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Wound healing is a continuous and complex process regulated by multiple factors, which has become an
intractable clinical burden. Mesenchymal stem cell-derived exosomes (MSC-exos) possess low immunogenicity,
easy preservation, and potent bioactivity, which is a mirror to their parental cells MSC-exos are important tools

Exos'omes . for regulating the biological behaviors of wound healing-associated cells, including fibroblasts, keratinocytes,
Angiogenesis . . . .
Therapy immune cells, and endothelial cells. MSC-exos accelerate the wound healing process at cellular and animal levels

by modulating inflammatory responses, promoting collagen deposition and vascularization. MSC-exos accelerate
wound healing at the cellular and animal levels by modulating inflammatory responses and promoting collagen
deposition and vascularization. This review summarizes the roles and mechanisms of MSC-exos originating from
various sources in promoting the healing efficacy of general wounds, diabetic wounds, burn wounds, and
healing-related scars. It also discusses the limitations and perspectives of MSC-exos in wound healing, in terms of
exosome acquisition, mechanistic complexity, and exosome potentiation modalities. A deeper understanding of
the properties and functions of MSC-exos is beneficial to advance the therapeutic approaches for achieving
optimal wound healing.

secondary damage, and frequent gauze replacement may interfere with
the healing process [10]. Continuous negative pressure drainage is

1. Introduction

Skin injuries are one of the most common problems in clinical
practice and pose a tremendous burden on patients [1-3]. Wound
healing is divided into four phases according to current academic
consensus: hemostasis, inflammation, proliferation, and remodeling
[4,5]. Multiple cells and cytokines co-modulate the wound healing
process and exhibit temporal and spatial specificities. Conventional
wound treatment modalities include gauze dressings, continuous nega-
tive pressure therapy, skin grafts, and artificial materials [6-8]. How-
ever, these methods do not provide a perfect solution to accelerate
wound healing, minimize side effects, or harmonize function, price, and
efficiency [9] For example, gauze may adhere to the wound, causing
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costly and cannot be applied to infected or bleeding wounds. The limi-
tations of existing treatment strategies have led to an urgent need to find
novel treatments (Fig. 1).

Mesenchymal stem cells (MSCs) are specialized stem cell types with
self-renewal ability and multi-directional differentiation potential
[11-13]. MSCs participate in immune regulatory response and promote
tissue regeneration by secreting active cytokines, and have become a
research hotspot in regenerative medicine [14]. The therapeutic efficacy
of MSCs has been well-documented in skeletal disorders [15], skin in-
juries [16], and wound healing. Although considerable experiments
have confirmed the therapeutic utility of MSC, transferring MSC to
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clinical applications is theoretically achievable. Deficiencies in immu-
nocompatibility, stability, and heterogeneity restrain the further appli-
cation of MSC [17].

Exosomes are subtypes of extracellular vesicles (EVs) with diameters
ranging from 30 to 150 nm [18]. Exosomes are secreted by virtually all
cell types and can be found in body fluids, such as blood [19], lymph
fluid [20], urine [21], and cerebrospinal fluid [22,23]. Similar compo-
nents and biomarkers in exosomes can be used for exosome identifica-
tion and characterization, including proteins associated with biogenesis
Alix and TSG101, flotillin, tetraspanins (CD81, CD63, and CD9), and
ceramide [24,25]. Exosomes could deliver a variety of biological sub-
stances, including nucleic acids, proteins, lipids, and active cytokines,
thus performing a variety of biological functions for intercellular
communication [26]. As a paracrine product of MSCs, MSC-derived exos
(MSC-exos) exhibit similar therapeutic utility to MSCs [27,28]. MSC-
exos deliver angiogenesis and immunomodulation-related cytokines
such as vascular endothelial growth factor (VEGF), transforming growth
factor-p1l (TGF-p1), hepatocyte growth factor (HGF), IL-6, and IL-10
[29] Bioactive substances interact with reconstruction-related cells,
such as fibroblasts, keratinocytes, immune cells, and endothelial cells,
thus speeding up collagen deposition and angiogenesis, hence offering
better wound healing outcomes [30,31]. MSC-exos possess lower
immunogenicity compared to primary stem cells, due to the absence of
major histocompatibility complex (MHC) molecules on their surface,
thus reducing the host immune response [32,33]. In addition, MSC-exos
can be efficiently purified from cell culture medium by a standardized
ultracentrifugation technique, which ensures the feasibility and
controllability of the preparation process. Furthermore, MSC-exos lack
nuclei and organelles, which substantially reduces their tumorigenicity
and provides safety assurance for clinical applications [33]. These ad-
vantages make MSC-exos a promising candidate for cell-free therapeutic
strategies in wound healing.

MSC-exos therapy is gaining momentum in wound repair research
[34]. Various studies have recently been conducted to explore the
mechanism of MSC-exos in wound healing and to explore better solu-
tions for MSC-exos therapy, such as pre-treatment of MSCs, engineering
exosomes, and combining MSC-exos with drugs and novel materials
[35,36]. Exosomes from different tissues and stem cell sources differ in
their reparative function and promotion of wound healing [37-40].
Therefore, this review focuses on recent investigations of different
sources of MSC-exos related to wound healing, and summarizes the roles
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and mechanisms of MSC-exos in the wound healing process, hoping to
provide effective treatment strategies for superior healing outcomes
based on MSC-exos (Fig. 2).

2. ADSC-exos

Since their discovery, numerous studies have demonstrated the
pluripotency and active paracrine activity of adipose-derived mesen-
chymal stem cells (ADSCs) [41,42]. ADSCs demonstrate promising
therapeutic potential in areas including, but not limited to, wound
healing, bone repair, cartilage reconstruction, tendon regeneration, and
neuroprotection [43] ADSC-derived exosomes (ADSC-exos) exhibit
similar effects to ADSCs in regenerative therapy. As a cell-free therapy,
ADSC-exos are less tumorigenic and safer than ADSCs, without the risk
of ethical conflicts, and therefore have attracted widespread attention
[44].

ADSC-exos enhance skin cell function and regulate collagen syn-
thesis- and angiogenesis-related cytokine expression to promote skin
regeneration and improve wound healing [45]. Lee et al. demonstrated
that ADSC-exos increased cell proliferation and migration of human
dermal fibroblasts (HDFs) and induced upregulated expression levels of
collagen, a-SMA, FGF2, and elastin [46]. Owing to these effects, ADSC-
exos accelerated wound closure and re-epithelialization in vivo. Zhao
et al. reported that human ADSC-exos (hADSC-exos) also inhibited
apoptosis and attenuated the inflammatory response in the skin lesions,
thus accelerating wound closure and epithelial regeneration in diabetic
mice [47]. Besides, negative regulation of matrix metalloproteinase 1
(MMP1) and matrix metalloproteinase 3 (MMP3) enhanced collagen
synthesis for wound healing by hADSC-exos.

The Wnt/f-catenin signaling pathway plays a crucial role in adult
tissue homeostasis and regeneration [48,49]. ADSC-exos could promote
the proliferation and migration and inhibit apoptosis of HaCaT cells via
activating Wnt/f-catenin signaling pathway [50]. Li et al. found that
ADSC-Exos increased COL-I, COL-III and decreased a-SMA expression in
fibroblasts both in vitro and in vivo, and accelerated the healing of rat
wound model by enhancing WNT/p-catenin pathway [51].

Reactive oxygen species (ROS) accumulation leads to oxidative
stress, which in turn triggers cellular damage and inflammatory re-
sponses, thus delaying wound healing [52]. ADSC-exos could reduce
ROS production in human umbilical vein endothelial cells (HUVECs)
and improve mitochondrial function by increasing SIRT3 expression and
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Fig. 1. Skin structure, wound types, and wound healing phases. (A) The skin could be divided into epidermis and dermis, connected to the deeper tissues through
subcutaneous tissues. The primary cells in the epidermis are keratinocytes, which are involved in making up various layers of the epidermis. The dermis is located
below the epidermis and consists mainly of dense connective tissue, with an abundance of immune cells and blood vessels. The subdermis lies beneath the dermis and
is composed of loose connective tissue and adipose tissue. (B) Different types of wounds, including normal wound, diabetic wound, and burn wound. (C) The wound
healing process consists of four periods: hemostasis, inflammation, proliferation, and tissue remodeling. This figure was partly generated using Servier Medical Art
(https://smart.servier.com), provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license (https://creativecommons.org/lice

nses/by/3.0/).
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Fig. 2. The sources, features, and biological effects of MSC-exos. ADSCs, BMSCs, PMSCs, iPSCs, FDSCs, and MenSCs can secrete bioactive exosomes that facilitate the
healing process of different types of wounds. Multiple macromolecules are present on the surface of exosomes, such as membrane transport proteins, transferrin
receptors, tetraspanins, antigen-presenting molecules, glycoproteins, and adhesion molecules. The intracellular proteins, lipids, and nucleic acids could enter exo-
somes through the sorting mechanism, thus accomplishing recirculation in the body or delivering among different cells. These MSC-derived exosomes carry complex
contents, acting on regeneration-associated cells and immune cells located in wounds. MSC-exos are capable of modulating cell proliferation, migration, and
paracrine functions, resulting in rehabilitating inflammation equilibrium and superior wound healing. MHC, major histocompatibility complex class; HSP, heat shock
protein; MiRNAs, microRNA; LncRNAs, long non-coding RNAs; CircRNAs, circular RNAs.

its downstream protein SOD2, and ameliorating vascular endothelial
cell dysfunction in the high glucose (HG) microenvironment, thereby
promoting angiogenesis and healing of chronic diabetic wounds [53].

2.1. NcRNAs from ADSC-exos

2.1.1. MiRNAs from ADSC-exos

MicroRNAs (miRNAs) are a series of highly conserved small non-
coding RNA (ncRNA) molecules capable of affecting cellular signaling
and function by inhibiting mRNA translation or promoting mRNA
degradation [54,55]. However, the regulatory function of miRNAs is
highly susceptible to stress, including metabolic stress [56]. Conse-
quently, targeting miRNAs derived from ADSC-exos is a potential
strategy to promote wound repair. ADSC-exos induced M2 phenotypic
macrophage polarization by upregulating the expression of miR-34a-5p,
miR-124-3p, and miR-146a-5p, which reduced cellular inflammation
and accelerated fibroblast proliferation and migration in vitro [57]. Lv
et al. produced engineered ADSC-exos loaded with miR-21-5p and
demonstrated that overexpressed miR-21-5p promoted the proliferation
and migration of HaCaT cells in vitro and facilitated diabetic rat wound
healing by accelerating reepithelialization, collagen remodeling,
angiogenesis [58]. MiR-146a-modified ADSC-exos could promote the
migration and proliferation of fibroblasts and neovascularization,
thereby facilitating the healing of back wounds in rats. These functions
may be mediated by miRNA-146a-induced upregulation of heat shock
protein 47 (SERPINH1) and phospho-extracellular signal-regulated ki-
nase (p-ERK) [59]. Pi et al. found that miRNA-125a-3p from ADSC-exos
could inhibit PTEN expression and enhance the cellular function of
HUVEGs, thereby promoting wound healing and angiogenesis in mice
[60].

The phosphatidylinositol 3 kinase/Protein kinase B (PI3K/AKT)
pathway plays a pivotal regulatory role in the wound healing process
[61,62]. Liu et al. found that miRNA-100-5p transported by ADSC-exos
promoted epidermal stem cell proliferation in vitro by activating PIP3/

AKT and ERK signaling pathways through inhibiting MTMR3 expression
[63]. Ma et al. demonstrated that exosomal miRNA-126-3p reduced
PIK3R2 levels, thereby enhancing the cellular functions of fibroblasts
and HUVECs [64]. Furthermore, exosomal miRNA-126-3p ultimately
accelerated wound healing in rats with strengthened collagen produc-
tion and newly formed capillaries. Hypoxic conditions resulted in
altered miRNA expression in ADSC-exos, with increased expression of
miR-21-3p, miR-126-5p, and miR-31-5p and decreased expression of
miR-99b and miR-146-a, which are associated with wound healing [65].
Taken together, these miRNAs accelerated diabetic wound healing and
suppressed inflammation through the PI3K/AKT signaling pathway.

2.1.2. LncRNAs from ADSC-exos

Long non-coding RNAs (LncRNAs) are RNA molecules with tissue-
specific and diverse structures that are not involved in coding proteins
and are more than 200 nucleotides long [66,67]. LncRNAs could regu-
late gene expression and participate in cellular physiological and path-
ological processes through a variety of mechanisms [68].

LncRNA H19 in ADSC-Exos downregulated miR-19b and SOX9
expression, and activated the Wnt/p-catenin pathway, thus accelerating
the proliferation, migration, and invasive ability of human skin fibro-
blasts (HSFs). It verified the pivotal role of IncRNA H19 in ADSC-Exos in
promoting cutaneous wound healing in mice [69]. Zhu et al. verified
that ADSC-exos-carried IncRNA XIST restored discoidin domain receptor
2 (DDR2) expression by sponging miR-96-5p, ultimately enhancing
mouse dermal fibroblasts proliferation and migration, and consequently
increased collagen deposition and accelerated wound healing in rats
[70]. Sun et al. reported that Early Growth Response-1 (EGR-1) in ADSC-
exos could bind to the promoter of IncRNA-SENCR, thereby increasing
VEGF-A expression. This study demonstrated that ADSC-exos could
promote wound healing through the EGR-1/IncRNA-SENCR/DKC1/
VEGF-A axis [71].

Metastasis-associated lung adenocarcinoma transcript-1 (MALAT1)
is a widely investigated IncRNA due to its role in regulating the
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inflammatory response and vessel generation [72,73]. He et al. reported
that IncRNA MALAT1 in ADSC-exos triggered the Wnt/p-catenin
pathway, repressed miR-124, and mitigated H202-induced apoptosis
both in HDFs and HaCaT cells [74]. In addition, exosomal IncRNA
MALAT1 down-regulated miR-378a expression, promoting HSF viability
and migration and skin wound healing [75].

2.1.3. CircRNAs from ADSC-exos
Circular RNAs (circRNAs) are ncRNAs with closed-loop structures

—»{ SERPINH1
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and are not affected by RNA exonucleases [76,77]. CircRNAs are
abundantly expressed and highly conserved among species and can
sponge downstream miRNAs thereby regulating cellular activities
[78,79]. Targeting circRNAs is a promising therapeutic strategy for
accelerating wound healing. For example, mmu_circ_0001052-modified
ADSC-exos down-regulated miR-106a-5p and activated the FGF4/
p38MAPK pathway, which inhibited HG-induced apoptosis in HUVEC
and promoted angiogenesis in diabetic foot ulcers (DFUs) mice [80].
SIRT1 is a nicotinamide adenosine dinucleotide (NAD)-dependent
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deacetylase that regulates growth, transcription, senescence, and
metabolism in different organs [81,82]. Wang et al. reported that circ-
Astnl-modified ADSC-exos could promote angiogenesis through the
miR-138-5p/SIRT1/FOX01 axis [83]. Shi et al. reported that
mmu_circ_0000250-modified ADSC-exos could increase angiogenesis
and inhibit apoptosis by activating autophagy in endothelial progenitor
cells (EPCs) [84]. In this process, mmu_circ_0000250 upregulated SIRT1
by absorbing miR-128-3p. According to another research conducted by
this group, circ-Snhgll from hypoxia-pretreated ADSC-exos sponged
miR-144-3p, and promoted HIF-la expression, thereby facilitating
macrophage M2 polarization, and ultimately enhanced skin wound
healing in diabetic mice [85].

