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Abstract: Wound healing is a sophisticated and orderly process of cellular interactions in which the body restores tissue architecture
and functionality following injury. Healing of chronic diabetic wounds is difficult due to impaired blood circulation, a reduced immune
response, and disrupted cellular repair mechanisms, which are often associated with diabetes. Stem cell-derived extracellular vesicles
(SC-EVs) hold the regenerative potential, encapsulating a diverse cargo of proteins, RNAs, and cytokines, presenting a safe,
bioactivity, and less ethical issues than other treatments. SC-EVs orchestrate multiple regenerative processes by modulating cellular
communication, increasing angiogenesis, and promoting the recruitment and differentiation of progenitor cells, thereby potentiating the
reparative milieu for diabetic wound healing. Therefore, this review investigated the effects and mechanisms of EVs from various stem
cells in diabetic wound healing, as well as their limitations and challenges. Continued exploration of SC-EVs has the potential to
revolutionize diabetic wound care.
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Introduction
The skin is the largest organ of the body and is extremely vulnerable to disruption and impairment by various factors.'
Repairing skin wound damage is extremely important for maintaining the integrity and functionality of the skin.
However, cutaneous wound healing involves a series of successive, overlapping, and sophisticated processes involving
crosstalk and coordinated interactions among multiple cell types and can be divided into four phases: hemostasis,
inflammation, proliferation, and tissue remodeling.”

Diabetes mellitus (DM) is a persistent metabolic disease with progressively increasing morbidity and mortality rates
that is characterized by chronically elevated blood glucose and results in disruption of the organic microenvironment.®°

Importantly, the complications caused by diabetes cannot be ignored. Refractory cutanecous wounds, represented by
diabetic foot ulcers (DFUs), are a typical complication characterized by an adverse inflammatory response, impaired
angiogenesis, and disturbed extracellular matrix (ECM) remodeling’ (Figure 1). These complications can cause severe
clinical outcomes, disability, deformity, and even mortality, thus creating a major public health burden. Therefore,
exploring novel programmatic strategies for diabetic wound healing has practical clinical value.

Stem cells are undifferentiated cells that exhibit multiple functions, such as multidirectional differentiation, self-
renewal potential, and paracrine bioactivity.8 Stem cells are abundant in natural sources, such as bone marrow, fat,
placenta, and epidermis.” Stem cell-based remedies have been extensively documented for neurological, circulatory,
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Graphical Abstract

Stem cell-derived extracellular vesicles to promoting diabetic wound healing
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Figure | Skin structure and comparison of normal and diabetic wounds. The skin is composed of the epidermis, dermis, and subcutaneous layers. The outermost layer of
the epidermis is the stratum corneum, which can assist the organism in retaining moisture and protecting it from external infections. The dermis is the structural framework
of the skin and consists of fibers, matrix, and cellular components, and cells within the dermis include FBs, ICs, and other cells. The hypodermis is mainly composed of loose
connective tissue and adipocytes and has an important function in storing energy and warmth and cushioning pressure. Compared with wounds during the normal wound
healing process, diabetic wounds are susceptible to infection and delayed healing due to microenvironmental disturbances induced by HG. Additionally, diabetic wounds are
adversely characterized by prominent inflammation, impaired angiogenesis and oxidative stress damage, and dysfunctional ECM remodeling.
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orthopedic, and other systemic diseases.'®'? However, stem cell therapies still face major controversies and challenges,
including low survival rates, inevitable risks of tumors, and ethical issues associated with donor sources.?

Currently, exocrine derivatives have attracted increased attention as the primary substances that mediate the functional
activity of stem cells. Extracellular vesicles (EVs), the donors of which can be almost any type of cell, are secreted into the
extracellular space in the form of membrane vesicles. EVs can be absorbed and internalized by recipient cells.'* EVs serve as
important mediators of intercellular communication and molecular crosstalk and are deeply involved in various physiopatho-
logical processes in individual organisms.'> Remarkably, stem cell-derived EVs map to parental cells, resulting in increased
safety and local survival and decreased ethical and embolic risks during the therapeutic process'® (Figure 2). Stem cell-derived
extracellular vesicles (SC-EVs) contain many non-coding RNAs (ncRNAs), DNA molecules, proteins, and metabolites that
stimulate and recruit downstream molecules and effector cells to induce a series of cascading responses. Specifically, EVs can
result in a multilayered restoration through various positive effects, including the modulation of immune polarization,
suppression of oxidative stress-induced damage, anti-inflammatory effects, revascularization, endothelial regeneration, and
promotion of collagen remodeling during wound healing.'” Furthermore, SC-EV's possess superior plasticity and expand-
ability. Pretreating the original stem cells with pharmacological and physical measures or by the targeted editing of the
effective components in EV's can substantially increase the therapeutic efficacy of EVs.'®

