the injured site for
tissue repair. Scaffold materials can guide tissue to grow into a
specific shape, and have the role of mechanical support. In addition,
scaffoldmaterials contain a largenumber ofmolecules that promote
tissue regeneration, such as cytokines, transcription factors, regu-
latory chemokines, etc., which are unstable and easy to be degraded
under normal conditions. Encapsulation of these molecules in the
scaffold material prevents degradation and gradual and slow
release, ensuring that themolecular function canbemaintained fora
long time.With the support of scaffoldmaterials, ADSCs can further
proliferate and differentiate into target tissues and promote tissue
regeneration [35]. Cell-free therapy refers to promoting cell prolif-
eration, tissue regeneration, and neovascularization at the injured
site by releasing a large number of miRNAs, cytokines, and other
bioactive substances through ADSC-exos or ADSC-CM. ADSC-exos
and ADSC-CM have the following advantages: Because stem cells
have the risk of causing tumors after long-term culture, ADSC-exos
and ADSC-CM do not have such a problem; Compared with ADSCs,
ADSC-exos and ADSC-CM have lower immunogenicity and less
chance of immune rejection. ADSC-exos and ADSC-CM are easier to
preserve and transport than ADSCs [24].

4. ADSCs in bone tissue regeneration

4.1. Mechanism of ADSCs involved in bone tissue regeneration

In the process of bone tissue repair by ADSCs, the degree of dif-
ferentiation of ADSCs into bone tissue and the degree of
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vascularization of new tissue are important factors affecting the
repair effect [9] (Fig. 3A).

4.1.1. ADSCs differentiate into bone tissue
The main components of bone tissue include cells, bone glue

fibers and extracellular matrix [36]. Osteogenic growth peptide
(OGP) is a growth factor that can promote the proliferation of os-
teoblasts and fibroblasts, and plays an important role in the
regeneration of bone tissue [37]. However, the “ADSCs-scaffold
composite” implanted in bone tissue engineering cannot carry OGP.
Therefore, finding the signaling molecules that stimulate the dif-
ferentiation of ADSCs into bone tissue is an important problem in
bone tissue engineering.

It has been found that the molecules and signaling pathways
that play important roles in the process of bone development and
maturation, such as bone morphogenetic protein (BMP), WNT
protein, Notch signaling pathway and Hedgehog signaling pathway,
also play an important role in the process of inducing osteogenic
differentiation of ADSCs [38]. BMP is a member of the TGF-b su-
perfamily, which can regulate bone formation and resorption by
affecting the growth, division and activity of osteoblasts and oste-
oclasts, thus regulating bone homeostasis and playing an important
role in bone remodeling [39]. BMP is also an important molecule
that promotes the differentiation of ADSCs into bone tissue. BMP
acts through two pathways: the SMAD-dependent pathway (also
known as the typical SMAD pathway) and the p38 -MAPK pathway,
of which the SMAD-dependent pathway is the main pathway
through which BMP acts. After BMP binds to the receptor, the
intracellular subunit of the receptor phosphorylates SMADs 1/5/8,
after which the phosphorylated SMADs 1/5/8 binds to the Co SMAD
(SMAD4) to form a complex, which is transported to the nucleus to



Fig. 3. The mechanism of ADSCs and ADSC-exos in bone tissue regeneration, urinary tract repair, skin injury repair, and nerve regeneration. A, BMP is an important molecule that
promotes the differentiation of ADSCs into bone tissue. Certain factors contained in MSC-CM can induce differentiation of ADSCs into bone tissue and promote cell growth and
division. Metal ions (Co2þ, Zn2þ, Agþ) can promote the proliferation of osteoblasts, inhibit the activity of osteoclasts, and promote the regeneration of bone tissue. MiRNA196a can
promote angiogenesis by increasing the secretion of VEGF, EGF, FGF, etc. B, Heparin is an inducer of SMC differentiation. Cathelicidin LL37 promotes the differentiation of ADSCs into
urothelial cells and smooth muscle cells. ADSC-exos could up-regulate the expression of microRNA-126 to increase the secretion of VEGF and the expression of VEGFR2 in HUVEC.
FGF-FGFR promotes tissue vascularization possibly by increasing the content of VEGFA in ADSC-exos. MiR-21 can affect the expression of MMP-2 and TIMP-1 proteins in HaCaT cells
to increase the migration and proliferation of HaCaT cells. C, ADSC-exos can increase mRNA and protein levels of Col 1, Col 3, and bFGF in fibroblasts and increase the division rate of
fibroblasts. ADSC-exos can promote proliferation of HUVEC and HDFs to achieve dermal regeneration and angiogenesis. MiR-486-5p can promote proliferation of HSFs and enhance
activity of HMECs by down-regulating the expression of Sp5 and up-regulating the expression of CCND2. MiR-21 can enhance the division and migration of HaCaT cells and inhibit
the apoptosis of HaCaT cells by enhancing the expression of MMP-9 and inhibiting the expression of TIMP2. D, NTFs (NGF, BDNF, NT3, GDNF) can enhance the nerve repair ability of
ADSCs. The phosphorylation of FRMD 8 and Notch 2 is significantly increased in ADSCs stimulated with NT3. MiR-218 could promote nerve fiber growth. Insulin and glucocorticoids
promote differentiation of ADSCs into SCLC by promoting the expression of myelin transcription factors (Krox-20 and Sox-10). Progesterone induces the differentiation of ADSCs into
SCLC through Src and PI3K-Akt signaling pathways.
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affect the expression of osteogenic genes [40], further from pro-
moting the differentiation of ADSCs to bone tissue.