2.2. Proteins from ADSC-exos

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription
factor that regulates the expression of various anti-oxidant and anti-
inflammatory genes [86,87] Li et al. reported that overexpression of
Nrf2 in ADSC-exos inhibited the expression of ROS and inflammatory
cytokines, thereby preventing glucose-induced EPC senescence and
promoting vascularized DFU wound healing [88]. Huang et al. reported
that NFIC from ADSC-exos could reverse HG-induced cell injury in
HUVECs by enriching miR-204-3p expression, thereby reducing HIPK2
levels. This suggested that the NFIC-modified ADSC-exos had the po-
tential to ameliorate DFUs [89]. HSP9O0 is a molecular chaperone protein
involved in the folding, stabilization, and functional regulation of
numerous proteins [90]. Ren et al. showed that eHSP90 derived from
ADSC-exos activated the LRP1/AKT pathway, which resulted in
increased skin cell function, reduced intracellular ROS levels, and
accelerated wound healing in diabetic mice (Fig. 3).

3. BMSCs-exos

Bone marrow-derived mesenchymal stem cells (BMSCs), one of the
most-studied MSCs, possess self-renewal, immunomodulatory, and
multidirectional differentiation potential, with easy access and low
immunogenicity [91,92]. BMSC-derived exosomes (BMSC-exos) and
ADSC-exos exhibit similar and cross-cutting functions in the wound
healing process [93]. BMSC-exos are an important active mediator of
paracrine secretion by BMSCs and are involved in intercellular
communication by ensuring stable cargo delivery.

BMSC-exos exhibit promisingly attractive therapeutic potential in
wound healing. BMSC-exos induce multiple growth factors, such as
HGF, IL-6, IGF1, and SDF1, and could stimulate important signal path-
ways in targeted cells, such as AKT, STAT3, and ERK, which are bene-
ficial for wound healing [94]. Jiang et al. found that human BMSC-exos
effectively induced proliferation by suppressing the TGF-f/Smad
signaling pathway in both HaCaT cells and HDFs. Hence, this effect was
successfully devoted to enhanced full-thickness skin wound healing
[95].

Pharmacological pretreatment further enhances the ability of BMSC-
exos to promote wound healing [96,97]. Melatonin (MT)-pretreated
BMSC-exos increased M2 polarization by stimulating the PTEN/AKT
pathway, thereby inhibiting pro-inflammatory factors IL-1p, TNF-a, and
iNOS, as well as promoting the expression of the anti-inflammatory
factor IL-10, which further promoted angiogenesis and collagen syn-
thesis in STZ-induced diabetic mice [98]. Yu et al. reported that ator-
vastatin (ATV)-pretreated BMSC-exos improved the proliferation and
migration of HUVECs in HG conditions and promoted wound healing in
diabetic mice. Compared with non-pretreated BMSC-exos, ATV-exos
showed better tube-forming ability, which was mediated by up-
regulating miR-221-3p and activating AKT/eNOS pathway [99]. Hu
et al. extracted exosomes derived from BMSCs pre-treated with empa-
gliflozin (PGZ-exos), demonstrating their enhanced angiogenic capacity
under HG conditions. Moreover, PGZ-exos accelerated wound healing in
diabetic mice. The biological effects of PGZ-exos were associated with
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the activation of the PI3K/AKT/eNOS pathway [100].
3.1. MiRNAs from BMSC-exos

MiR-223 from BMSC-exos shifted M1 to M2 phenotype in mice model
by reducing the accumulation of pknoxl protein, thus accelerating
wound healing [101]. Exosomal miR-93-3p from BMSC-exos could
downregulate APAF1 to promote the proliferation and migration of
H202-injured HaCaT cells. Thus, miR-93-3p/APAF1 axis was a notable
therapeutic target involved in exosomal miR-93-3p in promoting wound
healing [102]. Zhang et al. discovered that exosomal miR-126, derived
from miR-126-overexpressing BMSCs, increased the expression levels of
VEGF and Ang-1 and promoted angiogenesis in HUVECs by targeting the
PIK3R2/PI3K/AKT signaling pathway. Additionally, miRNA-126-
overexpressing BMSCs markedly enhanced newly formed vessels,
thereby facilitating wound healing [103]. Overexpression of miR-155 in
diabetic wounds inhibited the migration of KCs, the restoration of FGF-7
levels, and the process of wound healing. Gondaliya et al. found that
BMSC-exos loading with the miR-155 inhibitor, reversed these effects
and accelerated wound healing in diabetic mice [104].

Existing studies have demonstrated that magnetic nanoparticles
(MNPs) could result in improved tissue regeneration by applying a
constant weak magnetic force to cells [105,106]. Therefore, Wu et al.
pretreated BMSC-exos with MNPs and static magnetic field and found
that miR-21-5p was upregulated in BMSC-Exos [107]. The upregulated
miR-21-5p could inhibit SPRY2 and activate the PI3K/AKT and ERK1/2
signaling pathways to promote proliferation, migration, and angiogen-
esis in fibroblasts. There was accelerated wound closure, reduced scar
width, and enhanced angiogenesis in the presence of BMSC-exo miR-21-
5p. Another study conducted by Wu et al. found that miR-1260a
expression in BMSC-exos was induced by MNPs and static magnetic
field treatment increased the expression, and promoted osteogenesis and
wound healing by inhibiting HDAC7 and COL4A2 [108].

3.2. LncRNAs from BMSC-exos

LncRNA H19 in BMSC-exos inhibited miR-152-3p and promoted
PTEN expression, which enhanced fibroblast proliferation and migration
and inhibited apoptosis through PI3K/AKT signaling pathway, leading
to a marked acceleration of the wound healing process in DFU mice
[109]. Han et al. demonstrated that exosomes from KLF3-AS1-
expressing BMSCs could enhance the proliferation and migration of
HUVECs and suppress apoptosis in the HG microenvironment in vitro,
thereby accelerating wound healing in diabetic mice. This effect of
IncRNA KLF3-AS1 was realized by sponging miR-383 and upregulating
VEGF-A [110].

3.3. CircRNAs from BMSC-exos

Circ-ITCH from BMSC-exos could alleviate HUVECs ferroptosis
caused by HG condition and enhance the angiogenic capacity by
recruiting TAF15 protein to activate the Nrf2 signaling pathway [111].
These effects ultimately contribute to accelerated wound healing in
DFUs (Fig. 4).

4. PMSC-exos

Placental mesenchymal stem cells (PMSCs), including human am-
niotic mesenchymal stem cells (hAMSCs) and human umbilical cord-
derived mesenchymal stem cells (hucMSCs), are MSCs derived from
different parts of the placenta [112]. The placenta is a highly vascu-
larized organ that is not only easily accessible but also ethically more
favorable because it provides an adequate supply of mesenchymal stem
cells [113]. In addition, fetal stem cells are considered to have stronger
stemness than adult stem cells [114]. PMSCs are more robust and pro-
liferative than BMSCs and have greater long-term growth capacity.
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substances lead to behavioral alterations of cells involved in wound healing, including fibroblasts, KCs, ECs, and M® in vitro and in vivo, which trigger collagen
deposition, angiogenesis, and re-epithelialization of the wound lesion. Moreover, the pretreatment of BMSC-exos with melatonin, atorvastatin, and engeletin, exhibits
favorable results in accelerating wound healing. eNOS, endothelial nitric oxide synthase; PIK3R2, phosphoinositide-3-kinase regulatory subunit 2; VEGF-A, vascular
endothelial growth factor A; KLF3-AS1, kriippel-like factor 3 antisense RNA 1; circ-ITCH, circular RNA inducer of TP53 homologous inhibitor; TAFTATA-Box-binding
protein associated factor 15; Nrf2, nuclear factor erythroid 2-related factor 2; SPRY2, sprouty2; FGF7, fibroblast growth factor 7; APAF1, apoptotic protease-

activating factor 1; pkonx1, PBX/knotted 1 homeobox 1.

Engrailed-1 (EN-1) activation contributed to the formation of scars
[115,116]. Zhang et al. injected PMSC-derived exosomes (PMSC-exo0s)
into the peri-wound area of rats and demonstrated that PMSC-exos
significantly accelerated wound healing rate and promoted the regen-
eration of skin appendages, including hair follicles and sebaceous
glands. PMSC-exos inhibited EN1 activation through down-regulation of
Yes-associated protein (YAP) expression, thereby inhibiting EN1 acti-
vation and improving the healing rate and quality.

4.1. HucMSC-exos

HucMSCs are typical adult stem cells with low immunogenicity and
easy expansion [117,118]. HucMSC-derived exosomes (hucMSC-exos)
attenuated oxidative stress injury in HUVECs in vitro and enhanced
vascular remodeling to improve diabetic wounds in vivo [119]. The
hucMSC-exos treatment inhibited H202-induced HaCaT apoptosis by
suppressing the nuclear translocation of apoptosis-inducing factor (AIF).
Additionally, hucMSC-exos alleviated full-thickness skin injury by

enhancing epidermal re-epithelialization and dermal [120]. Moreover,
hucMSC-exos recruited fibroblasts and stimulated their secretion of
nerve growth factors (NGFs), which not only accelerated skin wound
repair and skin regeneration but also promoted skin nerve fiber regen-
eration [121].

Using single-cell RNA sequencing, Liu et al. found that the hucMSC-
exos intervention resulted in elevated expression of chemokines that
were required for neutrophils, along with increased polarization of the
macrophage M2 phenotype. Collectively, these effects led to accelerated
wound healing [122]. Teng et al. found that hucMSC-exos importantly
boosted the proliferation in vitro, as well as decreased wound area and
inflammatory level in vivo, accompanied by M2-phenotype-shifting-
induced CD206, CD31, and VEGF upregulation, and TNF-a down-
regulation [123].

The concentration of eNOS presents a positive correlation with
wound closure rate, wound fracture strength, and capillarogenesis in the
wound healing process [124]. Using genetic engineering and opto-
genetic techniques, Zhang et al. obtained hucMSC-exos enriched with
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eNOS (hucMSC-exos/eNOS). They demonstrated that hucMSC-exos/
eNOS could protect HUVECs from HG impairment, and promote
cellular function and reduce apoptosis in HUVEGCs. In vivo, hucMSC-
exo0s/eNOS boosted microvessel formation in the wound through
PI3K/Akt/mTOR or FAK/ERK1/2 signaling pathways to promote wound
healing.

4.1.1. NcRNAs from hucMSC-exos

MiR-21-5p and miR-125b-5p, which were highly expressed in
hucMSC-exos, had critical roles in inhibiting the process of TGFBR1/2
anti-myofibroblast differentiation [125]. This confirmed the effective-
ness of hucMSC-exo-miRNAs as novel mediators for scarless healing.
Another research demonstrated that miR-125b derived from hypoxic
hucMSC-exos targeted and inhibited TP53INP1, and attenuated
apoptosis in HUVECs, ultimately improving wound healing outcomes in
a mouse model of whole-layer skin injury [126]. After exposure to 455
nm blue light irradiation, miR-135b-5p, and miR-499a-3p expression
were upregulated in hucMSC-exos, resulting in enhanced pro-angiogenic
capacity in vitro and in vivo [127]. HucMSC-exos-expressed miR-181c
down-regulated the TLR4 signaling pathway, thereby inhibiting LPS-
induced macrophage inflammation and attenuating inflammatory re-
sponses in severely burned rat models [128].

The oncogene PTEN, as a negative regulator of the PTEN/AKT
pathway, plays an important role in life activities by inhibiting cell
proliferation and promoting apoptosis, and as such is often unfavorable
for wound healing [129]. Liu et al. reported that miR-21 transported by
hucMSC-exos inhibited PTEN expression and contributed to corneal
epithelial wound healing through the PTEN/PI3K/AKT pathway [130].
Xiu et al. demonstrated that miR-150-5p-overexpressing exosomes of
huc-MSC promoted skin wound healing by activating the PI3K/AKT
pathway via PTEN.

Exosomal circHIPK3 from hucMSC-exos could downregulate miR-
20b-5p to improve Nrf2 and VEGFA expression thus accelerating
vascularization for diabetic wound healing in vivo [131]. It demon-
strated the ability of the Candida erythropolis cell wall skeleton (Nr-CWS)
to promote angiogenesis and wound repair [132]. Exosomes derived
from Nr-CWS-pretreated MSCs exhibited superior pro-angiogenic effects
in diabetic wound repair, presumably via regulating the circlARS1/miR-
4782-5p/VEGF-A axis [133].

4.1.2. Proteins from hucMSC-exos

Wnt signaling is not only a key component of embryonic develop-
ment, but is also involved in all stages of the wound healing response
[134]. HucMSC-exos delivered-Wnt4 induced p-Catenin activation,
which inhibited heat stress-induced apoptosis and promoted prolifera-
tion of HaCAT and DFL cells, and thus ultimately promoted cell prolif-
eration and re-epithelialization in a rat model of deep second-degree
burns [135]. The stemness of hucMSCs was enhanced by 3,3"-diindo-
lylmethane (DIM) through activation of the Wnt/f-catenin signaling
[136]. Accordingly, Wntl1l knockdown suppressed the p-catenin acti-
vation and stemness in DIM-hucMSCs and counteracted the healing ef-
fects of wound healing. Thus, DIM-pretreated hucMSC-exos showed
better repair ability in a rat model of deep second-degree burns.

4.2. hAMSC-exos

AMSCs have beneficial effects on diabetic wound healing [137]. Fu
et al. claimed that AMSC-exos contains multiple angiogenesis-associated
IncRNAs, including PANTR1, H19, OIP5-AS1, and NR2F1-AS1. Hence,
AMSC-exos promoted the proliferation, migration, and angiogenic ac-
tivities of HG-conditioned HUVECs, as well as improved wound closure
and angiogenesis in diabetic wounds [138]. Moreover, miR-135a was
highly expressed in hAMSC-derived exosomes (hAMSC-exos), which
could directly inhibit LATS2 expression. This led to the promoted
migration of BJ cells of hAMSC-exos and facilitated wound healing in
mice [139].
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4.3. WJMSC-exos

Wharton Jelly mesenchymal stem cells (WJMSCs), which are um-
bilical cord-derived MSCs, exhibit superior pluripotency and prolifera-
tive capacity compared with those of BMSCs and ADSCs [140,141]. WJ-
MSCs can be used to treat spinal cord and heart tissue injuries, as well as
to modulate immune-related diseases. WJMSC-exos binding therapy
with Aloe vera rhodopsin could achieve promising antileishmanial and
wound healing effects in vitro [142]. In animal models, WJMSC-EVs
therapy enhanced wound epithelial re-formation, extracellular matrix
remodeling, and vessel formation [143].

5. hiPSC-MSC-exos

Induced pluripotent stem cells (iPSCs) are manufactured stem cells
with multidirectional differentiation potential and self-renewal ability
obtained by reprogramming mature cells [144]. iPSCs have been widely
applied for cell transplantation therapies, disease modeling, and drug
screening investigations [145].

Exosomes derived from human iPSC-derived MSCs (hiPSC-MSCs)
could accelerate the proliferation of HaCaT cells by activating the ERK1/
2 pathway in vitro [146]. Zhang et al. demonstrated that exosomes
derived from hiPSC-MSCs promoted the proliferation of human fibro-
blasts and HUVECs [147]. In vivo experiments have shown that hiPSC-
MSCs promoted granulation tissue formation and angiogenesis in rats.
This suggests a therapeutic potential of hiPSC-MSCs for wound healing.