SC-EVs, are emerging as potent facilitators of wound healing due to their nanoscale size, allowing for deep tissue
penetration and direct interactions with target cells. SC-EVs are packed with a variety of bioactive molecules such as
growth factors, signaling molecules, and nucleic acids inherited from their parent cells. These components are crucial for
promoting key healing processes, including cell proliferation, angiogenesis, and tissue remodeling. The adaptability of
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Figure 2 The sources, recipient cells, surface markers, and contents of SC-EVs. A wide range of sources of EVs, represented by stem cells as donor cells, have potential
therapeutic effects on diabetic wound healing. Specifically, these include ADSCs, BMSCs, PMSCs, EPCs, ESCs, iPSCs, hFSCs, USCs, and MenSCs. In the process of diabetic
wound healing, EVs from various stem cells can exert a positive influence on recipient FBs, KCs, ECs, and ICs, demonstrating robust biological healing capabilities. EVs
present well-characterized surface biomarkers and contents, and SC-EVs are analogous to normal EVs. The surface markers can be categorized as biogenesis-related
proteins (Alix, TSGI0I), membrane transport and fusion proteins (Annexin, Rab5), tetraspanins (CD8I, CDé3, CD9), receptors, antigen presentation-related proteins
(MHC, HLA-G), and adhesion proteins (CD31, ICAM-1, integrins). EVs contain an abundance of constituents that can be generalized as DNAs, mRNAs, miRNAs, IncRNAs,
circRNAs, HSPs, metabolites, proteins, and enzymes. ICAM-1, intercellular cell adhesion molecule-1; HSPs, heat shock proteins.

International Journal of Nanomedicine 2024:19 https: 4359
Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

stem cell-derived EVs is particularly noteworthy. SC-EVs can be functionally and compositionally tuned to respond to
various stimuli, enhancing their therapeutic efficacy. This tunability allows for targeted delivery and modification,
tailoring the SC-EVs to meet specific healing needs and improving their integration into cellular repair networks. As
natural mediators of intercellular communication, SC-EVs facilitate bidirectional interactions with cells in the wound,
strengthening cellular repair effects and accelerating the healing process. In summary, SC-EVs are significant candidates
for optimizing wound healing by delivering essential bioactive molecules, enhancing cellular communication, and
adapting to the dynamic wound environment. Therefore, this review focuses on the detailed mechanisms of diverse
categories of SC-EVs in treating diabetic wound healing, intending to provide novel options for wound healing therapy.

The Mechanism of Stem Cell-EVs in Diabetic Wound Healing
ADSCs

Among adult stem cells, adipose-derived stem cells (ADSCs) possess considerable potential for utilization in cell therapy
and tissue engineering. This potential is attributed to easy accessibility, active secretory activities, and immunomodula-
tory capacity.'® Recently, ADSC-derived EVs (ADSC-EVs) are paramount paracrine activators of ADSCs for retaining
the function of the original cells with lower immunogenicity and deeper applications. In particular, ADSC-EVs are
considered robust candidates for use in diabetic wound healing because of their potential functions of regulating cell
proliferation and apoptosis and participating in angiogenesis, immunomodulation, and ECM remodeling.?' It is worth
noting that gene editing technology offers the possibility of amplifying the characteristic substances and functional

synergies of cells.*> >

EVs from ADSCs

ADSC-EVs are mapped derivatives of parental cells with the ability to alleviate the negative effects of oxidative stress
and have anti-inflammatory characteristics.”® Xiao et al found that ADSC-derived exosomes (ADSC-exos) could
upregulate SIRT3 expression and strengthen the activity of SOD2, which alleviated oxidative stress and inflammatory
response and promoted vessel formation, thereby achieving remarkable healing efficacy in chronic diabetic wounds.?’
Besides, the binding of HSP90 on the surface of ADSC-exos binding to the LRP1 receptor could stimulate the activation
of the AKT signaling pathway, thereby reducing hypoxia and oxidative stress damage induced by high glucose(HG).?®
ADSC-EVs probably provided a novel treatment for enhancing diabetic corneal epithelial wounds based on the efficient
anti-inflammatory effects. Wang et al found that ADSC-EVs decreased the level of pro-inflammatory cytokines such as
IL-6, TNF-a, and IL-1B, caused by dendritic cells (DCs) through activation of the NGF/TrkA pathway.?’