Studies have shown that ADSCs cultured in the extracellular
matrix produced by bone marrow cells have a higher proportion of
bone tissue differentiation compared with other culture environ-
ments, and immunohistochemistry shows that the expression of
osteogenic-related markers such as ALP and RUNX2 is increased
[41], suggesting that BM-derived extracellular matrix has the
function of inducing ADSCs to differentiate into bone tissue. Certain
factors contained in mesenchymal stem cell (MSC)-derived condi-
tioned medium (CM) can induce differentiation of ADSCs into bone
tissue and promote cell growth and division [42].

In tissue engineering, scaffold materials are an important part,
which are the environment for stem cells to survive. With the
support of scaffold materials, ADSCs can differentiate into bone
tissue, nerve tissue, skin, etc., and then complete tissue repair.
Scaffolds are also involved in the induction of ADSCs. Recent studies
have found that the growth and differentiation rate of ADSCs
combined with polycaprolactone (PCL) scaffold materials is signif-
icantly increased, and the expression of osteogenic related markers
such as ALP is also significantly increased. Therefore, PCL also has
the potential to induce stem cells to differentiate into osteoblasts
[43]. Fibroblast growth factor 2 (FGF2) is a cytokine that can
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promote bone and cartilage repair as well as tendon and ligament
formation. Recent studies have shown that the combination of
exogenous FGF2 and polyethylenimine nanocomposites can
significantly improve the rate of bone formation in animal models
of bone defects [44].

Various physical stimulation including mechanical stimulation
such as stretch, compression, direct current and alternating current
can promote the osteogenic differentiation of ADSCs by increasing
the WNT signaling pathway [45]. In addition, the osteogenic dif-
ferentiation potential of ADSCs is significantly increased when vi-
bration stimulation is added in ADSCs culture dish compared with
the control group [46]. Various ions such as Co2þ、Zn2þ、Agþ and
other metal ions can promote the proliferation of osteoblasts,
inhibit the activity of osteoclasts, and promote the regeneration of
bone tissue. Studies have shown that metal ions can promote the
differentiation of ADSCs to bone tissue, and the specific mechanism
is still unclear, probably through the cAMP signaling pathway [47].
Metal coating on scaffolds has been widely used to improve bone
tissue repair [48].

4.1.2. ADSCs promote bone tissue vascularization
In bone tissue engineering, the degree of vascularization of new

tissue affects the quality of tissue repair. It has been found that
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small vesicles or larger ADSC-exos secreted by ADSCs contain A
large number of pro-angiogenic factors such as VEGFA, which can
increase the degree of vascularization of new bone tissue and
promote bone tissue repair [49]. There are many miRNAs that
promote vascularization in ADSC-exos, and miRNA196a plays a
major role in the process of bone tissue regeneration. MiRNA196a
can promote angiogenesis by increasing the secretion of VEGF,
epithelial growth factor (EGF), FGF, etc. This process may be ach-
ieved through the PI3K/AKT signaling pathway [50]. Studies in
rabbits’ model of hip dysplasia have found that aggregation of
ADSCs into 3D multicellular spheroids can increase the anti-
inflammatory activity of stem cells after transplantation, avoid in-
flammatory damage caused by scaffold materials, and improve the
survival rate after transplantation. In addition, the ability of ADSCs
to promote angiogenesis in new tissues is further improved, which
greatly improved the tissue repair ability of ADSCs [51].

4.2. Application of ADSCs in bone tissue regeneration

Most bone injuries are within the range of the body's compen-
sation, and the body can repair through callus formation, intra-
membranous osteogenesis, and endochondral osteogenesis [52]. In
the case of severe bone injury, due to the limited compensatory
ability of the body, it may cause the formation of nonunion or
deformity, so human intervention is needed [53].

Bone transplantation has been the main way to solve bone
injury, but there are many problems such as difficult to survive,
high degradation rate, and high risk of pathogen infection at the
graft site. Recent studies have shown that when the “ADSCs-scaf-
fold composite” is implanted into the animal model of skull defect,
ADSCs can differentiate into bone tissue under the action of cyto-
kines and growth stimulation signals, so that the skull defect can be
repaired [54], and the degree of bone repair is higher than that of
traditional bone transplantation. At present, PCL scaffolds have
been successfully used in animal injury models. This kind of scaf-
fold material has good biocompatibility and biodegradation rate,
and less adverse reactions such as biological rejection and inflam-
mation [55]. However, in a clinical study, Tuomo Thesleff et al. used
cranioplasty using autologous ADSCs seeded on beta-tricalcium
phosphate (betaTCP) granules to treat five patients with cranial
injuries, and the results of the six-year follow-up showed that the
outcome was were not superior to conventional repair of cranial
injuries [56].