6. FDMSC-exos

Compared with adult stem cells, fetal dermal mesenchymal stem
cells (FDMSCs) have the advantages of low immunogenicity, easy
expansion in vitro, high proliferation potential, and differentiation
ability [148,149]. FDMSCs have been shown to have therapeutic po-
tential to promote scarless healing in several studies. FDMSC-derived
exosomes (FDMSC-exos) could induce proliferation, migration, and
secretion of adult dermal fibroblasts (ADFs) by activating the Notch
signaling pathway, consequently accelerating wound closure in mouse
full-thickness skin wound model [150].

7. MenSC-exos

MenSCs have attracted considerable attention in regenerative med-
icine owing to their superiority in terms of ease of extraction ease,
pluripotency, proliferative capacity, and low immunogenicity
[151,152]. MenSCs were proven to be able to promote axonal regener-
ation after nerve injury in the central and peripheral nervous system
[153]. MenSC-exos could induce M2 macrophage polarization to alle-
viate inflammation, upregulate NF-xB p65 subunit to increase re-
epithelialization, reduce scar formation, and decrease collagen I/
collagen III ratio, which promoted wound healing in diabetic mice
[154].

8. MSC-exos in scars

Pathological scars including hyperplastic scarring and keloid are the
undesirable consequences that result from excessive repair and tissue
overproliferation during the wound healing process [155,156]. MSC-
exos are outstanding candidates for the treatment of pathological scar-
ring owing to their unique immunomodulatory and paracrine functions.

MiRNAs are indispensable for the inhibition of scar formation by
MSC-exos. MiR-138-5p in MSC-exos significantly downregulated SIRT1
and reduced the expression of HSF-derived inflammatory and pro-
fibrotic proteins, including NF-xB, a-SMA, and TGF-p1, resulting in the
attenuation of pathological scars [157]. MiR-7846-3p in ADSC-exos
inhibited NRP2 expression in keloid fibroblasts (KFs), leading to the
deactivation of the Hedgehog pathway, thereby reducing KF viability,
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proliferation, and apoptosis resistance, offering new hope for cell-free
therapy to inhibit keloid formation [158]. Yuan et al. reported that
ADSC-exos-derived miR-29a suppressed fibrosis and scar proliferation in
HSF after scald injury in mice by targeting the TGF-$2/Smad3 signaling
pathway [159]. MiR-192-5p in ADSC-exos inhibited HSF proliferation
and migration, as well as accelerated wound healing and reduced
collagen deposition in a mouse model [160]. Such biological effects
were achieved by decreasing IL-17RA expression and thus suppressing
the activity of the Smad signaling pathway by miR-192-5p. Fang et al.
also discovered that hucMSC-exos enriched with specific miRNAs,
including miR-21, -23a, -125b, and -145, inhibited the activation of the
TGF-p/SMAD2 pathway, which led to the inhibition of TGF-p-induced
myofibroblast formation in vitro, and suppressed myofibroblast aggre-
gation and scarring in full-thickness skin defect mouse model [161].
Tumor necrosis factor stimulated gene 6 (TSG-6) is the protein that
performs a regulatory role in inflammation and tissue remodeling pro-
cesses. TSG-6 modified BMSC-exos attenuated scar formation, repaired
cellular damage, and restored cell polarity by reducing the secretion of
inflammatory molecules and inhibiting collagen deposition in a mouse
model [162].

9. Discussion

Wound healing is a complicated physiological process involving
multiple cellular events [163,164]. Numerous studies have demon-
strated the favorable effects of MSC-exos in different stages of wound
healing. Multiple sources of MSC-exos have been found to affect wound
healing-associated cellular functions, with excellent therapeutic poten-
tial demonstrated in diabetic wounds, burn wounds, and scarring.
Although the results of the in vitro and animal experiments have illus-
trated that MSC-exos-based therapy is feasible and effective, there are
still significant limitations and challenges to be encountered.

Firstly, obtaining MSC-exos is highly complicated, including MSC
culture, exosome amplification, isolation, and purification [165-167].
The production of MSC-exos is tightly related to the source of MSCs, the
cellular activities, and the culture conditions, which leads to potential
fluctuations in the efficiency of MSC-exo amplification [22]. Moreover,
there is still a lack of fully harmonized separation criteria that can
completely separate exosomes from lipoproteins with similar biophysi-
cal properties and extracellular vesicles originating from non-endosomal
pathways. The current commonly used isolation techniques include ul-
tracentrifugation, density gradient centrifugation, and polymer precip-
itation, but all of them have more or less drawbacks such as time-
consuming, high cost, structural damage, and polymerization into
clusters. The combined use of multiple exosome isolation methods is a
worth considering strategy. For example, the combination of ultracen-
trifugation and density gradient centrifugation can improve the purity of
exosomes. Taken together, there are many variables in the acquisition of
MSC-exos that contribute to the high degree of MSC-exos heterogeneity
[168]. Even the same stem cell-derived exosomes may present vastly
different biological effects depending on the method of isolation and
extraction [169]. Therefore, comprehensive quality control of MSC-exos
for yield, purity, integrity, and function is mandatory [170]. The main
existing preservation techniques for MSC-exos are freezing, freeze-
drying, and spray-drying, and the best-integrated storage method is
frozen storage at -80 °C [165]. The long-term stability of MSC-exos
storage remains to be further verified. Storage methods that balance
long-term stability and affordability are still worth pursuing. Taken
together, exploring standardized procedures of isolation, identification,
and conservation of exosomes is a necessary prerequisite for advancing
clinical application and commercialization.

Secondly, many questions remain to be pondered about the mecha-
nism by which MSC-exos promotes the wound healing process. The
biological functions and the bioactive substances of exosomes are firmly
relevant to their original cells [24]. Exosomes derived from other stem
cells also have a positive impact on the treatment of wound healing. For
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example, epidermal stem cell-derived exosomes (EPSC-exos) could
accelerate diabetic wound healing by inducing M2 macrophage polari-
zation, inhibiting inflammation, promoting angiogenesis, and facili-
tating cell proliferation in vivo [171]. Human ureogenic stem cells
(USCs) have similar biological characteristics to MSCs, making the
therapeutic potential of USC-exos of equal interest in diabetic wound
healing [172]. Therefore, exosomes derived from other somatic stem
cells or skin stem cells are equally potential candidates for the treatment
of wound healing.

The ncRNAs and proteins delivered by MSC-exos are key factors in
the therapeutic effects of MSC-exos. These active molecules are taken up
and internalized by the target cells, thus regulating the wound healing
process. Exosomes are carriers with complicated components, and pre-
vious studies have tended to investigate or enhance the function of only
one of the uploaded components, while the effects of other substances
are unknown. There are still a large number of ncRNAs, proteins, lipids,
and biomolecules with untapped functions in MSC-exos. Thus despite
the lack of proliferative capacity of MSC-exos, the bioactive compounds
may indirectly affect tumor progression by modulating the tumor
microenvironment or promoting angiogenesis. For example, in the
context of multiple myeloma (MM), the miRNAs within the BMSC-exos
are pivotal in modulating the growth dynamics of MM cells.

Furthermore, since wound healing is the consequence of the com-
bined contribution of a multitude of cells and active biomolecules, it
remains a mystery exactly what kind of functional cells and the corre-
sponding exosomes occupy the dominant position. The precise mecha-
nisms of MSC-exos in promoting wound healing need further
investigation. Immune cells and inflammatory responses are involved in
the process of wound healing [155]. The interaction of MSC-exos with
immune cells is critical in promoting wound healing outcomes. MSC-
exos transfer bioactive molecules to immune cells, stimulate anti-
inflammatory pathways, leading to a balanced immune environment
conducive to healing. Numerous studies have demonstrated that MSC-
exos interact with immune cells such as T-cells, natural killer cells, B-
cells, dendritic cells, and macrophages, influencing their activation,
proliferation, and differentiation, through the delivery of immuno-
modulatory factors. In the main text, we found that multiple sources of
MSC-exos could attenuate the wound inflammatory response by
inducing M2 macrophage polarization, thus facilitating a boost wound
healing process. However, macrophage polarization presents a double-
edged role during scar formation. Excessive M2 polarization may also
lead to hyperfibrosis and scar contraction. Therefore, it is crucial to
target specific signaling pathways to precisely regulate the functions of
MSC-exosomes in the wound healing process. Given the presence of
numerous bioactive molecules such as non-coding RNAs, proteins, and
lipids within exosomes, whose biological functions are not yet fully
understood, continuous sequencing and validation are essential for
enhancing safety and therapeutic efficacy.

Thirdly, MSC-exos are capable of delivering bioactive molecules to
specific target cells or tissues with precision. However, the potential for
exosomes to interact with off-target cells or tissues could attenuate
therapeutic efficacy and augment the risk of adverse reactions. Opti-
mizing the surface modification of exosomes and precisely controlling
the molecular cargo within them are promising strategies to enhance
their targeting specificity [4,173]. Overexpression of specific miRNAs of
MSC-exos enhances the wound healing efficacy of MSC-exos. MNP
pretreatment has also been reported to reinforce the efficacy of treat-
ment with BMSC-exos. The composition of exosomes is a complex
combination of a large number of ncRNAs, proteins, lipids, and bio-
molecules. In addition, delivering the drug of interest in a specific and
controlled manner is a critical step to increase therapeutic benefit and
minimize off-target effects. Loading MSC-exos onto materials such as
hydrogels also fully combines the bioactivity of MSC-exos and the
physicochemical properties of hydrogels, resulting in composites with
more significant targeting and wound healing properties.

Lastly, most studies involved in wound healing have focused on the
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cellular and animal levels, but not on the clinical trial stage. Animal
wound models have obvious limitations, and the reparative environ-
ment for wound healing still differs from that of the human body in
many ways.

Although MSC-exos have a positive effect on wound healing, their
therapeutic dose, frequency of administration, mode of administration,
and possible side effects still need to be further investigated. Long-term
follow-up studies with large samples and multiple centers to monitor
potential chronic effects are indispensable. Currently, MSC-exos is still
more frequently applied in basic research only as an independent
exploratory mode. Once MSC-exos can break through the bottleneck of
clinical application, their combination and application modes and sce-
narios with traditional therapeutic modalities is a matter worth
exploring.

10. Conclusion

In general, exosomes derived from ADSCs, BMSCs, hUC-MSCs, WJ-
MSCs, hiPSC-MSCs, and MenSCs showed effective therapeutic capabil-
ities in promoting the healing of ordinary wounds, diabetic wounds,
burn wounds, and reducing the formation of scar tissues by influencing
the activities of fibroblasts, KCs, immune cells, and ECs. Exosomal
ncRNAs and proteins are key components for the biological function of
MSC-exos. Strategies based on active functional enhancement such as
engineering and pre-treating MSC-exos are powerful facilitators for
improving the capabilities of MSC-exos in wound healing. MSC-exos is
expected to be a novel cell-free therapeutic tool for wound healing and
skin regeneration.

Abbreviations

mesenchymal stem cells MSCs

extracellular vesicles EVs

vascular endothelial growth factor VEGF
transforming growth factor-p1 TGF-f1

hepatocyte growth factor HGF

adipose-derived mesenchymal stem cells ADSCs
human dermal fibroblasts HDFs

high glucose HG

phosphatidylinositol 3 kinase/protein kinase B PI3K/AKT
matrix metalloproteinase 1 MMP1

matrix metalloproteinase 3 MMP3

reactive oxygen species ROS

metastasis-associated lung adenocarcinoma transcript-1 MALAT1
diabetic foot ulcers DFUs

heat shock protein 47 SERPINH1
phospho-extracellular signal-regulated kinase p-ERK
dinucleotide NAD

discoidin domain receptor 2 DDR2

early growth response-1 EGR-1

nuclear factor erythroid 2-related factor 2 Nrf2

bone marrow-derived mesenchymal stem cells BMSCs
melatonin MT

atorvastatin ATV

magnetic nanoparticles MNPs

placental mesenchymal stem cells PMSCs

human amniotic mesenchymal stem cells hAMSCs
human umbilical cord-derived mesenchymal stem cells hucMSCs
engrailed-1 EN-1

Yes-associated protein YAP

apoptosis-inducing factor AIF

nerve growth factors NGFs

Candida erythropolis cell wall skeleton Nr-CWS
Wharton Jelly mesenchymal stem cells WJMSCs
induced pluripotent stem cells iPSCs

fetal dermal mesenchymal stem cells FDMSCs

Life Sciences 357 (2024) 123066

menstrual blood-derived MSCs MenSCs

keloid fibroblasts KFs

tumor necrosis factor-a-stimulated gene 6 TSG-6
human ureogenic stem cells USCs

Funding

This study was supported by Natural Science Foundation of Hubei
Province (2022CFB298), China University Industry-University-Research
Innovation Fund (2021ITA03006), Natural Science Foundation of Hubei
Province (2023AFB717), Wuhan University Education and Develop-
ment Foundation ( NO.2002330 ) .

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

CRediT authorship contribution statement

Sicheng Li: Writing — review & editing, Writing — original draft,
Investigation, Formal analysis. Yichuan Li: Writing — original draft,
Visualization, Investigation. Keyu Zhu: Writing — review & editing,
Writing — original draft, Visualization. Wenlin He: Investigation, Data
curation. Xingjun Guo: Validation, Resources, Funding acquisition.
Ting Wang: Writing — review & editing. Song Gong: Writing — review &
editing, Supervision, Project administration. Zhanyong Zhu: Writing —
review & editing, Resources, Funding acquisition.

Declaration of competing interest

All the authors declare that there is no conflict of interest.
Data availability

No data was used for the research described in the article.

References

[1] M. Takeo, W. Lee, M. Ito, Wound healing and skin regeneration, Cold Spring
Harb. Perspect. Med. 5 (1) (2015) [Internet]. [cited 2023 Dec 2]. Available from:
https://pubmed.ncbi.nlm.nih.gov/25561722/.

[2] T. Long, C. Li, F. Xu, J. Xiao, Therapeutic efficacy of platelet-rich fibrin on
surgical site wound healing in patients undergoing oral carcinoma resection: a
meta-analysis, Int. Wound J. 21 (1) (2024 Jan 1) [Internet]. [cited 2024 Jun 23].
Available from: https://pubmed.ncbi.nlm.nih.gov/37697485/.

[3] M. Yampolsky, I. Bachelet, Y. Fuchs, Reproducible strategy for excisional skin-
wound-healing studies in mice, Nat. Protoc. 19 (1) (2024 Jan 1) 184-206
[Internet]. [cited 2024 Jun 23]. Available from: https://pubmed.ncbi.nlm.nih.
gov/38030941/.

[4] Y. Wang, X. Liu, B. Wang, H. Sun, Y. Ren, H. Zhang, Compounding engineered
mesenchymal stem cell-derived exosomes: a potential rescue strategy for retinal
degeneration, Biomed. Pharmacother. (2024 Apr 1) 173 [Internet]. [cited 2024
Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/38471273/.

[5] N.A.R. Ring, H. Dworak, B. Bachmann, B. Schadl, K. Valdivieso, T. Rozmaric, et
al., The p-rpS6-zone delineates wounding responses and the healing process, Dev.
Cell 58 (11) (2023 Jun 5) [Internet]. [cited 2024 Jun 23]. 981-992.e6. Available
from: https://pubmed.ncbi.nlm.nih.gov/37098351/.