ADSC-EVs can be absorbed by dermal fibroblasts (FBs) and promote their physiological activity, mediating collagen
deposition and matrix remodeling.*® Zhao et al demonstrated that ADSC-exos strengthened the proliferative, migratory,
and invasive capabilities of human dermal fibroblast WS1 cells in vitro. Furthermore, ADSC-exos accelerated wound
healing in db/db mice by downregulating MMP-1 and MMP-3 expression, thus promoting collagen deposition.*® The
secretion of MMP-9 is an important factor in the healing process. ADSC-EVs induced proliferation and MMP-9 secretion
in HaCaT cells. In vivo animal model, ADSC-EVs accelerated epithelization and collagen enrichment to promote
diabetic wound closure by inhibiting MMP-9 expression.*! Xiao et al demonstrated that in vitro, ADSC-exos increased
the proliferative and migratory abilities of HDFs and promoted proliferation and tube formation in HUVECs.
Additionally, these researchers combined ADSC-exos with human acellular amniotic membrane (hAAM) biomaterials,
and hAAM exhibited favorable efficacy when combined with ADSC-exos. In addition, hAAM loaded with ADSC-exos
effectively regulated inflammation, stimulated vascularization, and facilitated ECM deposition to promote diabetic
wounds in vivo mouse model.*

TGF-B1, as a responsive molecule, participates in diabetic ADSC-EVs mediated cellular crosstalk and initiates wound
regeneration in the early stage.”* Xu et al found that ADSC-exos could induce macrophages to activate the TGF-p/Smad3
signaling pathway via increased TGF-f1 secretion. Besides, TGF-B1 could activate the FBs in an autocrine manner to
increase TGF-B1 production, thus promoting ECM deposition and re-epithelization leading to the healing of diabetic
wounds.>*
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The unique features of EVs can be fully demonstrated by rescuing AGE-mimicked disorders of diabetic micro-
environments in vitro. Wang et al discovered that ADSC-exos assisted in the recovery of diabetic wounds by
suppressing the apoptosis and promoting re-epithelialization and angiogenesis of keratinocytes (KCs) conditioned
with advanced glycation end-product (AGE) through inhibiting Fas/Fasl signaling pathway.*> Similarly, Liu et al
ADSC-EVs substantiated that exhibited capabilities in promoting HIF-1a mediated angiogenesis proliferation, migra-
tion, and tube formation of AGE-treated HUVECs. Specifically, the activation of hypoxia-related PI3K/AKT/mTOR
signaling pathway induced HIF-1a and vascular endothelial growth factor (VEGF) upregulation to incorporate these
promotion effects.*®

EV-Derived miRNAs from ADSCs

MicroRNAs (miRNAs) are a group of small ncRNAs operating in the post-transcriptional regulation of gene expression
and efficiently regulate cell growth, differentiation, and apoptosis among various cellular activities.>’** ADSC-EVs
contain various miRNAs with several excellent properties, such as physicochemical stability and multidimensional
packaging properties. And these miRNAs from ADSC-EVs are also modified and customized by the original cells.*
Based on these natural dominances, Lv et al found that ADSC-exos with miR-21-overexpression exerted a potent effect
in boosting KC proliferation by activating Wnt/B-catenin signaling in vitro, and thus further alleviating diabetic wounds,
accompanied by re-epithelialization, collagen synthesis, neovascularization, and vessel maturation.** Moreover, Ge et al
explored that miR-132-overexpressing ADSC-exos enhanced the healing of diabetic wounds by mitigating regional
inflammation, facilitating collagen production, promoting the microvascular generation, and stimulating the polarization
of M2 macrophages by suppressing the NF-kB pathway.*'

EV-Derived IncRNAs from ADSCs

LncRNAs are a type of ncRNA that are located in the nucleus and cytoplasm of eukaryotic cells and are more than 200
bp in length.** LncRNAs have regulatory functions in cell proliferation, invasion, metastasis, apoptosis, and immune
response, which are accomplished through epigenetic modification, transcriptional regulation, and translational
regulation.*> LncRNAs are inextricably linked to the regulation of cellular functions and critical biological pathways,
demonstrating their potential in diabetic wound healing. The overexpression of linc00511 in ADSC-exos demonstrated
competency in DFU healing through inducing angiogenesis, which was attributed to suppressing PAQR3-induced Twistl
ubiquitination degradation.** Apart from this, IncRNA MALAT1 in ADSC-exos downregulated the expression of miR-
378a and upregulated downstream FGF2, thus enhancing the proliferative and migratory ability of human skin fibroblasts
(HSFs) and offering a potential therapeutic target for diabetic wound healing.*’