5. ADSCs in urinary tract repair

5.1. Mechanisms of ADSCs in urinary tract repair

In the process of urinary tract repair, the quality of new smooth
muscle and the degree of early vascularization of new tissue are
important factors affecting the repair effect [57] (Fig. 3B).

5.1.1. ADSCs differentiate into smooth muscle cells (SMC)
Studies have shown that the use of cell-free scaffolds to repair

urinary tract trauma results in insufficient generation of smooth
muscle in the reconstructed urinary tract, which makes it difficult
to form a functional urinary tract [58]. ADSCs can differentiate into
SMC, which has great application value in the treatment of ureteral
trauma or stricture. When ADSCs are cultured in vitro, the levels of
a-SMA, an early marker of SMC formation, and SM-MHC, a late
marker of SMC formation, are increased by qPCR, indicating that
ADSCs had the potential to differentiate into SMC. However, the
expression of stem cell-related markers CD29, CD90 and CD105 is
also detected by qPCR, indicating that ADSCs did not fully differ-
entiate into SMC but are in an initiating state [59]. However, ADSCs
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transplanted in vivo can fully differentiate into SMC, indicating that
the stimulation of the in vivo environment is essential. Cathelicidin
is an important immune molecule in the innate immune system.
Studies have shown that ADSCs overexpressing cathelicidin LL37 by
lentiviral transfection, elevated levels of urothelial cell markers and
key kinases of the Wnt/b-catenin pathway, smooth muscle cell
markers and key kinases of the nuclear factor kappa B (NF-kB)
pathway. Therefore, it is speculated that cathelicidin LL37 promotes
the differentiation of ADSCs into urothelial cells and smoothmuscle
cells through Wnt/b-catenin and NF-kB pathways [60].

5.1.2. ADSCs promote angiogenesis
In the process of urinary tract reconstruction, if the degree of

early vascularization of the new tissue is low, the source of tissue
nutrition is insufficient, and there is a lack of cytokines transported
through the blood, resulting in cell proliferation disorders, low
tissue survival rate, and restenosis and scar formation [61]. Tradi-
tional biological materials for urinary tract repair usually have the
problem of insufficient vascularization. Therefore, attempts to
inject cytokines such as VEGF to stimulate neovascularization have
been made, and the degree of vascularization has been improved to
a certain extent, but still cannot meet the requirements [62]. It has
been found that the degree of vascularization of the new tissue will
be significantly increased when the scaffold material loaded with
ADSCs is used for urinary tract repair [63]. Exosomes are a kind of
vesicles secreted by cells, and their main role is to mediate inter-
cellular information transmission. ADSCs mainly regulate the sur-
rounding environment, including the degree of vascularization of
tissues, through ADSC-exos [64].

What is the mechanism by which ADSCs and their secreted
ADSC-exos enhance the vascularization of new tissues? Firstly,
ADSC-exos contain a large number of cytokines such as VEGFA, FGF,
IGF, PDGF, transforming growth factor-b (TGF-b) and so on [65e67].
VEGFA is the main molecule of ADSC-exos promoting neo-
vascularization. Secondly, ADSC-exos could up-regulate the
expression of microRNA-126 in human umbilical vein endothelial
cells (HUVEC), further activate the SDF-1a/CXCR4 pathway and
phosphorylate the downstream ERK1/2, ultimately increasing the
secretion of VEGF and the expression of VEGFR2 in HUVEC. Thus, it
promotes the formation of new blood vessels in the tissue [68]. NF-
kB may be involved in this signaling pathway, and the use of NF-kB
inhibitors can reduce VEGF secretion [69].

Studies have shown that the content of various cytokines in
ADSCs increases under hypoxia to cope with hypoxia damage,
among which the content of VEGFA increases most significantly.
Therefore, hypoxia treatment of ADSCs can enhance the function of
ADSCs in promoting angiogenesis [65].

Fibroblast growth factors and their receptors (FGFs/FGFR) play
an important role in the regulation of urinary tract repair [70].
Studies in wild-type female mice have shown that increasing the
expression of FGFR in ADSCs differentiated urothelial cells can
accelerate tissue repair during the process of urinary tract repair.
Conversely, inhibition of FGFR expression leads to impaired uro-
thelial repair [71]. FGFs/FGFR also plays an important role in pro-
moting tissue vascularization. Studies have found that
overexpression of FGFR in ADSCs by lentivirus transfection can
detect the increased expression of VEGFA in the culture medium
supernatant [72], Therefore, it has been suggested that the mech-
anism by which FGFR promotes tissue vascularization is to increase
the content of VEGFA in ADSC-exos.

5.1.3. ADSCs inhibit fibrosis
MiR-21 in ADSC-exos plays an important role in the prevention

and treatment of urinary tract fibrosis. Studies have found that
increasing the expression of miR-21 in ADSCs by lentivirus
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transfection, similar to FGFR, the expression of angiogenic cyto-
kines such as VEGFA in ADSC-exos is also significantly increased
[73]. MiR-21 in ADSC-exos can affect the expression of MMP-2 and
TIMP-1 proteins in human immortalized epidermal cells (HaCaT
cells) through the PI3K/AKT signaling pathway, increase the
migration and proliferation of HaCaT cells, improve tissue vascu-
larization and reduce fibrosis formation [74].