[6] Y.Y.Li, S.F. Ji, X.B. Fu, Y.F. Jiang, X.Y. Sun, Biomaterial-based mechanical
regulation facilitates scarless wound healing with functional skin appendage
regeneration, Mil. Med. Res. 11 (1) (2024 Dec 1) [Internet]. [cited 2024 Jun 23].
Available from: https://pubmed.ncbi.nlm.nih.gov/38369464/.

[7] B.R. Freedman, C. Hwang, S. Talbot, B. Hibler, S. Matoori, D.J. Mooney,
Breakthrough treatments for accelerated wound healing, Sci. Adv. (2023)
[Internet]. [cited 2024 Jun 23];9(20):eade7007. Available from: https://pubmed.
ncbi.nlm.nih.gov/37196080/.

[8] S.W. Jere, H. Abrahamse, N.N. Houreld, The JAK/STAT signaling pathway and
photobiomodulation in chronic wound healing, Cytokine Growth Factor Rev. 38
(2017 Dec 1) 73-79 [Internet]. [cited 2024 Jun 23]. Available from: https://
pubmed.ncbi.nlm.nih.gov/29032938/.


https://pubmed.ncbi.nlm.nih.gov/25561722/
https://pubmed.ncbi.nlm.nih.gov/37697485/
https://pubmed.ncbi.nlm.nih.gov/38030941/
https://pubmed.ncbi.nlm.nih.gov/38030941/
https://pubmed.ncbi.nlm.nih.gov/38471273/
https://pubmed.ncbi.nlm.nih.gov/37098351/
https://pubmed.ncbi.nlm.nih.gov/38369464/
https://pubmed.ncbi.nlm.nih.gov/37196080/
https://pubmed.ncbi.nlm.nih.gov/37196080/
https://pubmed.ncbi.nlm.nih.gov/29032938/
https://pubmed.ncbi.nlm.nih.gov/29032938/

S. Lietal

[9] L. He, D. Di, X. Chu, X. Liu, Z. Wang, J. Lu, et al., Photothermal antibacterial

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

materials to promote wound healing, J. Control. Release 363 (2023 Nov 1)
180-200 [Internet]. [cited 2024 Jun 23]. Available from: https://pubmed.ncbi.
nlm.nih.gov/37739014/.

M.J. Westby, J.C. Dumville, M.O. Soares, N. Stubbs, G. Norman, Dressings and
topical agents for treating pressure ulcers, Cochrane Database Syst. Rev. 6 (6)
(2017 Jun 22) [Internet]. [cited 2024 Jun 23]. Available from: https://pubmed.
ncbi.nlm.nih.gov/28639707/.

Z. Chen, M. Jin, H. He, J. Dong, J. Li, J. Nie, et al., Mesenchymal stem cells and
macrophages and their interactions in tendon-bone healing, J. Orthop. Translat.
39 (2023 Mar 1) 63-73 [Internet]. [cited 2024 Jun 24]. Available from: https://
pubmed.ncbi.nlm.nih.gov/37188000/.

N. Prakash, J. Kim, J. Jeon, S. Kim, Y. Arai, A.B. Bello, et al., Progress and
emerging techniques for biomaterial-based derivation of mesenchymal stem cells
(MSCs) from pluripotent stem cells (PSCs), Biomater. Res. 27 (1) (2023 Dec 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/37072836/.

C. Zong, Y. Meng, F. Ye, X. Yang, R. Li, J. Jiang, et al., AIF1 + CSF1R + MSCs,
induced by TNF-a, act to generate an inflammatory microenvironment and
promote hepatocarcinogenesis, Hepatology 78 (2) (2023 Aug 1) 434-451
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/35989499/.

Z. Sun, S. Wang, R.C. Zhao, The roles of mesenchymal stem cells in tumor
inflammatory microenvironment, J. Hematol. Oncol. 7 (1) (2014 Feb 6)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/24502410/.

J. Fan, C.S. Lee, S. Kim, C. Chen, T. Aghaloo, M. Lee, Generation of small RNA-
modulated exosome mimetics for bone regeneration, ACS Nano 14 (9) (2020 Sep
22) 11973-11984 [Internet]. [cited 2024 Jun 24]. Available from: https://pubm
ed.ncbi.nlm.nih.gov/32897692/.

F. Tan, X. Li, Z. Wang, J. Li, K. Shahzad, J. Zheng, Clinical applications of stem
cell-derived exosomes, Signal. Transduct. Target. Ther. 9 (1) (2024 Dec 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/38212307/.

T. Zhou, Z. Yuan, J. Weng, D. Pei, X. Du, C. He, et al., Challenges and advances in
clinical applications of mesenchymal stromal cells, J. Hematol. Oncol. 14 (1)
(2021 Dec 1) [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/33579329/.

M. Mohammadinasr, S. Montazersaheb, H. Ayromlou, V. Hosseini, O. Molavi, M.
S. Hejazi, Exosome content-mediated signaling pathways in multiple sclerosis,
Mol. Neurobiol.61(8):5404-5417. (2024) [Internet]. [cited 2024 Jul 8]. Available
from: https://pubmed.ncbi.nlm.nih.gov/38191693/.

W.L. Liu, H.W. Lin, M.R. Lin, Y. Yu, H.H. Liu, Y.L. Dai, et al., Emerging blood
exosome-based biomarkers for preclinical and clinical Alzheimer’s disease: a
meta-analysis and systematic review, Neural Regen. Res. 17 (11) (2022 Nov 1)
2381-2390 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/35535875/.

M. Brown, L.A. Johnson, D.A. Leone, P. Majek, K. Vaahtomeri, D. Senfter, et al.,
Lymphatic exosomes promote dendritic cell migration along guidance cues,

J. Cell Biol. 217 (6) (2018 Jun 1) 2205-2221 [Internet]. [cited 2024 Jun 24].
Available from: https://pubmed.ncbi.nlm.nih.gov/29650776/.

A.H. Gheinani, M. Vogeli, U. Baumgartner, E. Vassella, A. Draeger, F.C. Burkhard,
et al., Improved isolation strategies to increase the yield and purity of human
urinary exosomes for biomarker discovery, Sci. Rep. 8 (1) (2018 Dec 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/29500443/.

L. Zhu, H.T. Sun, S. Wang, S.L. Huang, Y. Zheng, C.Q. Wang, et al., Isolation and
characterization of exosomes for cancer research, J. Hematol. Oncol. 13 (1) (2020
Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.
nih.gov/33168028/.

M. Mohammadinasr, S. Montazersaheb, O. Molavi, H. Kahroba, M. Talebi,

H. Ayromlou, et al., Multiplex analysis of cerebrospinal fluid and serum exosomes
microRNAs of untreated relapsing remitting multiple sclerosis (RRMS) and
proposing noninvasive diagnostic biomarkers, NeuroMolecular Med. 25 (3) (2023
Sep 1) 402-414 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/37020076/.

R. Kalluri, LeBleu VS, The biology, function , and biomedical applications of
exosomes, Science 367 (6478) (2020 Feb 7) [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/32029601/.

Y. He, Q. Li, F. Feng, R. Gao, H. Li, Y. Chu, et al., Extracellular vesicles produced
by human-induced pluripotent stem cell-derived endothelial cells can prevent
arterial stenosis in mice via autophagy regulation, Front. Cardiovasc. Med. 9
(2022 Oct 17) [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/36324745/.

D.M. Pegtel, S.J. Gould, Exosomes, Annu. Rev. Biochem. 88 (2019 Jun 20)
487-514 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.
nlm.nih.gov/31220978/.

M.D. Hade, C.N. Suire, J. Mossell, Z. Suo, Extracellular vesicles: emerging
frontiers in wound healing, Med. Res. Rev. 42 (6) (2022 Nov 1) 2102-2125
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/35757979/.

K. Yin, S. Wang, R.C. Zhao, Exosomes from mesenchymal stem/stromal cells: a
new therapeutic paradigm, Biomark. Res. 7 (1) (2019 Apr 4) [Internet]. [cited
2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/30992990/.

C. Zhou, B. Zhang, Y. Yang, Q. Jiang, T. Li, J. Gong, et al., Stem cell-derived
exosomes: emerging therapeutic opportunities for wound healing, Stem Cell Res

10

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Life Sciences 357 (2024) 123066

Ther 14 (1) (2023 Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: https://
pubmed.ncbi.nlm.nih.gov/37101197/.

R. Tutuianu, A.M. Rosca, D.M. Iacomi, M. Simionescu, I. Titorencu, Human
mesenchymal stromal cell-derived exosomes promote in vitro wound healing by
modulating the biological properties of skin keratinocytes and fibroblasts and
stimulating angiogenesis, Int. J. Mol. Sci. 22 (12) (2021 Jun 2) [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/34207905/.
AM. Jorgensen, A. Gorkun, N. Mahajan, K. Willson, C. Clouse, C.G. Jeong, et al.,
Multicellular bioprinted skin facilitates human-like skin architecture in vivo, Sci.
Transl. Med. 15 (716) (2023 Oct 4) [Internet]. [cited 2024 Jun 24]. Available
from: https://pubmed.ncbi.nlm.nih.gov/37792956/.

J. Che, C. Xu, Y. Wu, P. Jia, Q. Han, Y. Ma, et al., Early-senescent bone marrow
mesenchymal stem cells promote C2C12 cell myogenic differentiation by
preventing the nuclear translocation of FOXO3, Life Sci. (2021 Jul 15) 277
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/33887345/.

A. Lotfy, N.M. AboQuella, H. Wang, Mesenchymal stromal/stem cell (MSC)-
derived exosomes in clinical trials, Stem Cell Res Ther 14 (1) (2023 Dec 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/37024925/.

J. Zhang, J. Guan, X. Niu, G. Hu, S. Guo, Q. Li, et al., Exosomes released from
human induced pluripotent stem cells-derived MSCs facilitate cutaneous wound
healing by promoting collagen synthesis and angiogenesis, J. Transl. Med. 13 (1)
(2015 Feb 1) [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/25638205/.

M. Zhao, J. Shi, W. Cai, K. Liu, K. Shen, Z. Li, et al., Advances on graphene-based
nanomaterials and mesenchymal stem cell-derived exosomes applied in
cutaneous wound healing, Int. J. Nanomedicine 16 (2021) 2647-2665 [Internet].
[cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/
33854313/.

B.M. Bakadia, A.A. Qaed Ahmed, L. Lamboni, Z. Shi, B. Mutu Mukole, R. Zheng, et
al., Engineering homologous platelet-rich plasma, platelet-rich plasma-derived
exosomes, and mesenchymal stem cell-derived exosomes-based dual-crosslinked
hydrogels as bioactive diabetic wound dressings, Bioact. Mater. 28 (2023 Oct 1)
74-94 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.
nih.gov/37234363/.

A.O. Pires, B. Mendes-Pinheiro, F.G. Teixeira, S.I. Anjo, S. Ribeiro-Samy, E.

D. Gomes, et al., Unveiling the differences of secretome of human bone marrow
mesenchymal stem cells, adipose tissue-derived stem cells, and human umbilical
cord perivascular cells: a proteomic analysis, Stem Cells Dev. 25 (14) (2016 Jul
15) 1073-1083 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/27226274/.

C. Nakanishi, N. Nagaya, S. Ohnishi, K. Yamahara, S. Takabatake, T. Konno, et al.,
Gene and protein expression analysis of mesenchymal stem cells derived from rat
adipose tissue and bone marrow, Circ. J. 75 (9) (2011 Sep) 2260-2268 [Internet].
[cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
21747191/.

M. Pomatto, C. Gai, F. Negro, M. Cedrino, C. Grange, E. Ceccotti, et al.,
Differential therapeutic effect of extracellular vesicles derived by bone marrow
and adipose mesenchymal stem cells on wound healing of diabetic ulcers and
correlation to their cargoes, Int. J. Mol. Sci. 22 (8) (2021 Apr 2) [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/33917759/.

S. Jin, Y. Wang, X. Wu, Z. Li, L. Zhu, Y. Niu, et al., Young exosome bio-
nanoparticles restore aging-impaired tendon stem/progenitor cell function and
reparative capacity, Adv. Mater. 35 (18) (2023 May 4) [Internet]. [cited 2024 Jun
24]. Available from: https://pubmed.ncbi.nlm.nih.gov/36779444/.

Y. Qin, G. Ge, P. Yang, L. Wang, Y. Qiao, G. Pan, et al., An update on adipose-
derived stem cells for regenerative medicine: where challenge meets opportunity,
Adv. Sci. (Weinh.) 10 (20) (2023 Jul 18) [Internet]. [cited 2023 Dec 2]. Available
from: https://pubmed.ncbi.nlm.nih.gov/37162248/.

Q. Zhang, C. Piao, J. Xu, Y. Wang, T. Liu, H. Ma, et al., ADSCs-exo attenuates
hepatic ischemia-reperfusion injury after hepatectomy by inhibiting endoplasmic
reticulum stress and inflammation, J. Cell. Physiol. 238 (3) (2023 Mar 1)
659-669 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.
nlm.nih.gov/36780378/.

L. Ying, C. Liang, Y. Zhang, J. Wang, C. Wang, K. Xia, et al., Enhancement of
nucleus pulposus repair by glycoengineered adipose-derived mesenchymal cells,
Biomaterials (2022 Apr 1) 283 [Internet]. [cited 2024 Jun 24]. Available from:
https://pubmed.ncbi.nlm.nih.gov/35305464/.

Y. Song, Y. You, X. Xu, J. Lu, X. Huang, J. Zhang, et al., Adipose-derived
mesenchymal stem cell-derived exosomes biopotentiated extracellular matrix
hydrogels accelerate diabetic wound healing and skin regeneration, Adv. Sci.
(Weinh.) 10 (30) (2023 Oct 26) [Internet]. [cited 2024 Jun 24]. Available from:
https://pubmed.ncbi.nlm.nih.gov/37712174/.

J. Wang, H. Wu, Y. Peng, Y. Zhao, Y. Qin, Y. Zhang, et al., Hypoxia adipose stem
cell-derived exosomes promote high-quality healing of diabetic wound involves
activation of PI3K/Akt pathways, J. Nanobiotechnol. 19 (1) (2021 Dec 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/34233694/.

J.H. Lee, Y.J. Won, H. Kim, M. Choi, E. Lee, B. Ryoou, et al., Adipose tissue-
derived mesenchymal stem cell-derived exosomes promote wound healing and
tissue regeneration, Int. J. Mol. Sci. 24 (13) (2023 Jul 1) [Internet]. [cited 2023
Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/37445612/.