EV-Derived circRNAs from ADSCs

Circular RNAs (circRNAs) belong to the family of ncRNAs that are linked in an end-to-end manner to form single-
stranded circular molecules with covalently closed forms. CircRNAs are widespread in natural species and are commonly
known for their diversity, evolutionary conservation, stability, and specificity.*® Wang et al showed that high expression
of circ-Astnl in ADSC-exos decreased apoptosis and promoted angiogenesis in endothelial precursor cells (EPCs)
induced by HG and promoted diabetic ulcers via the miR-138-5p/SIRT1/FOXO1 signaling pathway. This study posed
a novel circ-Astn1/miR-138-5p/SIRT1 axis as a therapeutic target.*’

Further studies demonstrated that mmu_circ_0001052 and mmu_circ_0000250 served as inducers involved in the
angiogenesis of endothelial cells (ECs) in HG environments. The mmu_circ_0001052-modified ADSC-exos regulated
the miR-106a-5p and FGF4/p38MAPK axis, thereby promoting proliferation, migration, and angiogenesis of HUVECs
treated with HG, which in turn improved wound healing in DFU mice.*® In addition, the high level of mmu -
circ_0000250 in ADSC-exos promoted the uptake of miR-128-3p, which led to the upregulation of SIRT1 and
subsequent activation of autophagy, strengthening the therapeutic efficacy of exosomal mmu_circ_0000250/miR-128-
3p/SIRT1 in diabetic wound healing.** HIF-1a possesses critical functions in the promotion of angiogenesis and VEGF
secretion and is regarded as the pivotal switch in diabetic wound healing.”® CircRNAs synergistically contribute to the
healing effect via up-regulating downstream HIF-la content. Wang et al found that Circ-Gcapl4 from hypoxia-
preconditioned ADSC-exos showed the potential in expediting diabetic wound healing. This function can be achieved
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by circ-Geapl4 down-regulating miR-18a-5p and further promoting downstream HIF-1o expression.’’ In contrast, circ-
Snhgl1-overexpressing ADSC-EVs inhibited HG-induced EC injury and triggered M2 macrophage polarization via the
miR-144-3p/HIF-1a axis, and these effects ultimately caused the healing of diabetic wounds.”*

EV-Derived Proteins from ADSCs

Nuclear factor erythroid 2-related factor 2 (Nrf2) exhibits a positive response to exogenous and endogenous oxidative
stress, which represents a valid target for diabetic wound healing.>® Li et al showed that Nrf2-overexpressing ADSC-exos
effectively prevented EPC senescence by inhibiting reactive oxygen species (ROS) and the inflammatory cytokines IL-
1B, IL-6, and TNF-a. Consequently, Nrf2-overexpressing ADSC-exos were shown to contribute to accelerated vascular-
ization in diabetic rat wounds.’* Nuclear factor I/C (NFIC) belongs to the factor I family, which is involved in the
modulation of diabetes-related diseases, such as diabetic nephropathy.”> However, the effectiveness of this molecule in
treating diabetic wounds has not been adequately validated. Huang et al reported that the overexpression of NFIC in
ADSC-exos could revise HG-induced HUVEC injury by promoting miR-204-3p expression and further triggering the
downstream HIPK?2 suppression. Therefore, NFIC in ADSC-exos ameliorated DFU by modulating the miR-204-3p/
HIPK?2 axis.’® Previous studies have shown that ginsenoside (Rg-1) can upregulate the expression of IRF1 to promote
wound closure in DFUs.””® Interestingly, Wu et al reported that IRFl-overexpressing ADSC-exos was able to
strengthen the proliferation and migration of FBs as well as the angiogenesis ability of ECs via the regulation of the
miR-16-5p/SP5 axis, thus facilitating the DFU wound healing.’® HIF-la is a cardinal regulator-induced cellular
adaptation to hypoxia and wound healing promoter.®® Consequently, HIF-1a-overexpressing ADSC-exos significantly
improved the proliferation and migration of FBs and the formation of ECM in vitro. These modified exosomes also
inhibited early inflammation by activating the PI3K/AKT pathway, thus achieving ideal diabetic wound healing.®'