Ureteropelvic junction obstruction (UPJO) is prone to occur after
pyeloplasty, and the occurrence of UPJO can lead to renal fibrosis.
The mechanism may be that the high expression of transforming
growth factor-b1 (TGF-b1) in the obstructed kidney promotes the
accumulation of collagen [75]. In the UPJO Model of Wistar Rats, it
is found that the level of TGF-b gradually decreased and the degree
of renal fibrosis is less in the experimental group after tail vein
injection of ADSCs [76]. The main mechanism is that ADSCs can
inhibit the expression of pro-fibrotic genes such as COL 1A 1, TGF-
b1, and connective tissue growth factor (CTGF) [77].

5.2. Application of ADSCs in urinary tract repair

Urinary tract dysfunction such as urinary tract stenosis is a
common problem in urology. Common urinary tract stenosis in-
cludes ureteral stricture and urethral stricture. A variety of surgical
operations and external trauma may cause urinary tract stenosis,
which will have a great impact on the quality of life of individuals,
and may even cause renal function damage. The traditional method
for the treatment of urinary tract stricture is to perform urinary
tract reconstruction, and the materials that can be used mainly
include autologous tissue or allogeneic tissue such as skin, bladder
mucosa, intestine, etc., but the effect of this method is not ideal. The
incidence of restenosis after surgery is high, the sampling site is
limited, and complications such as infection may occur [78].

The application of tissue engineering in the field of urinary tract
reconstruction has been extensively studied and demonstrated. The
selection of seed cells is the key. As mentioned above, ADSCs have
the potential to differentiate into epithelial cells and smooth
muscle cells, and their sources are rich. Compared with traditional
surgery for urinary tract reconstruction, ADSCs have a better effect
and a lower incidence of postoperative restenosis, so they have
great application value in urinary tract repair. At present, there are
two main methods for urinary tract repair by ADSCs: direct injec-
tion of ADSC-exos secreted by ADSCs to promote urinary tract
repair or through the use of “ADSCs-scaffold composite”. For uri-
nary tract repair, because the cell-free therapy is not mature at
present, and the scaffold material has the effect of preventing
restenosis, the second method is more satisfactory [79].

The choice of scaffold material is an important factor in deter-
mining the satisfaction of repair, including natural and artificial
materials. Natural materials refer to decellularized scaffold mate-
rials obtained by decellularization of intestinal and urinary system
tissues. The advantage of autologous natural materials is that there
is no rejection reaction, but the disadvantage is that their biome-
chanical properties are poor, which can easily lead to scar forma-
tion and other complications. But it lacks smooth muscle cells [80].
Artificial materials have been widely used in tissue engineering.
Silk fibroin is an excellent scaffold material due to its good
biocompatibility, excellent mechanical structure, and controllable
biodegradation rate [81]. Oxidized cellulose scaffold is also an
excellent biological material. The biocompatibility of sulfonated
bacterial cellulose materials obtained by sulfonation on the basis of
oxidized cellulose scaffold has been greatly improved, and it is
expected to become a new mainstream scaffold material in the
future [82]. In order to increase the repair ability of synthetic ma-
terials, certain biological components such as hyaluronic acid or
collagen are usually added to the material, and the effect of such
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synthetic materials in the process of ureteral and bladder recon-
struction has been confirmed: ADSCs and SMC are seeded on pol-
yglycolic acid (PGA) material and implanted into patients for
ureteral reconstruction. The urothelium and smooth muscle grew
well, and the effect is satisfactory, and there are no obvious com-
plications [83]. In the latest study, bilayered ADSCs-gelatin film
grafts are used to repair the ureter in New Zealand white rabbits
after partial ureterectomy. Compared with the control group using
bilayered acellular gelatin sheets, the smooth muscle of the new
ureter in the experimental group is more abundant and arranged
more regularly. There is no dilatation or curvature of the ureter [84].
Therefore, the bilayered ADSC-gelatin sheets have the potential to
be a new graft for ureteral injury reconstruction.

6. ADSCs in skin injury

6.1. Mechanisms of ADSCs in skin injury

In the process of skin injury repair, the degree of vascularization,
fibrosis and scar formation of new tissue are the main factors
affecting the quality of repair (Fig. 3C).

6.1.1. Cell-free therapy: ADSC-exos and ADSC-CM promote skin
wound repair

Studies in mouse models have shown that ADSC-exos can pro-
mote skin wound vascularization and accelerate skin wound repair
in mice [85]. ADSC-exos contain a large number of cytokines such
as VEGFA, FGF, IGF, and PDGF. ADSC-exos can promote skin wound
healing by promoting collagen synthesis, fibroblast proliferation
and migration, vascular endothelial cell proliferation, and angio-
genesis [24].

ADSC-exos can be used in fibroblasts by being internalized by
fibroblasts. It increases the gene expression of collagen type I (Col
1), collagen type III (Col 3) and the level of basic fibroblast growth
factor (bFGF) in fibroblasts, and increases the rate of fibroblast di-
vision [86]. Ly294002 is an inhibitor of PI3K, and the function of
ADSC-exos is reduced after treatment with Ly294002, so it is
speculated that ADSC-exos may play a role through PI3K/Akt
signaling pathway [86]. ADSC-exos can act on HUVEC and human
dermal fibroblasts (HDFs) to promote their proliferation to achieve
dermal regeneration and angiogenesis, which may be achieved by
activating AKT and ERK signaling pathways [87].