B. Zhao, X. Zhang, Y. Zhang, Y. Lu, W. Zhang, S. Lu, et al., Human exosomes
accelerate cutaneous wound healing by promoting collagen synthesis in a diabetic


https://pubmed.ncbi.nlm.nih.gov/37739014/
https://pubmed.ncbi.nlm.nih.gov/37739014/
https://pubmed.ncbi.nlm.nih.gov/28639707/
https://pubmed.ncbi.nlm.nih.gov/28639707/
https://pubmed.ncbi.nlm.nih.gov/37188000/
https://pubmed.ncbi.nlm.nih.gov/37188000/
https://pubmed.ncbi.nlm.nih.gov/37072836/
https://pubmed.ncbi.nlm.nih.gov/37072836/
https://pubmed.ncbi.nlm.nih.gov/35989499/
https://pubmed.ncbi.nlm.nih.gov/35989499/
https://pubmed.ncbi.nlm.nih.gov/24502410/
https://pubmed.ncbi.nlm.nih.gov/24502410/
https://pubmed.ncbi.nlm.nih.gov/32897692/
https://pubmed.ncbi.nlm.nih.gov/32897692/
https://pubmed.ncbi.nlm.nih.gov/38212307/
https://pubmed.ncbi.nlm.nih.gov/38212307/
https://pubmed.ncbi.nlm.nih.gov/33579329/
https://pubmed.ncbi.nlm.nih.gov/33579329/
https://pubmed.ncbi.nlm.nih.gov/38191693/
https://pubmed.ncbi.nlm.nih.gov/35535875/
https://pubmed.ncbi.nlm.nih.gov/35535875/
https://pubmed.ncbi.nlm.nih.gov/29650776/
https://pubmed.ncbi.nlm.nih.gov/29500443/
https://pubmed.ncbi.nlm.nih.gov/29500443/
https://pubmed.ncbi.nlm.nih.gov/33168028/
https://pubmed.ncbi.nlm.nih.gov/33168028/
https://pubmed.ncbi.nlm.nih.gov/37020076/
https://pubmed.ncbi.nlm.nih.gov/37020076/
https://pubmed.ncbi.nlm.nih.gov/32029601/
https://pubmed.ncbi.nlm.nih.gov/36324745/
https://pubmed.ncbi.nlm.nih.gov/36324745/
https://pubmed.ncbi.nlm.nih.gov/31220978/
https://pubmed.ncbi.nlm.nih.gov/31220978/
https://pubmed.ncbi.nlm.nih.gov/35757979/
https://pubmed.ncbi.nlm.nih.gov/35757979/
https://pubmed.ncbi.nlm.nih.gov/30992990/
https://pubmed.ncbi.nlm.nih.gov/37101197/
https://pubmed.ncbi.nlm.nih.gov/37101197/
https://pubmed.ncbi.nlm.nih.gov/34207905/
https://pubmed.ncbi.nlm.nih.gov/37792956/
https://pubmed.ncbi.nlm.nih.gov/33887345/
https://pubmed.ncbi.nlm.nih.gov/33887345/
https://pubmed.ncbi.nlm.nih.gov/37024925/
https://pubmed.ncbi.nlm.nih.gov/37024925/
https://pubmed.ncbi.nlm.nih.gov/25638205/
https://pubmed.ncbi.nlm.nih.gov/25638205/
https://pubmed.ncbi.nlm.nih.gov/33854313/
https://pubmed.ncbi.nlm.nih.gov/33854313/
https://pubmed.ncbi.nlm.nih.gov/37234363/
https://pubmed.ncbi.nlm.nih.gov/37234363/
https://pubmed.ncbi.nlm.nih.gov/27226274/
https://pubmed.ncbi.nlm.nih.gov/27226274/
https://pubmed.ncbi.nlm.nih.gov/21747191/
https://pubmed.ncbi.nlm.nih.gov/21747191/
https://pubmed.ncbi.nlm.nih.gov/33917759/
https://pubmed.ncbi.nlm.nih.gov/36779444/
https://pubmed.ncbi.nlm.nih.gov/37162248/
https://pubmed.ncbi.nlm.nih.gov/36780378/
https://pubmed.ncbi.nlm.nih.gov/36780378/
https://pubmed.ncbi.nlm.nih.gov/35305464/
https://pubmed.ncbi.nlm.nih.gov/37712174/
https://pubmed.ncbi.nlm.nih.gov/34233694/
https://pubmed.ncbi.nlm.nih.gov/34233694/
https://pubmed.ncbi.nlm.nih.gov/37445612/

S. Lietal

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

mouse model, Stem Cells Dev. 30 (18) (2021 Sep 15) 922-933 [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/34167333/.

P. Huang, R. Yan, X. Zhang, L. Wang, X. Ke, Y. Qu, Activating Wnt/p-catenin
signaling pathway for disease therapy: challenges and opportunities, Pharmacol.
Ther. 196 (2019 Apr 1) 79-90 [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/30468742/.

T.M. Conlon, G. John-Schuster, D. Heide, D. Pfister, M. Lehmann, Y. Hu, et al.,
Inhibition of LTPR signalling activates WNT-induced regeneration in lung, Nature
588 (7836) (2020 Dec 3) 151-156 [Internet]. [cited 2024 Jun 24]. Available
from: https://pubmed.ncbi.nlm.nih.gov/33149305/.

T. Ma, B. Fu, X. Yang, Y. Xiao, M. Pan, Adipose mesenchymal stem cell-derived
exosomes promote cell proliferation, migration, and inhibit cell apoptosis via
Wnt/p-catenin signaling in cutaneous wound healing, J. Cell. Biochem. 120 (6)
(2019 Jun 1) 10847-10854 [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/30681184/.

C.Li, Y. An, Y. Sun, F. Yang, Q. Xu, Z. Wang, Adipose mesenchymal stem cell-
derived exosomes promote wound healing through the WNT/f-catenin signaling
pathway in dermal fibroblasts, Stem Cell Rev. Rep. 18 (6) (2022 Aug 1)
2059-2073 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/35471485/.

C. Huang, L. Dong, B. Zhao, Y. Lu, S. Huang, Z. Yuan, et al., Anti-inflammatory
hydrogel dressings and skin wound healing, Clin. Transl. Med. 12 (11) (2022
Nov) [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.
nih.gov/36354147/.

Y. Zhang, X. Bai, K. Shen, L. Luo, M. Zhao, C. Xu, et al., Exosomes derived from
adipose mesenchymal stem cells promote diabetic chronic wound healing
through SIRT3/SOD2, Cells 11 (16) (2022 Aug 1) [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/36010644/.

M.C. de Sousa, M. Gjorgjieva, D. Dolicka, C. Sobolewski, M. Foti, Deciphering
miRNAs’ action through miRNA editing, Int. J. Mol. Sci. 20 (24) (2019 Dec 2)
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.
gov/31835747/.

Q.L. Xu, Z. Luo, B. Zhang, G.J. Qin, R.Y. Zhang, X.Y. Kong, et al., Methylation-
associated silencing of miR-9-1 promotes nasopharyngeal carcinoma progression
and glycolysis via HK2, Cancer Sci. 112 (10) (2021 Oct 1) 4127-4138 [Internet].
[cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/
34382305/.

P. Ren, N. Wu, S. Fu, W. Wang, Q. Li, Q. Cheng, miR-122-5p restrains pancreatic
cancer cell growth and causes apoptosis by negatively regulating ASCT2,
Anticancer Res. 43 (10) (2023) 4379-4388 [Internet]. [cited 2024 Jun 24].
Available from: https://pubmed.ncbi.nlm.nih.gov/37772564/.

J.S. Heo, S. Kim, C.E. Yang, Y. Choi, S.Y. Song, H.O. Kim, Human adipose
mesenchymal stem cell-derived exosomes: a key player in wound healing, Tissue
Eng. Regen. Med. 18 (4) (2021 Aug 1) 537-548 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/33547566/.

Q. Lv, J. Deng, Y. Chen, Y. Wang, B. Liu, J. Liu, Engineered human adipose stem-
cell-derived exosomes loaded with miR-21-5p to promote diabetic cutaneous
wound healing, Mol. Pharm. 17 (5) (2020 May 4) 1723-1733 [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/32233440/.
M.D.G. Chen, M.D.Y. Wu, M.D.L. Zou, M.D.Y. Zeng, Effect of microRNA-146a
modified adipose-derived stem cell exosomes on rat back wound healing, Int J
Low Extrem Wounds 22 (4) (2023 Dec 1) 704-712 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/34459668/.

L. Pi, L. Yang, B.R. Fang, X.X. Meng, L. Qian, Exosomal microRNA-125a-3p from
human adipose-derived mesenchymal stem cells promotes angiogenesis of wound
healing through inhibiting PTEN, Mol. Cell. Biochem. 477 (1) (2022 Jan 1)
115-127 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/34581942/.

S.W. Jere, N.N. Houreld, H. Abrahamse, Role of the PI3K/AKT (mTOR and
GSK3p) signalling pathway and photobiomodulation in diabetic wound healing,
Cytokine Growth Factor Rev. 50 (2019 Dec 1) 52-59 [Internet]. [cited 2023 Dec
2]. Available from: https://pubmed.ncbi.nlm.nih.gov/30890300/.

X. Liu, Y. Hu, C. Li, J. Chen, X. Liu, Y. Shen, et al., Overexpression of YEATS2
remodels the extracellular matrix to promote hepatocellular carcinoma
progression via the PI3K/AKT pathway, Cancers (Basel) 15 (6) (2023 Mar 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/36980736/.

Z. Liu, Y. Yang, J. Ju, G. Zhang, P. Zhang, P. Ji, et al., miR-100-5p promotes
epidermal stem cell proliferation through targeting MTMR3 to activate PIP3/AKT
and ERK signaling pathways, Stem Cells Int. (2022) 2022 [Internet]. [cited 2023
Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/36045954/.

J. Ma, Z. Zhang, Y. Wang, H. Shen, Investigation of miR-126-3p loaded on adipose
stem cell-derived exosomes for wound healing of full-thickness skin defects, Exp.
Dermatol. 31 (3) (2022 Mar 1) 362-374 [Internet]. [cited 2023 Dec 2]. Available
from: https://pubmed.ncbi.nlm.nih.gov/34694648/.

J. Wang, H. Wu, Y. Peng, Y. Zhao, Y. Qin, Y. Zhang, et al., Hypoxia adipose stem
cell-derived exosomes promote high-quality healing of diabetic wound involves
activation of PI3K/Akt pathways, J. Nanobiotechnol. 19 (1) (2021 Dec 1)
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.
gov/34233694/.

G.C. Eptaminitaki, D. Stellas, B. Bonavida, S. Baritaki, Long non-coding RNAs
(IncRNAs) signaling in cancer chemoresistance: from prediction to druggability,
Drug Resist. Updat. (2022 Dec 1) 65 [Internet]. [cited 2024 Jun 24]. Available
from: https://pubmed.ncbi.nlm.nih.gov/36198236/.

N. Dong, D. Li, H. Cai, L. Shi, L. Huang, Expression of IncRNA MIR193BHG in
serum of preeclampsia patients and its clinical significance, J. Gynecol. Obstet.

11

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Life Sciences 357 (2024) 123066

Hum. Reprod. 51 (5) (2022 May 1) [Internet]. [cited 2024 Jun 24]. Available
from: https://pubmed.ncbi.nlm.nih.gov/35301154/.

J.L. Rinn, H.Y. Chang, Long noncoding RNAs: molecular modalities to organismal
functions, Annu. Rev. Biochem. 89 (2020 Jun 20) 283-308 [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/32569523/.

L. Qian, L. Pi, B.R. Fang, X.X. Meng, Adipose mesenchymal stem cell-derived
exosomes accelerate skin wound healing via the IncRNA H19/miR-19b/SOX9
axis, Lab. Investig. 101 (9) (2021 Sep 1) 1254-1266 [Internet]. [cited 2023 Dec
2]. Available from: https://pubmed.ncbi.nlm.nih.gov/34045678/.

J. Zhu, H. Quan, Adipose-derived stem cells-derived exosomes facilitate
cutaneous wound healing by delivering XIST and restoring discoidin domain
receptor 2, Cytokine (2022 Oct 1) 158 [Internet]. [cited 2023 Dec 2]. Available
from: https://pubmed.ncbi.nlm.nih.gov/35952595/.

Y. Sun, Y. Ju, B. Fang, Exosomes from human adipose-derived mesenchymal
stromal/stem cells accelerate angiogenesis in wound healing: implication of the
EGR-1/IncRNA-SENCR/DKC1/VEGF-A axis, Hum. Cell 35 (5) (2022 Sep 1)
1375-1390 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/35751795/.

J. Chen, S. Tang, S. Ke, J.J. Cai, D. Osorio, A. Golovko, et al., Ablation of long
noncoding RNA MALAT1 activates antioxidant pathway and alleviates sepsis in
mice, Redox Biol. (2022 Aug 1) 54 [Internet]. [cited 2023 Dec 2]. Available from:
https://pubmed.ncbi.nlm.nih.gov/35763934/.

B. Goyal, S.R.M. Yadav, N. Awasthee, S. Gupta, A.B. Kunnumakkara, S.C. Gupta,
Diagnostic, prognostic, and therapeutic significance of long non-coding RNA
MALAT1 in cancer, Biochim. Biophys. Acta Rev. Cancer 1875 (2) (2021 Apr 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/33428963/.

L. He, C. Zhu, J. Jia, X.Y. Hao, X.Y. Yu, X.Y. Liu, et al., ADSC-Exos containing
MALAT1 promotes wound healing by targeting miR-124 through activating Wnt/
B-catenin pathway, Biosci. Rep. 40 (5) (2020 May 1) [Internet]. [cited 2023 Dec
2]. Available from: https://pubmed.ncbi.nlm.nih.gov/32342982/.

L. Pi, L. Yang, B.R. Fang, X.X. Meng, L. Qian, LncRNA MALAT1 from human
adipose-derived stem cell exosomes accelerates wound healing via miR-378a/
FGF2 axis, Regen. Med. 17 (9) (2022 Sep 1) 627-641 [Internet]. [cited 2023 Dec
2]. Available from: https://pubmed.ncbi.nlm.nih.gov/35822640/.

K. Nemeth, R. Bayraktar, M. Ferracin, G.A. Calin, Non-coding RNAs in disease:
from mechanisms to therapeutics, Nat. Rev. Genet. 25 (3) (2024 Mar 1) 211-232
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/37968332/.

Z. Kong, Q. Han, B. Zhu, L. Wan, E. Feng, Circ_ 0069094 regulates malignant
phenotype and paclitaxel resistance in breast cancer cells via targeting the miR-
136-5p/YWHAZ axis, Thorac. Cancer 14 (19) (2023 Jul 1) 1831-1842 [Internet].
[cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/
37192740/.

A.T. He, J. Liu, F. Li, B.B. Yang, Targeting circular RNAs as a therapeutic
approach: current strategies and challenges, Signal. Transduct. Target. Ther. 6 (1)
(2021 Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/34016945/.

T. Xiong, L. Xia, Q. Song, Circular RNA SPI1 expression before and after induction
therapy and its correlation with clinical features, treatment response, and
survival of acute myeloid leukemia patients, J. Clin. Lab. Anal. 37 (3) (2023 Feb
1) [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/36644997/.

Z.H. Liang, N.F. Pan, S.S. Lin, Z.Y. Qiu, P. Liang, J. Wang, et al., Exosomes from
mmu_circ_0001052-modified adipose-derived stem cells promote angiogenesis of
DFU via miR-106a-5p and FGF4/p38MAPK pathway, Stem Cell Res Ther 13 (1)
(2022 Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/35870977/.

X. Han, C. Ding, X.N. Sang, M.Y. Peng, Q. Yang, Y. Ning, et al., Targeting Sirtuinl
to treat aging-related tissue fibrosis: from prevention to therapy, Pharmacol.
Ther. (2022 Jan 1) 229 [Internet]. [cited 2023 Dec 2]. Available from: https://
pubmed.ncbi.nlm.nih.gov/34480962/.