MiRNAs in ADSC-exos are of great value in the process of skin
injury repair. In a mouse model with full-layer skin injury, it is
found that the content of miR-486-5p is very high in ADSC-exos,
and the target cells of miR-486-5p are mainly human skin fibro-
blasts (HSFs) and human microvascular endothelial cells (HMECs).
It can promote HSFs proliferation and enhance HMECs activity by
down-regulating the expression of Sp5 and up-regulating the
expression of CCND2 in target cells [88], thus promoting collagen
synthesis and microangiogenesis to accelerate skin wound healing.
If miR-486-5p antagonists are used, these effects are attenuated.
MiR-21 in ADSC-exos can enhance the division and migration of
HaCaT cells and inhibit the apoptosis of HaCaT cells by enhancing
the expression of MMP-9 and inhibiting the expression of TIMP2, so
as to promote the repair of skin injury [89]. TGF-b1 protein plays an
important role in the formation of scar. High level of miR-21 can
down-regulate the expression of TGF-b1 protein in HaCaT cells and
inhibit the formation of scar [74].

In the rat model of diabetic foot ulcer, it is found that if ADSC-
exos overexpressing nuclear erythrocyte 2-related factor 2 (NRF2)
is used, the level of VEGF is increased, while the levels of inflam-
matory factors such as NOX1, IL-1b, and IL-6 are significantly
decreased, and the effect of promoting ulcer healing is more sig-
nificant [90].
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ADSC-CM contains various active substances secreted by ADSC
including ADSC-exos, such as EGF, VEGF, bFGF, DNA and RNA.
Studies have shown that ADSC-CM can promote the proliferation
and migration of fibroblasts and keratinocytes to promote the
healing of skin injury, and bFGF plays a major role in the prolifer-
ation of fibroblasts [24].
6.1.2. “ADSCs-scaffold composite” promotes skin injury repair
In the sheep burn model study, the skin flap from autologous

donor is transplanted to the burn site, and the local application of
ADSCs in the experimental group showed better healing than that
in the control group. It is speculated that ADSCs can increase the
degree of tissue vascularization by increasing the level of VEGF,
improve the blood supply of the affected area, and thus promote
the wound healing [91]. If the effect of ADSCs alone is not satis-
factory, integrin b1 and ADSCs can be used simultaneously: integrin
b1 can act on the cell receptor and enhance the function of ADSCs
through the PI3K/AKT pathway [92], thereby promoting skin injury
repair. In the study of allogeneic ADSC treatment in dogs with
different degrees of skin injury, it is found that the level of
granulocyte-macrophage colony stimulating factor (GM-CSF) in the
serum of dogs is increased after ADSC treatment, suggesting that
ADSC can recruit cells related towound repair by upregulating GM-
CSF to promote wound healing [93].
6.2. Application of ADSCs in skin injury

Skin is the first barrier of the human body, and skin injury is a
common clinical problem. If severe skin injury is not treated in time
and the wound is not healed for a long time, it can lead to serious
complications such as severe infection, dehydration, electrolyte
disturbance, and even life-threatening [94]. Scarring can also occur
if the healing time is too long or if the healing is poor [95]. At
present, the treatment of skin injury is mainly to reduce pressure
injury, surgical debridement, flap transplantation, and other mea-
sures. In many cases, these traditional methods cannot meet the
needs of the skin, cannot regenerate the skin, and the effect is
limited.

Tissue engineering has been proved to be of great value in the
repair of skin injury. However, the lack of neovascularization in skin
tissue differentiated from implanted stem cells is a major problem
[96]. Many studies have shown that ADSCs can differentiate into
fibroblasts, endothelial cells, and keratinocytes, and can promote
the vascularization of new skin tissue through autocrine or para-
crine pathways, so ADSCs have great application value in the field of
skin repair [97]. A phase II clinical trial conducted by Kyung-Chul
Moon et al. demonstrated positive efficacy of hydrogel sheet con-
taining allogeneic ADSCs in diabetic foot ulcers, and no serious
adverse effects were found [98]. After administration of ADSCs to
158 patients with skin injuries, the results showed significant
improvement in granulation tissue coverage, healing rate and
granulation tissue thickness at the site of injury, making ADSCs a
safe and effective alternative therapy to promote wound healing
[99]. A clinical study by Bing-rong Zhou et al. showed that ADSC-
CM combined with fractional carbon dioxide laser resurfacing
(FxCR) can effectively treat atrophic acne scars. The cytokines in
ADSC-CM can promote the proliferation of dermal fibroblasts and
the secretion of collagen, which play an important role in the
treatment process [100].

For the repair of large skin defects, it is relatively more impor-
tant to solve the problem of insufficient tissue vascularization.
Endothelial progenitor cells (EPC) are the precursor cells of vascular
endothelial cells. If ADSCs and EPC are co-cultured and applied to
large area injury repair, better results can be obtained than ADSCs
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alone [101]. For refractory skin lesions, multiple injections of ADSCs
can be used to accelerate wound healing [102].

In the process of skin injury repair, there are many choices of
scaffold materials. Hydrogel is one of the commonly used scaffold
materials [103]. Cellulose scaffolds are also used for their good
biocompatibility. Compared with hydrogels, cellulose scaffolds
have better biocompatibility, but their degradation rate is low
[104]. It is necessary to further modify it to increase its degradation
for better clinical application [105]. With the support of scaffold
materials, ADSCs can differentiate into skin tissue cells to achieve
skin repair.

In the process of using “ADSCs-scaffold composite” for skin
injury repair, the survival time of ADSCs is also a major issue that
needs to be solved. The 3D multicellular spheroids formed by ag-
gregation of multiple ADSCs used in bone regeneration can also be
applied to skinwound repair. Transplantation after the formation of
cellular spheroids of ADSCs can increase the anti-inflammatory
activity of stem cells to avoid inflammatory damage caused by
scaffold materials, increase the survival time of ADSCs, and increase
the degree of vascularization of the new tissue [106]. If the nano-
sheet scaffold material with high viscosity is used to increase the
colonization ability of ADSCs, the survival time of ADSCs will be
further increased [107], which may be applied to clinical practice in
the future.

7. ADSCs in peripheral nerve injury

7.1. Mechanisms of ADSCs in peripheral nerve injury

ADSCs can promote peripheral nerve regeneration by secreting
various cytokines and miRNAs, and can also differentiate into SC-
like cells (SCLC) to enhance nerve repair function (Fig. 3D).

7.1.1. ADSCs promote peripheral nerve injury repair
Glial cells, also known as Schwann cells (SCs), play a key role in

the regeneration of peripheral nerves [108]. In the repair process of
peripheral nerve injury, SCs can down-regulate the expression of
myelin-related genes and up-regulate the expression of growth-
related genes, and further synthesize exogenous neurotrophic
factors (NTFs), cell adhesion molecules NCAM and L1, and myelin-
associated glycoprotein (MAG) to promote axonal regeneration
and promote the myelination of regenerated axons [109e112].
However, it is difficult to obtain and culture SCs [113], so it is
difficult to apply SCs in clinical practice.

ADSC-exos can also release many growth factors such as nerve
growth factor (NGF), IGF-1, and PDGF, which can promote axonal
growth and repair [114e118]. In addition, miR-218 contained in
ADSC-exos may have a role in promoting nerve fiber growth [119].
The advantages of using ADSCs to promote peripheral nerve
regeneration are that ADSCs are simple to obtain, easy to culture,
and abundant [120],Therefore, ADSCs are considered as an alter-
native to SCs for clinical nerve repair. However, the efficacy of
ADSCs in nerve repair is worse than that of SCs [121].

Scaffold materials commonly used in the repair of peripheral
nerve injury include artificial nerve conduits such as acellular
allogeneic nerve grafts (ANAs), polycaprolactone (PCL) conduits,
fibrin conduits, etc [122e124]. ANAs is a cell-free scaffold material
that minimizes antigenicity [125]. Studies of sixty adult male
Wistar rats have shown that ADSCs combinedwith ANAs implanted
into the injured site of sciatic nerve can effectively promote the
regeneration and repair of sciatic nerve. Compared with other cells
combined with ANAs for nerve repair, ADSCs can secrete a large
number of nerve growth factors to promote nerve regeneration, so
it has better effects [124]. In the process of ADSCs þ ANAs complex
repairing sciatic nerve injury, the expression of NTFs increases, and
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the expression of JAK2 and STAT3 decreases. Therefore, it is spec-
ulated that nerve repair may be achieved by highly expressing NFs
and inhibiting the JAK2\STAT3 signaling pathway [126].

7.1.2. Methods to enhance the nerve repair ability of ADSCs
Studies have shown that, various NTFs receptors exist on the

surface of ADSCs. NTFs, such as nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and
glial cell line-derived neurotrophic factor (GDNF), can enhance the
nerve repair ability of ADSCs [127e129]. The effect of NT3 is more
significant: the ADSCs culture medium (containing ADSC-exos)
supplemented with NT3 significantly promoted axon outgrowth
[130]. Notch 2 promotes the proliferation and differentiation of
neural precursor cells (NPCS) [131]. The phosphorylation of FRMD 8
and Notch 2 is significantly increased in ADSCs stimulatedwith NT3
[132]. The role of FRMD8 is to regulate the release of growth factors
from cells [133]. Increased phosphorylation of FRMD8 indicates
increased release of growth factors [134], which may be one of the
mechanisms by which NT3 enhances the nerve repair capacity of
ADSCs.

The external environment also has a certain effect on the nerve
repair function of ADSCs. Studies have shown that low carbon di-
oxide environment can promote ADSCs to secrete smaller volume
of concentrated ADSC-exos, and the concentration of active com-
ponents in ADSC-exos is greater, so the function of ADSC-exos will
also be improved, which can accelerate the repair of sciatic nerve
injury in rat sciatic nerve injury model [135].

Human platelet lysate (HPL) is a medium supplement contain-
ing a large number of growth factors such as PDGF, IGF-1, BDNF,
EGF, VEGF, etc. [136,137]. The axon growth of ADSCs treated with
HPL is significantly increased compared with that of the blank
control group in vitro axonal outgrowth experiments, indicating
that HPL can significantly improve the nerve repair and neuro-
trophic ability of ADSCs [138].