M.Y. Li, J.Q. Ding, Q. Tang, M.M. Hao, B.H. Wang, J. Wu, et al., SIRT1 activation
by SRT1720 attenuates bone cancer pain via preventing Drpl-mediated
mitochondrial fission, Biochim. Biophys. Acta Mol. basis Dis. 1865 (3) (2019 Mar
1) 587-598 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/30579931/.

Z. Wang, C. Feng, H. Liu, T. Meng, W.Q. Huang, K.X. Song, et al., Exosomes from
circ-Astnl-modified adipose-derived mesenchymal stem cells enhance wound
healing through miR-138-5p/SIRT1/FOXO1 axis regulation, World J. Stem Cells
15 (5) (2023) 476-489 [Internet]. [cited 2023 Dec 2]. Available from: https://
pubmed.ncbi.nlm.nih.gov/37342222/.

R. Shi, Y. Jin, W. Hu, W. Lian, C. Cao, S. Han, et al., Exosomes derived from mmu_
circ_0000250-modified adipose-derived mesenchymal stem cells promote wound
healing in diabetic mice by inducing miR-128-3p/SIRT1-mediated autophagy,
Am. J. Physiol. Cell Physiol. 318 (5) (2020 May 1) C848-C856 [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/32159361/.

R. Shi, Y. Jin, S. Zhao, H. Yuan, J. Shi, H. Zhao, Hypoxic ADSC-derived exosomes
enhance wound healing in diabetic mice via delivery of circ-Snhg11 and
induction of M2-like macrophage polarization, Biomed. Pharmacother. 153 (2022
Sep 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.
nih.gov/36076572/.

F. He, X. Ru, T. Wen, NRF2, a transcription factor for stress response and beyond,
Int. J. Mol. Sci. 21 (13) (2020 Jul 1) 1-23 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/32640524/.


https://pubmed.ncbi.nlm.nih.gov/34167333/
https://pubmed.ncbi.nlm.nih.gov/30468742/
https://pubmed.ncbi.nlm.nih.gov/30468742/
https://pubmed.ncbi.nlm.nih.gov/33149305/
https://pubmed.ncbi.nlm.nih.gov/30681184/
https://pubmed.ncbi.nlm.nih.gov/30681184/
https://pubmed.ncbi.nlm.nih.gov/35471485/
https://pubmed.ncbi.nlm.nih.gov/35471485/
https://pubmed.ncbi.nlm.nih.gov/36354147/
https://pubmed.ncbi.nlm.nih.gov/36354147/
https://pubmed.ncbi.nlm.nih.gov/36010644/
https://pubmed.ncbi.nlm.nih.gov/31835747/
https://pubmed.ncbi.nlm.nih.gov/31835747/
https://pubmed.ncbi.nlm.nih.gov/34382305/
https://pubmed.ncbi.nlm.nih.gov/34382305/
https://pubmed.ncbi.nlm.nih.gov/37772564/
https://pubmed.ncbi.nlm.nih.gov/33547566/
https://pubmed.ncbi.nlm.nih.gov/32233440/
https://pubmed.ncbi.nlm.nih.gov/34459668/
https://pubmed.ncbi.nlm.nih.gov/34581942/
https://pubmed.ncbi.nlm.nih.gov/34581942/
https://pubmed.ncbi.nlm.nih.gov/30890300/
https://pubmed.ncbi.nlm.nih.gov/36980736/
https://pubmed.ncbi.nlm.nih.gov/36980736/
https://pubmed.ncbi.nlm.nih.gov/36045954/
https://pubmed.ncbi.nlm.nih.gov/34694648/
https://pubmed.ncbi.nlm.nih.gov/34233694/
https://pubmed.ncbi.nlm.nih.gov/34233694/
https://pubmed.ncbi.nlm.nih.gov/36198236/
https://pubmed.ncbi.nlm.nih.gov/35301154/
https://pubmed.ncbi.nlm.nih.gov/32569523/
https://pubmed.ncbi.nlm.nih.gov/34045678/
https://pubmed.ncbi.nlm.nih.gov/35952595/
https://pubmed.ncbi.nlm.nih.gov/35751795/
https://pubmed.ncbi.nlm.nih.gov/35751795/
https://pubmed.ncbi.nlm.nih.gov/35763934/
https://pubmed.ncbi.nlm.nih.gov/33428963/
https://pubmed.ncbi.nlm.nih.gov/33428963/
https://pubmed.ncbi.nlm.nih.gov/32342982/
https://pubmed.ncbi.nlm.nih.gov/35822640/
https://pubmed.ncbi.nlm.nih.gov/37968332/
https://pubmed.ncbi.nlm.nih.gov/37968332/
https://pubmed.ncbi.nlm.nih.gov/37192740/
https://pubmed.ncbi.nlm.nih.gov/37192740/
https://pubmed.ncbi.nlm.nih.gov/34016945/
https://pubmed.ncbi.nlm.nih.gov/34016945/
https://pubmed.ncbi.nlm.nih.gov/36644997/
https://pubmed.ncbi.nlm.nih.gov/36644997/
https://pubmed.ncbi.nlm.nih.gov/35870977/
https://pubmed.ncbi.nlm.nih.gov/35870977/
https://pubmed.ncbi.nlm.nih.gov/34480962/
https://pubmed.ncbi.nlm.nih.gov/34480962/
https://pubmed.ncbi.nlm.nih.gov/30579931/
https://pubmed.ncbi.nlm.nih.gov/30579931/
https://pubmed.ncbi.nlm.nih.gov/37342222/
https://pubmed.ncbi.nlm.nih.gov/37342222/
https://pubmed.ncbi.nlm.nih.gov/32159361/
https://pubmed.ncbi.nlm.nih.gov/36076572/
https://pubmed.ncbi.nlm.nih.gov/36076572/
https://pubmed.ncbi.nlm.nih.gov/32640524/

S. Lietal

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

E.H. Kobayashi, T. Suzuki, R. Funayama, T. Nagashima, M. Hayashi, H. Sekine, et
al., Nrf2 suppresses macrophage inflammatory response by blocking
proinflammatory cytokine transcription, Nat. Commun. (2016 May 23) 7
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/27211851/.

X. Li, X. Xie, W. Lian, R. Shi, S. Han, H. Zhang, et al., Exosomes from adipose-
derived stem cells overexpressing Nrf2 accelerate cutaneous wound healing by
promoting vascularization in a diabetic foot ulcer rat model, Exp. Mol. Med. 50
(4) (2018 Apr 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/29651102/.

H. Huang, W. Zhu, Z. Huang, D. Zhao, L. Cao, X. Gao, Adipose-derived stem cell
exosome NFIC improves diabetic foot ulcers by regulating miR-204-3p/HIPK2,
J. Orthop. Surg. Res. 18 (1) (2023 Dec 1) [Internet]. [cited 2023 Dec 2]. Available
from: https://pubmed.ncbi.nlm.nih.gov/37710299/.

D. Jay, Y. Luo, W. Li, Extracellular heat shock protein-90 (eHsp90): everything
you need to know, Biomolecules 12 (7) (2022 Jul 1) [Internet]. [cited 2023 Dec
2]. Available from: https://pubmed.ncbi.nlm.nih.gov/35883467/.

X. Zhou, H. Cao, J. Guo, Y. Yuan, G. Ni, Effects of BMSC-derived EVs on bone
metabolism, Pharmaceutics 14 (5) (2022 May 1) [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/35631601/.

Y. Guo, X. Jia, Y. Cui, Y. Song, S. Wang, Y. Geng, et al., Sirt3-mediated mitophagy
regulates AGEs-induced BMSCs senescence and senile osteoporosis, Redox Biol.
(2021 May 1) 41 [Internet]. [cited 2024 Jun 24]. Available from: https://pubm
ed.ncbi.nlm.nih.gov/33662874/.

S. Jing, H. Li, H. Xu, Mesenchymal stem cell derived exosomes therapy in diabetic
wound repair, Int. J. Nanomedicine 18 (2023) 2707-2720 [Internet]. [cited 2023
Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/37250470/.

A. Shabbir, A. Cox, L. Rodriguez-Menocal, M. Salgado, E. Van Badiavas,
Mesenchymal stem cell exosomes induce proliferation and migration of normal
and chronic wound fibroblasts, and enhance angiogenesis in vitro, Stem Cells
Dev. 24 (14) (2015 Jul 15) 1635-1647 [Internet]. [cited 2023 Dec 2]. Available
from: https://pubmed.ncbi.nlm.nih.gov/25867197/.

T. Jiang, Z. Wang, J. Sun, Human bone marrow mesenchymal stem cell-derived
exosomes stimulate cutaneous wound healing mediates through TGF-p/Smad
signaling pathway, Stem Cell Res Ther 11 (1) (2020 May 24) [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/32448395/.
AM. Al-Otaibi, A.S. Al-Gebaly, R. Almeer, G. Albasher, W.S. Al-Qahtani, A.

E. Abdel Moneim, Melatonin pre-treated bone marrow derived-mesenchymal
stem cells prompt wound healing in rat models, Biomed. Pharmacother. 145
(2022 Jan 1) [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/34861635/.

W. Qi, N. Dong, L. Wu, X. Zhang, H. Li, H. Wu, et al., Promoting oral mucosal
wound healing using a DCS-RuB2A2 hydrogel based on a photoreactive
antibacterial and sustained release of BMSCs, Bioact. Mater. 23 (2022 May 1)
53-68 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.
nih.gov/36406253/.

W. Liu, M. Yu, D. Xie, L. Wang, C. Ye, Q. Zhu, et al., Melatonin-stimulated MSC-
derived exosomes improve diabetic wound healing through regulating
macrophage M1 and M2 polarization by targeting the PTEN/AKT pathway, Stem
Cell Res Ther 11 (1) (2020 Jun 29) [Internet]. [cited 2023 Dec 2]. Available from:
https://pubmed.ncbi.nlm.nih.gov/32600435/.

M. Yu, W. Liu, J. Li, J. Lu, H. Lu, W. Jia, et al., Exosomes derived from
atorvastatin-pretreated MSC accelerate diabetic wound repair by enhancing
angiogenesis via AKT/eNOS pathway, Stem Cell Res Ther 11 (1) (2020 Aug 12)
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.
gov/32787917/.

Y. Hu, R. Tao, L. Chen, Y. Xiong, H. Xue, L. Hu, et al., Exosomes derived from
pioglitazone-pretreated MSCs accelerate diabetic wound healing through
enhancing angiogenesis, J. Nanobiotechnol. 19 (1) (2021 Dec 1) [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/34020670/.

X. He, Z. Dong, Y. Cao, H. Wang, S. Liu, L. Liao, et al., MSC-derived exosome
promotes M2 polarization and enhances cutaneous wound healing, Stem Cells Int.
(2019) 2019 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/31582986/.

C. Shen, C. Tao, A. Zhang, X. Li, Y. Guo, H. Wei, et al., Exosomal microRNA-93-3p
secreted by bone marrow mesenchymal stem cells downregulates apoptotic
peptidase activating factor 1 to promote wound healing, Bioengineered 13 (1)
(2022) 27-37 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/34898374/.

L. Zhang, P. Ouyang, G. He, X. Wang, D. Song, Y. Yang, et al., Exosomes from
microRNA-126 overexpressing mesenchymal stem cells promote angiogenesis by
targeting the PIK3R2-mediated PI3K/Akt signalling pathway, J. Cell. Mol. Med.
25 (4) (2021 Feb 1) 2148-2162 [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/33350092/.

P. Gondaliya, A.A. Sayyed, P. Bhat, M. Mali, N. Arya, A. Khairnar, et al.,
Mesenchymal stem cell-derived exosomes loaded with miR-155 inhibitor
ameliorate diabetic wound healing, Mol. Pharm. 19 (5) (2022 May 2) 1294-1308
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
35294195/.

X. Li, J. Wei, K.E. Aifantis, Y. Fan, Q. Feng, F.Z. Cui, et al., Current investigations
into magnetic nanoparticles for biomedical applications, J. Biomed. Mater. Res. A
104 (5) (2016 May 1) 1285-1296 [Internet]. [cited 2023 Dec 2]. Available from:
https://pubmed.ncbi.nlm.nih.gov/26779606/.

R. Daya, C. Xu, Nguyen NYT, H.H. Liu, Angiogenic hyaluronic acid hydrogels with
curcumin-coated magnetic nanoparticles for tissue repair, ACS Appl. Mater.

12

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

Life Sciences 357 (2024) 123066

Interfaces 14 (9) (2022 Mar 9) 11051-11067 [Internet]. [cited 2024 Jun 24].
Available from: https://pubmed.ncbi.nlm.nih.gov/35199989/.

D. Wu, L. Kang, J. Tian, Y. Wu, J. Liu, Z. Li, et al., Exosomes derived from bone
mesenchymal stem cells with the stimulation of Fe304 nanoparticles and static
magnetic field enhance wound healing through upregulated miR-21-5p, Int. J.
Nanomedicine 15 (2020) 7979-7993 [Internet]. [cited 2023 Dec 2]. Available
from: https://pubmed.ncbi.nlm.nih.gov/33116513/.

D. Wu, X. Chang, J. Tian, L. Kang, Y. Wu, J. Liu, et al., Bone mesenchymal stem
cells stimulation by magnetic nanoparticles and a static magnetic field: release of
exosomal miR-1260a improves osteogenesis and angiogenesis, J. Nanobiotechnol.
19 (1) (2021 Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubm
ed.ncbi.nlm.nih.gov/34256779/.

B. Li, S. Luan, J. Chen, Y. Zhou, T. Wang, Z. Li, et al., The MSC-derived exosomal
IncRNA H19 promotes wound healing in diabetic foot ulcers by upregulating
PTEN via microRNA-152-3p, Mol. Ther. Nucleic Acids 19 (2020 Mar 6) 814-826
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
31958697/.

Z.F. Han, J.H. Cao, Z.Y. Liu, Z. Yang, R.X. Qi, H.L. Xu, Exosomal IncRNA KLF3-
AS1 derived from bone marrow mesenchymal stem cells stimulates angiogenesis
to promote diabetic cutaneous wound healing, Diabetes Res. Clin. Pract. (2022
Jan 1) 183 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/34742784/.

J. Chen, X. Li, H. Liu, D. Zhong, K. Yin, Y. Li, et al., Bone marrow stromal cell-
derived exosomal circular RNA improves diabetic foot ulcer wound healing by
activating the nuclear factor erythroid 2-related factor 2 pathway and inhibiting
ferroptosis, Diabet. Med. 40 (7) (2023 Jul 1) [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/36537855/.

Y. Lu, J. Zhang, F. Zeng, P. Wang, X. Guo, H. Wang, et al., Human PMSCs-derived
small extracellular vesicles alleviate neuropathic pain through miR-26a-5p/
Wnt5a in SNI mice model, J. Neuroinflammation 19 (1) (2022 Dec 1) [Internet].
[cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/
36071475/.

H. Okae, H. Toh, T. Sato, H. Hiura, S. Takahashi, K. Shirane, et al., Derivation of
human trophoblast stem cells, Cell Stem Cell 22 (1) (2018 Jan 4) [Internet]. [cited
2024 Jun 24]. 50-63.e6. Available from: https://pubmed.ncbi.nlm.nih.gov/
29249463/.