7.1.3. ADSCs differentiate into SC-like cells (SCLC)
ADSCs can differentiate into SC-like cells (SCLC) when stimu-

lated by a series of neurotrophic factors for a long time. SCLC has a
better ability to promote axon growth than ADSCs [139]. However,
the efficiency of ADSCs to differentiate into SCLC is very low, so it is
very important to find ways to promote ADSCs to differentiate into
SCLC.

Membrane progesterone receptors (mPRs) are receptors within
ADSCs and have been shown to play an important role in the dif-
ferentiation of ADSCs into SCLC: After binding to mPRs, proges-
terone induces the differentiation of ADSCs into SCLC through Src
and PI3K-Akt signaling pathways, promotes the proliferation and
migration of SCLC, and enhances the ability of SCLC to secrete cy-
tokines such as BDNF [140].

MEG3/let-7a-5p/RBPJ axis plays an important role in the dif-
ferentiation of ADSCs into SCLC [141]. S100, GFAP, SOX10, p75NTR

are markers of SCLC [142e145]. In the experiment, the levels of
S100, GFAP, SOX10 and p75NTR in the culture medium of ADSCs
treated with let-7a-5p analogues are significantly increased, indi-
cating that let-7a-5p could promote the differentiation of ADSCs
into SCLC. On the contrary, overexpression of MEG3 and RBPJ
attenuated the effect of let-7a-5p and inhibited the differentiation
of ADSCs into SCLC and the proliferation of SCLC [146,147].

Insulin and glucocorticoids can promote the differentiation of
ADSCs into SCLC [148], and the mechanism may be to promote the
proliferation of SCLC by promoting the expression of myelinating
transcription factors such as Krox-20 and Sox-10 [149]. ALK5I is also
found to induce the differentiation of ADSCs into SCLC through
non-Smad signaling [150]. As a neurotrophic factor, folic acid can
induce the differentiation of ADSCs into SCLC, enhance the
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secretion of nerve growth factor in SCLC, and enhance the nerve
repair ability of SCLC [151].

In conclusion, it is possible to enhance the neural repair function
of ADSCs by intervening in the molecular pathways that regulate
the differentiation of ADSCs into SCLC in the future.

7.2. Application of ADSCs in the repair of peripheral nerve injury

Peripheral nerve injury (PNI) is a common complication of
surgery, which can lead to the degeneration of the injured nerve
and muscle, and the loss of sensory and motor function in the
innervated area [152]. Nerve tissue can hardly regenerate sponta-
neously after injury, so it is usually necessary to treat PNI by
autogenous nerve transplantation through microsurgery. However,
this traditional treatment method has some problems, such as
complex operation process, uncertain treatment effect, narrow
application scope, and postoperative sensory loss at the donor site
[153]. Studies have shown that neurons and glial cells in the pe-
ripheral nervous system have a certain ability to regenerate, but
they need the stimulation of neurotrophic factors and the support
of scaffold materials to achieve regeneration [154].

ADSCs can secrete a large number of neurotrophic factors and
have great application value in the field of repairing peripheral
nerve injury. There are several main ways to use ADSCs to treat
peripheral nerve injury: The “ADSCs-scaffold composite” is
implanted into the injured site. Local injection of ADSCs into the
injured nerve for treatment: the drawback of local epineurium
injection of ADSCs is that it may cause local injury. Intravenous
injection of ADSCs: studies have shown that ADSCs have a large
number of adhesion molecules on their surface and have the
characteristics of strong adhesion. Therefore, intravenous injection
of ADSCs can also be used to locate and reach the injured nerve site
and achieve the same effect as local injection [155]. However,
intravenous injection has the risk of adipose-derived stem cells
retaining in other organs and causing damage and teratogenesis
[156e158]. Clinical trials using ADSCs for peripheral nerve regen-
eration are limited and therefore require further evaluation prior to
clinical application.

8. Applications of ADSCs in other fields

In recent years, a large number of studies on the tissue regen-
eration function of ADSCs have focused on bone regeneration,
urinary tract repair, skin wound healing, peripheral nerve regen-
eration and other fields. In addition, due to the ability of ADSCs to
differentiate into various lineages, ADSCs also have some applica-
tion prospects in other fields. ADSCs can improve the wound
healing of diabetic foot ulcer (DFU) [159] and treat inflammatory
bowel disease [160] by activating VEGF-C/VEGFR-3 mediated
signaling pathway to promote lymphangiogenesis and angiogen-
esis. ADSCs can inhibit podocyte apoptosis to alleviate diabetic
nephropathy [161]. ADSCs can reduce hepatic ischemia-reperfusion
injury (HIRI) by inhibiting oxidative stress and inflammation
through paracrine effect [162]. ADSCs can reduce pulmonary
fibrosis by increasing the number of anti-inflammatory pulmonary
macrophages [163]. ADSCs can also be applied to myocardial
infarction, immune diseases (including lupus, arthritis, multiple
sclerosis, graft-versus-host disease), Alzheimer's disease, peri-
odontal regeneration, spinal cord injury.

9. Summary and perspectives

ADSCs are ideal seed cells for future tissue engineering.
Compared with conventional bone marrow mesenchymal stem
cells and embryonic stem cells, the greatest advantages of ADSCs
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are their high concentration, easy availability, and low damage to
the patient during sampling. ADSCs have the potential for multi-
directional differentiation. Supported by non-biological scaffolds
or cell-free biomaterials and induced by external signals such as
cytokines and environmental stimuli, ADSCs can differentiate into
bone tissue, urinary tract tissue, skin tissue, nerve tissue, etc. The
main functional mode of ADSCs is the secretion of ADSC-exos.
There are plenty of bioactive substances in ADSC-exos, such as
miRNA and cytokines, which can promote the proliferation and
migration of target tissue cells, promote tissue repair and regen-
eration, promote vascularization of new tissues, and prevent
fibrosis and scar formation. ADSC-exos or ADSC-CM contains plenty
of miRNAs and cytokines from ADSCs, so ADSC-exos or ADSC-CM
alone can also promote tissue repair and regeneration, which is a
new way to use stem cells for tissue repair and regeneration - cell-
free therapy. In general, cell-free therapy has the following ad-
vantages: firstly, cell-free therapy does not have the risk of causing
tumors. Secondly, ADSC-exos and ADSC-CM are less immunogenic
and have a low probability of immune rejection. Lastly, ADSC-exos
and ADSC-CM are easier to preserve and transport than ADSCs.
Therefore, cell-free therapies may becomemain trend in the future,
especially in urothelial tissue engineering and skin tissue engi-
neering. The degree of vascularization of the neoplastic tissue is an
important factor in determining the quality of tissue repair. Inad-
equate vascularization affects the repair outcome, which is a
common problem in all tissue repair processes. ADSCs can secrete
VEGFA, EGF, FGF and miRNAs to promote neovascularization.

At present, there are still some issues to be resolved for the
application of ADSCs in tissue engineering. Although there are
multiple studies on the tissue repair ability of ADSCs, no study has
so far conclusively demonstrated the best way to administer ADSCs.
Whether there are adverse effects of ADSCs being retained in other
organs if the traditional intravenous administration is followed,
and how to ensure the accurate targeting of ADSCs to the damaged
site remain to be addressed. The main problem of local injection of
ADSCs is that inflammation at the damaged site can cause low
survival rate and short survival time of ADSCs, etc. Some studies
have shown that aggregation of ADSCs into 3D multicellular
spheroids can increase the anti-inflammatory activity of stem cells
after transplantation, avoid inflammatory damage caused by scaf-
fold materials, and improve the survival rate after transplantation
[164]. Nevertheless, the safety and reliability of 3D multicellular
spheroids and their therapeutic efficacy still need to be validated in
further large-scale experiments. The optimal therapeutic dose, ef-
ficacy and safety of ADSCs and ADSC-exos still need to be explored
in extensive clinical trials. Although numerous studies have shown
that the likelihood of MSCs causing tumorigenesis is extremely low,
whether ADSCs have the risk of causing tumors after long-term
culture remains to be further validated.

For cell-free therapy using ADSC-exos, the main problems
should be the high clearance rate, short half-life, and easy inacti-
vation of free ADSC-exos. In this regard, these problems can be
solved in two aspects in the future: 1. The survival time and bio-
logical activity of ADSC-exos can be increased by changing the
treatment conditions, for which some studies have shown that
hypoxic treatment of ADSC-exos can increase its ability to promote
cellular value-added and neovascularization [165]. 2. By investi-
gating new biomaterials combined with ADSC-exos to reduce its
clearance, such as Nan Hu et al. developed hypoxia-pretreated
ADSC-exo (ADSC-Hexo)-embedded GelMA hydrogels (GelMA-
Hexo), a hydrogel that can slowly release ADSC-exos, increasing
their half-life andmore significant effect on diabetic wound healing
[166]. This may become a new method of clinical treatment in the
future. In addition, the amounts of exosomes produced and the
active substances contained in them vary among different ADSCs
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and the same ADSCs under various physiological conditions. So the
isolation, purification and activity assay of ADSC-exos are key
measures for quality assurance. There is no efficient and accurate
method for the isolation and detection of ADSC-exos, and how to
monitor, control and regulate their biological activity and function
is also a problem to be solved.

Tissue repair and regeneration using ADSCs and ADSC-exos is a
complex process and most studies to date have focused on the
cellular and animal levels, with many studies based on conclusions
obtained from animal models, but the human in vivo environment
is more complex and therefore more clinical reports are needed to
provide evidence for the clinical application of ADSCs.

Although many exogenous molecules and stimuli have been
found to promote the differentiation of ADSCs into new tissue cells
and enhance the tissue repair function of ADSCs, such as various
metal ions can promote the differentiation of ADSCs into bone
tissue cells, the specific molecular mechanisms still need to be
further explored. Various scaffold materials have disadvantages,
such as immune rejection, low degradation rate, and poor differ-
entiation induction of ADSCs. The development of scaffolds with
higher biological efficacy remains a challenging task in the future.
These gaps will be the focus of further research in this field, and
addressing these issues is crucial for the wide application of ADSCs
in the clinic and ensuring their safety in the future.
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