S.A. Mathew, C. Naik, P.A. Cahill, R.R. Bhonde, Placental mesenchymal stromal
cells as an alternative tool for therapeutic angiogenesis, Cell. Mol. Life Sci. 77 (2)
(2020 Jan 1) 253-265 [Internet]. [cited 2023 Dec 2]. Available from: https://
pubmed.ncbi.nlm.nih.gov/31468060/.

Y. Zhang, L. Shi, X. Li, Y. Liu, G. Zhang, Y. Wang, Placental stem cells-derived
exosomes stimulate cutaneous wound regeneration via engrailed-1 inhibition,
Front. Bioeng. Biotechnol. (2022 Dec 9) 10 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/36568306/.

S. Mascharak, H.E. des Jardins-Park, M.F. Davitt, M. Griffin, M.R. Borrelli, A.

L. Moore, et al., Preventing Engrailed-1 activation in fibroblasts yields wound
regeneration without scarring, Science 372 (6540) (2021 Apr 23) [Internet].
[cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/
33888614/.

X. Pu, L. Zhang, P. Zhang, Y. Xu, J. Wang, X. Zhao, et al., Human UC-MSC-derived
exosomes facilitate ovarian renovation in rats with chemotherapy-induced
premature ovarian insufficiency, Front. Endocrinol. (Lausanne) (2023) 14
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
37564988/.

L. Dong, Y. Wang, T. Zheng, Y. Pu, Y. Ma, X. Qi, et al., Hypoxic hUCMSC-derived
extracellular vesicles attenuate allergic airway inflammation and airway
remodeling in chronic asthma mice, Stem Cell Res Ther 12 (1) (2021 Dec 1)
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/33407872/.

C. Yan, Y. Xv, Z. Lin, Y. Endo, H. Xue, Y. Hu, et al., Human umbilical cord
mesenchymal stem cell-derived exosomes accelerate diabetic wound healing via
ameliorating oxidative stress and promoting angiogenesis, Front. Bioeng.
Biotechnol. (2022 Jan 31) 10 [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/35174145/.

G. Zhao, F. Liu, Z. Liu, K. Zuo, B. Wang, Y. Zhang, et al., MSC-derived exosomes
attenuate cell death through suppressing AIF nucleus translocation and enhance
cutaneous wound healing, Stem Cell Res Ther 11 (1) (2020 May 11) [Internet].
[cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
32393338/.

Z. Zhu, X. Zhang, H. Hao, H. Xu, J. Shu, Q. Hou, et al., Exosomes derived from
umbilical cord mesenchymal stem cells treat cutaneous nerve damage and
promote wound healing, Front. Cell. Neurosci. (2022 Jun 30) 16 [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/35846563/.

Y. Liu, M. Zhang, Y. Liao, H. Chen, D. Su, Y. Tao, et al., Human umbilical cord
mesenchymal stem cell-derived exosomes promote murine skin wound healing by
neutrophil and macrophage modulations revealed by single-cell RNA sequencing,
Front. Immunol. (2023) 14 [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/36999022/.

L. Teng, M. Magsood, M. Zhu, Y. Zhou, M. Kang, J. Zhou, et al., Exosomes derived
from human umbilical cord mesenchymal stem cells accelerate diabetic wound
healing via promoting M2 macrophage polarization, angiogenesis, and collagen
deposition, Int. J. Mol. Sci. 23 (18) (2022 Sep 1) [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/36142334/.

A. Schwentker, T.R. Billiar, Nitric oxide and wound repair, Surg. Clin. North Am.
83 (3) (2003) 521-530 [Internet]. [cited 2023 Dec 2]. Available from: https://
pubmed.ncbi.nlm.nih.gov/12822723/.


https://pubmed.ncbi.nlm.nih.gov/27211851/
https://pubmed.ncbi.nlm.nih.gov/27211851/
https://pubmed.ncbi.nlm.nih.gov/29651102/
https://pubmed.ncbi.nlm.nih.gov/29651102/
https://pubmed.ncbi.nlm.nih.gov/37710299/
https://pubmed.ncbi.nlm.nih.gov/35883467/
https://pubmed.ncbi.nlm.nih.gov/35631601/
https://pubmed.ncbi.nlm.nih.gov/33662874/
https://pubmed.ncbi.nlm.nih.gov/33662874/
https://pubmed.ncbi.nlm.nih.gov/37250470/
https://pubmed.ncbi.nlm.nih.gov/25867197/
https://pubmed.ncbi.nlm.nih.gov/32448395/
https://pubmed.ncbi.nlm.nih.gov/34861635/
https://pubmed.ncbi.nlm.nih.gov/34861635/
https://pubmed.ncbi.nlm.nih.gov/36406253/
https://pubmed.ncbi.nlm.nih.gov/36406253/
https://pubmed.ncbi.nlm.nih.gov/32600435/
https://pubmed.ncbi.nlm.nih.gov/32787917/
https://pubmed.ncbi.nlm.nih.gov/32787917/
https://pubmed.ncbi.nlm.nih.gov/34020670/
https://pubmed.ncbi.nlm.nih.gov/31582986/
https://pubmed.ncbi.nlm.nih.gov/31582986/
https://pubmed.ncbi.nlm.nih.gov/34898374/
https://pubmed.ncbi.nlm.nih.gov/34898374/
https://pubmed.ncbi.nlm.nih.gov/33350092/
https://pubmed.ncbi.nlm.nih.gov/33350092/
https://pubmed.ncbi.nlm.nih.gov/35294195/
https://pubmed.ncbi.nlm.nih.gov/35294195/
https://pubmed.ncbi.nlm.nih.gov/26779606/
https://pubmed.ncbi.nlm.nih.gov/35199989/
https://pubmed.ncbi.nlm.nih.gov/33116513/
https://pubmed.ncbi.nlm.nih.gov/34256779/
https://pubmed.ncbi.nlm.nih.gov/34256779/
https://pubmed.ncbi.nlm.nih.gov/31958697/
https://pubmed.ncbi.nlm.nih.gov/31958697/
https://pubmed.ncbi.nlm.nih.gov/34742784/
https://pubmed.ncbi.nlm.nih.gov/34742784/
https://pubmed.ncbi.nlm.nih.gov/36537855/
https://pubmed.ncbi.nlm.nih.gov/36071475/
https://pubmed.ncbi.nlm.nih.gov/36071475/
https://pubmed.ncbi.nlm.nih.gov/29249463/
https://pubmed.ncbi.nlm.nih.gov/29249463/
https://pubmed.ncbi.nlm.nih.gov/31468060/
https://pubmed.ncbi.nlm.nih.gov/31468060/
https://pubmed.ncbi.nlm.nih.gov/36568306/
https://pubmed.ncbi.nlm.nih.gov/33888614/
https://pubmed.ncbi.nlm.nih.gov/33888614/
https://pubmed.ncbi.nlm.nih.gov/37564988/
https://pubmed.ncbi.nlm.nih.gov/37564988/
https://pubmed.ncbi.nlm.nih.gov/33407872/
https://pubmed.ncbi.nlm.nih.gov/33407872/
https://pubmed.ncbi.nlm.nih.gov/35174145/
https://pubmed.ncbi.nlm.nih.gov/35174145/
https://pubmed.ncbi.nlm.nih.gov/32393338/
https://pubmed.ncbi.nlm.nih.gov/32393338/
https://pubmed.ncbi.nlm.nih.gov/35846563/
https://pubmed.ncbi.nlm.nih.gov/36999022/
https://pubmed.ncbi.nlm.nih.gov/36999022/
https://pubmed.ncbi.nlm.nih.gov/36142334/
https://pubmed.ncbi.nlm.nih.gov/12822723/
https://pubmed.ncbi.nlm.nih.gov/12822723/

S. Lietal

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Y. Zhang, Y. Pan, Y. Liu, X. Li, L. Tang, M. Duan, et al., Exosomes derived from
human umbilical cord blood mesenchymal stem cells stimulate regenerative
wound healing via transforming growth factor-§ receptor inhibition, Stem Cell
Res Ther 12 (1) (2021 Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/34344478/.

X.F. Zhang, T. Wang, Z.X. Wang, K.P. Huang, Y.W. Zhang, G.L. Wang, et al.,
Hypoxic ucMSC-secreted exosomal miR-125b promotes endothelial cell survival
and migration during wound healing by targeting TP53INP1, Mol. Ther. Nucleic
Acids 26 (2021 Dec 3) 347-359 [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/34513314/.

K. Yang, D. Li, M. Wang, Z. Xu, X. Chen, Q. Liu, et al., Exposure to blue light
stimulates the proangiogenic capability of exosomes derived from human
umbilical cord mesenchymal stem cells, Stem Cell Res Ther 10 (1) (2019 Nov 28)
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
31779691/.

X. Li, L. Liu, J. Yang, Y. Yu, J. Chai, L. Wang, et al., Exosome derived from human
umbilical cord mesenchymal stem cell mediates MiR-181c attenuating burn-
induced excessive inflammation, EBioMedicine 8 (2016 Jun 1) 72-82 [Internet].
[cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
27428420/

L. Deng, T. Meng, L. Chen, W. Wei, P. Wang, The role of ubiquitination in
tumorigenesis and targeted drug discovery, Signal. Transduct. Target. Ther. 5 (1)
(2020 Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/32296023/.

X. Liu, X. Li, G. Wu, P. Qi, Y. Zhang, Z. Liu, et al., Umbilical cord mesenchymal
stem cell-derived small extracellular vesicles deliver miR-21 to promote corneal
epithelial wound healing through PTEN/PI3K/Akt pathway, Stem Cells Int.
(2022) 2022 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/35873535/.

Z.H. Liang, S.S. Lin, N.F. Pan, G.Y. Zhong, Z.Y. Qiu, S.J. Kuang, et al., UCMSCs-
derived exosomal circHIPK3 promotes ulcer wound angiogenesis of diabetes
mellitus via miR-20b-5p/Nrf2/VEGFA axis, Diabet. Med. 40 (2) (2023 Feb 1)
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
36209373/.

J. Wang, B. Zhao, L. Sun, L. Jiang, Q. Li, P. Jin, Smart thermosensitive poloxamer
hydrogels loaded with Nr-CWs for the treatment of diabetic wounds, PLoS One 17
(12) (2022 Dec 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubm
ed.ncbi.nlm.nih.gov/36584197/.

Q. Li, L. Guo, J. Wang, S. Tao, P. Jin, Exosomes derived from Nr-CWS pretreated
MSCs facilitate diabetic wound healing by promoting angiogenesis via the
circlARS1/miR-4782-5p/VEGFA axis, Chin. J. Nat. Med. 21 (3) (2023 Mar 1)
172-184 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/37003640/.

E.Y. Rim, H. Clevers, R. Nusse, The Wnt pathway: from signaling mechanisms to
synthetic modulators, Annu. Rev. Biochem. 91 (2022) 571-598 [Internet]. [cited
2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/35303793/.

B. Zhang, M. Wang, A. Gong, X. Zhang, X. Wu, Y. Zhu, et al., HucMSC-exosome
mediated-Wnt4 signaling is required for cutaneous wound healing, Stem Cells 33
(7) (2015 Jul 1) 2158-2168 [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/24964196/.

H. Shi, X. Xu, B. Zhang, J. Xu, Z. Pan, A. Gong, et al., 3,3’-Diindolylmethane
stimulates exosomal Wnt11 autocrine signaling in human umbilical cord
mesenchymal stem cells to enhance wound healing, Theranostics 7 (6) (2017)
1674-1688 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/28529644/.

S.W. Kim, H.Z. Zhang, L. Guo, J.M. Kim, M.H. Kim, Amniotic mesenchymal stem
cells enhance wound healing in diabetic NOD/SCID mice through high angiogenic
and engraftment capabilities, PLoS One 7 (7) (2012 Jul 17) [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/22815931/.

S. Fu, H. Zhang, X. Li, Q. Zhang, C. Guo, K. Qiu, et al., Exosomes derived from
human amniotic mesenchymal stem cells facilitate diabetic wound healing by
angiogenesis and enrich multiple IncRNAs, Tissue Eng. Regen. Med. 20 (2) (2023
Apr 1) 295-308 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/36696086/.

S. Gao, T. Chen, Y. Hao, F. Zhang, X. Tang, D. Wang, et al., Exosomal miR-135a
derived from human amnion mesenchymal stem cells promotes cutaneous wound
healing in rats and fibroblast migration by directly inhibiting LATS2 expression,
Stem Cell Res Ther 11 (1) (2020 Feb 13) [Internet]. [cited 2023 Dec 2]. Available
from: https://pubmed.ncbi.nlm.nih.gov/32054526/.

S. Jiang, G. Tian, Z. Yang, X. Gao, F. Wang, J. Li, et al., Enhancement of acellular
cartilage matrix scaffold by Wharton’s jelly mesenchymal stem cell-derived
exosomes to promote osteochondral regeneration, Bioact. Mater. 6 (9) (2021 Sep
1) 2711-2728 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/33665503/.

P. Chen, S. Tang, M. Li, D. Wang, C. Chen, Y. Qiu, et al., Single-cell and spatial
transcriptomics decodes Wharton'’s Jelly-derived mesenchymal stem cells
heterogeneity and a subpopulation with wound repair signatures, Adv. Sci.
(Weinh.) 10 (4) (2023 Feb 3) [Internet]. [cited 2024 Jun 24]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/36504438/.

G.Y. Koken, E.S. Abamor, A. Allahverdiyev, E. Karaoz, Wharton jelly derived
mesenchymal stem cell’s exosomes demonstrate significant antileishmanial and
wound healing effects in combination with aloe-emodin: an in vitro study,

J. Pharm. Sci. 111 (12) (2022 Dec 1) 3232-3242 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/35995206/.

J. Kim, E.H. Kim, H. Lee, J.H. Sung, O.Y. Bang, Clinical-scale mesenchymal stem
cell-derived extracellular vesicle therapy for wound healing, Int. J. Mol. Sci. 24

13

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

Life Sciences 357 (2024) 123066

(5) (2023 Mar 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/36901703/.

K. Takahashi, K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda, et al.,
Induction of pluripotent stem cells from adult human fibroblasts by defined
factors, Cell 131 (5) (2007 Nov 30) 861-872 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/18035408/.

D. Crow, Could iPSCs enable “off-the-shelf” cell therapy? Cell 177 (7) (2019 Jun
13) 1667-1669 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/31199910/.

S. Kim, S.K. Lee, H. Kim, T.M. Kim, Exosomes secreted from induced pluripotent
stem cell-derived mesenchymal stem cells accelerate skin cell proliferation, Int. J.
Mol. Sci. 19 (10) (2018 Oct 11) [Internet]. [cited 2023 Dec 2]. Available from: htt
ps://pubmed.ncbi.nlm.nih.gov/30314356/.

J. Zhang, J. Guan, X. Niu, G. Hu, S. Guo, Q. Li, et al., Exosomes released from
human induced pluripotent stem cells-derived MSCs facilitate cutaneous wound
healing by promoting collagen synthesis and angiogenesis, J. Transl. Med. 13 (1)
(2015 Feb 1) [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.
ncbi.nlm.nih.gov/25638205/.

Y. Jiao, X. Wang, J. Zhang, Y. Qi, H. Gong, D. Jiang, Inhibiting function of human
fetal dermal mesenchymal stem cells on bioactivities of keloid fibroblasts, Stem
Cell Res Ther 8 (1) (2017 Jul 18) [Internet]. [cited 2023 Dec 2]. Available from:
https://pubmed.ncbi.nlm.nih.gov/28720118/.

Y. Jiao, X. Wang, J. Zhang, Y. Qi, H. Gong, D. Jiang, Inhibiting function of human
fetal dermal mesenchymal stem cells on bioactivities of keloid fibroblasts, Stem
Cell Res Ther 8 (1) (2017 Jul 18) [Internet]. [cited 2024 Jun 24]. Available from:
https://pubmed.ncbi.nlm.nih.gov/28720118/.

X. Wang, Y. Jiao, Y. Pan, L. Zhang, H. Gong, Y. Qi, et al., Fetal dermal
mesenchymal stem cell-derived exosomes accelerate cutaneous wound healing by
activating Notch signaling, Stem Cells Int. (2019) 2019 [Internet]. [cited 2023
Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/31281370/.

L. Chen, J. Qu, Q. Mei, X. Chen, Y. Fang, L. Chen, et al., Small extracellular
vesicles from menstrual blood-derived mesenchymal stem cells (MenSCs) as a
novel therapeutic impetus in regenerative medicine, Stem Cell Res Ther 12 (1)
(2021 Dec 1) [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/34344458/.

X. Zhang, S. Zhang, J. Qi, F. Zhao, Y. Lu, S. Li, et al., PDGFBB improved the
biological function of menstrual blood-derived stromal cells and the anti-fibrotic
properties of exosomes, Stem Cell Res Ther 14 (1) (2023 Dec 1) [Internet]. [cited
2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.gov/37118830/.
M.A. Lopez-Verrilli, A. Caviedes, A. Cabrera, S. Sandoval, U. Wyneken,

M. Khoury, Mesenchymal stem cell-derived exosomes from different sources
selectively promote neuritic outgrowth, Neuroscience 320 (2016 Apr 21)
129-139 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/26851773/.

R. Dalirfardouei, K. Jamialahmadi, A.H. Jafarian, E. Mahdipour, Promising effects
of exosomes isolated from menstrual blood-derived mesenchymal stem cell on
wound-healing process in diabetic mouse model, J. Tissue Eng. Regen. Med. 13
(4) (2019 Apr 1) 555-568 [Internet]. [cited 2023 Dec 2]. Available from: https://
pubmed.ncbi.nlm.nih.gov/30656863/.

W. Zhao, H. Zhang, R. Liu, R. Cui, Advances in immunomodulatory mechanisms
of mesenchymal stem cells-derived exosome on immune cells in scar formation,
Int. J. Nanomedicine 18 (2023) 3643-3662 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/37427367/.

M. Cangkrama, M. Wietecha, S. Werner, Wound repair, scar formation, and
cancer: converging on activin, Trends Mol. Med. 26 (12) (2020 Dec 1) 1107-1117
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/32878730/.

W. Zhao, R. Zhang, C. Zang, L. Zhang, R. Zhao, Q. Li, et al., Exosome derived from
mesenchymal stem cells alleviates pathological scars by inhibiting the
proliferation, migration and protein expression of fibroblasts via delivering miR-
138-5p to target SIRT1, Int. J. Nanomedicine 17 (2022) 4023-4038 [Internet].
[cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
36105616/.

D. Wu, X. Liu, Z. Jin, Adipose-derived mesenchymal stem cells-sourced exosomal
microRNA-7846-3p suppresses proliferation and pro-angiogenic role of keloid
fibroblasts by suppressing neuropilin 2, J. Cosmet. Dermatol. 22 (8) (2023 Aug 1)
2333-2342 [Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.
nlm.nih.gov/37025072/.

R. Yuan, X. Dai, Y. Li, C. Li, L. Liu, Exosomes from miR-29a-modified adipose-
derived mesenchymal stem cells reduce excessive scar formation by inhibiting
TGF-p2/Smad3 signaling, Mol. Med. Rep. 24 (5) (2021 Nov 1) [Internet]. [cited
2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/34476508/.

Y. Li, J. Zhang, J. Shi, K. Liu, X. Wang, Y. Jia, et al., Exosomes derived from
human adipose mesenchymal stem cells attenuate hypertrophic scar fibrosis by
miR-192-5p/IL-17RA/Smad axis, Stem Cell Res Ther 12 (1) (2021 Dec 1)
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
33789737/.

S. Fang, C. Xu, Y. Zhang, C. Xue, C. Yang, H. Bi, et al., Umbilical cord-derived
mesenchymal stem cell-derived exosomal microRNAs suppress myofibroblast
differentiation by inhibiting the transforming growth factor-/SMAD2 pathway
during wound healing, Stem Cells Transl. Med. 5 (10) (2016 Oct 1) 1425-1439
[Internet]. [cited 2023 Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/
27388239/.

L. Jiang, Y. Zhang, T. Liu, X. Wang, H. Wang, H. Song, et al., Exosomes derived
from TSG-6 modified mesenchymal stromal cells attenuate scar formation during


https://pubmed.ncbi.nlm.nih.gov/34344478/
https://pubmed.ncbi.nlm.nih.gov/34344478/
https://pubmed.ncbi.nlm.nih.gov/34513314/
https://pubmed.ncbi.nlm.nih.gov/34513314/
https://pubmed.ncbi.nlm.nih.gov/31779691/
https://pubmed.ncbi.nlm.nih.gov/31779691/
https://pubmed.ncbi.nlm.nih.gov/27428420/
https://pubmed.ncbi.nlm.nih.gov/27428420/
https://pubmed.ncbi.nlm.nih.gov/32296023/
https://pubmed.ncbi.nlm.nih.gov/32296023/
https://pubmed.ncbi.nlm.nih.gov/35873535/
https://pubmed.ncbi.nlm.nih.gov/35873535/
https://pubmed.ncbi.nlm.nih.gov/36209373/
https://pubmed.ncbi.nlm.nih.gov/36209373/
https://pubmed.ncbi.nlm.nih.gov/36584197/
https://pubmed.ncbi.nlm.nih.gov/36584197/
https://pubmed.ncbi.nlm.nih.gov/37003640/
https://pubmed.ncbi.nlm.nih.gov/37003640/
https://pubmed.ncbi.nlm.nih.gov/35303793/
https://pubmed.ncbi.nlm.nih.gov/24964196/
https://pubmed.ncbi.nlm.nih.gov/24964196/
https://pubmed.ncbi.nlm.nih.gov/28529644/
https://pubmed.ncbi.nlm.nih.gov/28529644/
https://pubmed.ncbi.nlm.nih.gov/22815931/
https://pubmed.ncbi.nlm.nih.gov/36696086/
https://pubmed.ncbi.nlm.nih.gov/36696086/
https://pubmed.ncbi.nlm.nih.gov/32054526/
https://pubmed.ncbi.nlm.nih.gov/33665503/
https://pubmed.ncbi.nlm.nih.gov/33665503/
https://pubmed.ncbi.nlm.nih.gov/36504438/
https://pubmed.ncbi.nlm.nih.gov/36504438/
https://pubmed.ncbi.nlm.nih.gov/35995206/
https://pubmed.ncbi.nlm.nih.gov/36901703/
https://pubmed.ncbi.nlm.nih.gov/36901703/
https://pubmed.ncbi.nlm.nih.gov/18035408/
https://pubmed.ncbi.nlm.nih.gov/31199910/
https://pubmed.ncbi.nlm.nih.gov/31199910/
https://pubmed.ncbi.nlm.nih.gov/30314356/
https://pubmed.ncbi.nlm.nih.gov/30314356/
https://pubmed.ncbi.nlm.nih.gov/25638205/
https://pubmed.ncbi.nlm.nih.gov/25638205/
https://pubmed.ncbi.nlm.nih.gov/28720118/
https://pubmed.ncbi.nlm.nih.gov/28720118/
https://pubmed.ncbi.nlm.nih.gov/31281370/
https://pubmed.ncbi.nlm.nih.gov/34344458/
https://pubmed.ncbi.nlm.nih.gov/34344458/
https://pubmed.ncbi.nlm.nih.gov/37118830/
https://pubmed.ncbi.nlm.nih.gov/26851773/
https://pubmed.ncbi.nlm.nih.gov/26851773/
https://pubmed.ncbi.nlm.nih.gov/30656863/
https://pubmed.ncbi.nlm.nih.gov/30656863/
https://pubmed.ncbi.nlm.nih.gov/37427367/
https://pubmed.ncbi.nlm.nih.gov/32878730/
https://pubmed.ncbi.nlm.nih.gov/32878730/
https://pubmed.ncbi.nlm.nih.gov/36105616/
https://pubmed.ncbi.nlm.nih.gov/36105616/
https://pubmed.ncbi.nlm.nih.gov/37025072/
https://pubmed.ncbi.nlm.nih.gov/37025072/
https://pubmed.ncbi.nlm.nih.gov/34476508/
https://pubmed.ncbi.nlm.nih.gov/33789737/
https://pubmed.ncbi.nlm.nih.gov/33789737/
https://pubmed.ncbi.nlm.nih.gov/27388239/
https://pubmed.ncbi.nlm.nih.gov/27388239/

S. Li et al

[163]

[164]

[165]

[166]

[167]

[168]

wound healing, Biochimie 177 (2020 Oct 1) 40-49 [Internet]. [cited 2023 Dec 2].
Available from: https://pubmed.ncbi.nlm.nih.gov/32800897/.

D. Chen, J. Luo, C. Zhang, L. Tang, H. Deng, T. Chang, et al., Venous thrombus
embolism in polytrauma: special attention to patients with traumatic brain injury,
J. Clin. Med. 12 (5) (2023 Mar 1) [Internet]. [cited 2024 Jun 24]. Available from:
https://pubmed.ncbi.nlm.nih.gov/36902502/.

M.Y. Ou, P.C. Tan, Y. Xie, K. Liu, Y.M. Gao, X.S. Yang, et al., Dedifferentiated
Schwann cell-derived TGF-p3 is essential for the neural system to promote wound
healing, Theranostics 12 (12) (2022) 5470-5487 [Internet]. [cited 2024 Jun 24].
Available from: https://pubmed.ncbi.nlm.nih.gov/35910794/.

Y. Zhang, J. Bi, J. Huang, Y. Tang, S. Du, P. Li, Exosome: a review of its
classification, isolation techniques, storage, diagnostic and targeted therapy
applications, Int. J. Nanomedicine 15 (2020) 6917-6934 [Internet]. [cited 2023
Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/33061359/.

F.J. Vizoso, N. Eiro, S. Cid, J. Schneider, R. Perez-Fernandez, Mesenchymal stem
cell secretome: toward cell-free therapeutic strategies in regenerative medicine,
Int. J. Mol. Sci. 18 (9) (2017 Sep 1) [Internet]. [cited 2024 Jun 24]. Available
from: https://pubmed.ncbi.nlm.nih.gov/28841158/.

A. Nallakumarasamy, M. Jeyaraman, N. Maffulli, N. Jeyaraman, V. Suresh,

S. Ravichandran, et al., Mesenchymal stromal cell-derived extracellular vesicles in
wound healing, Life (Basel) 12 (11) (2022 Nov 1) [Internet]. [cited 2024 Jun 24].
Available from: https://pubmed.ncbi.nlm.nih.gov/36362890/.

M. Maumus, P. Rozier, J. Boulestreau, C. Jorgensen, D. Noél, Mesenchymal stem
cell-derived extracellular vesicles: opportunities and challenges for clinical

14

[169]

[170]

[171]

[172]

[173]

Life Sciences 357 (2024) 123066

translation, Front. Bioeng. Biotechnol. (2020 Sep 10) 8 [Internet]. [cited 2023
Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/33015001/.

Y. Jia, L. Yu, T. Ma, W. Xu, H. Qian, Y. Sun, et al., Small extracellular vesicles
isolation and separation: current techniques, pending questions and clinical
applications, Theranostics 12 (15) (2022) 6548-6575 [Internet]. [cited 2024 Jun
24]. Available from: https://pubmed.ncbi.nlm.nih.gov/36185597/.

M. Xu, T. Feng, B. Liu, F. Qiu, Y. Xu, Y. Zhao, et al., Engineered exosomes:
desirable target-tracking characteristics for cerebrovascular and
neurodegenerative disease therapies, Theranostics 11 (18) (2021) 8926-8944
[Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.ncbi.nlm.nih.
gov/34522219/.

P. Wang, G. Theocharidis, I.S. Vlachos, K. Kounas, A. Lobao, B. Shu, et al.,
Exosomes derived from epidermal stem cells improve diabetic wound healing,
J. Invest. Dermatol. 142 (9) (2022 Sep 1) 2508-2517.e13 [Internet]. [cited 2023
Dec 2]. Available from: https://pubmed.ncbi.nlm.nih.gov/35181300/.

C.Y. Chen, S.S. Rao, L. Ren, X.K. Hu, Y.J. Tan, Y. Hu, et al., Exosomal DMBT1 from
human urine-derived stem cells facilitates diabetic wound repair by promoting
angiogenesis, Theranostics 8 (6) (2018) 1607-1623 [Internet]. [cited 2023 Dec
2]. Available from: https://pubmed.ncbi.nlm.nih.gov/29556344/.

X. Qian, N. An, Y. Ren, C. Yang, X. Zhang, L. Li, Inmunosuppressive effects of
mesenchymal stem cells-derived exosomes, Stem Cell Rev. Rep. 17 (2) (2021 Apr
1) 411-427 [Internet]. [cited 2024 Jun 24]. Available from: https://pubmed.
ncbi.nlm.nih.gov/32935222/.


https://pubmed.ncbi.nlm.nih.gov/32800897/
https://pubmed.ncbi.nlm.nih.gov/36902502/
https://pubmed.ncbi.nlm.nih.gov/35910794/
https://pubmed.ncbi.nlm.nih.gov/33061359/
https://pubmed.ncbi.nlm.nih.gov/28841158/
https://pubmed.ncbi.nlm.nih.gov/36362890/
https://pubmed.ncbi.nlm.nih.gov/33015001/
https://pubmed.ncbi.nlm.nih.gov/36185597/
https://pubmed.ncbi.nlm.nih.gov/34522219/
https://pubmed.ncbi.nlm.nih.gov/34522219/
https://pubmed.ncbi.nlm.nih.gov/35181300/
https://pubmed.ncbi.nlm.nih.gov/29556344/
https://pubmed.ncbi.nlm.nih.gov/32935222/
https://pubmed.ncbi.nlm.nih.gov/32935222/

	Exosomes from mesenchymal stem cells: Potential applications in wound healing
	1 Introduction
	2 ADSC-exos
	2.1 NcRNAs from ADSC-exos
	2.1.1 MiRNAs from ADSC-exos
	2.1.2 LncRNAs from ADSC-exos
	2.1.3 CircRNAs from ADSC-exos

	2.2 Proteins from ADSC-exos

	3 BMSCs-exos
	3.1 MiRNAs from BMSC-exos
	3.2 LncRNAs from BMSC-exos
	3.3 CircRNAs from BMSC-exos

	4 PMSC-exos
	4.1 HucMSC-exos
	4.1.1 NcRNAs from hucMSC-exos
	4.1.2 Proteins from hucMSC-exos

	4.2 hAMSC-exos
	4.3 WJMSC-exos

	5 hiPSC-MSC-exos
	6 FDMSC-exos
	7 MenSC-exos
	8 MSC-exos in scars
	9 Discussion
	10 Conclusion
	Abbreviations
	Funding
	Ethics approval and consent to participate
	Consent for publication
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