Pretreatment with ADSC-EVs

MSCs subjected to various preconditioning methods in vitro showed effective activation of diverse vital signaling
pathways and rescue of their loss of function. Consequently, pretreatment approaches can improve the therapeutic
efficacy of MSCs in tissue engineering and regenerative medicine.®? Further research illustrated that pretreated stem cells
showed superior paracrine effects and hence strengthened the impact of ADSC-EVs on the healing of diabetic wounds.
For instance, low-intensity ultrasound could enhance the generation of wound healing-related miRNAs in ADSC-exos,
including let-7b-5p, miR-17-5p, miR-99b-3p, miR-106b-3p, miR-140-3p, miR-143-5p, miR-145-5p, miR-222-3p, miR-
320a-3p, miR-423-5p, miR-493-3p, miR-589-5p, miR-94.Additionally, ultrasound-pretreated ADSC-exos could facilitate
FB, KC, and EC proliferation and migration and increase diabetic wound healing in db/db mice in vivo through re-

epithelialization, collagen production, and angiogenesis process.®

Whereas, Wang et al found that hypoxia-
preconditioned ADSC-exos could enhance the secretion of vascular growth factors and ECM via PI3K/AKT pathway
activation, thereby promoting fibroblast proliferation and migration ability. Additionally, these EVs could also upregulate

inflammatory factors and chemokines to improve the velocity and efficiency of diabetic wound healing®* (Figure 3).

BMSCs

BMSCs are multipotent cells that can self-renew, differentiate into various cell types, and produce diverse biologically
active molecules.®> BMSCs hold considerable potential for application in regenerative medicine. Extensive evidence
suggests that BMSCs exhibit promising therapeutic strategies for wound healing and that EVs secreted by BMSCs offer
excellent clinical prospects for the treatment of diabetic wounds due to their good biocompatibility and immutability.

EVs from BMSCs

ADSC-EVs can enhance the migration, proliferation, and regeneration of new vessels in vascular ECs. Similar to ADSC-
EVs in wound healing, BMSC-EVs are effective accelerators of EPC tube formation in vitro and re-epithelization,
collagen deposition, and neovascularization in diabetic rats in vivo, which could be utilized for treating diabetic wounds
synergistically with small molecule Nrf2 activator tert-butylhydroquinone (tBHQ).%°
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Figure 3 The mechanisms of ADSC-EVs in diabetic wound healing. MiRNAs, IncRNAs, circRNAs, and proteins encoded by ADSC-EVs can positively modulate skin-related
effector cells, such as FBs, KCs, ECs, and ICs, consequently leading to cascading response variations and accelerating diabetic wound healing.

EV-Derived miRNAs from BMSCs

BMSC-EVs strengthened HaCaT cell migration, FGF-7 secretion, and anti-inflammatory effects and promoted re-
epithelialization, angiogenesis, and collagen deposition in mouse models in vivo, which effectively promoted diabetic
wound healing.%” This therapeutic effect is linked to miR-155, which is one of the earliest identified miRNAs. And miR-
155 is recognized as a regulator of the immune system and inflammation and is sensitive to the stimulation of
inflammation-related signaling pathways.®®

EV-Derived IncRNAs from BMSCs

LncRNAs are known to play important roles in mediating cell proliferation, migration, inflammation, apoptosis, and
autophagy.®® Several studies have shown that IncRNAs from BMSC-EVs are involved in various stages of diabetic
wound healing by regulating diabetic wound healing. LncRNA H19 from BMSC-exos promoted fibroblast proliferation
and migration, rescued fibroblast apoptosis and inflammation by inhibition of miR-152-3p, which in turn upregulated the
expression of PTEN, thus accordingly offering an effective therapeutic option for the healing of DFUs.”® And IncRNA
KLF3-AS1 derived from BMSC-exos protected the biological function of HUVECs from HG damage and promoted
neovascularization to expedite diabetic wound healing in full-thickness wounds of diabetic mice through downregulating
miR-383 and VEGFA secretion.”! Further research has demonstrated that the overexpression of IncRNA HOTAIR in
BMSC-EVs could increase VEGFA content in ECs, and reinforce the local angiogenesis effect to accelerate wound

healing in diabetic mice in vivo.”

EV-Derived circRNAs from BMSCs

CircRNAs participate in cell growth, migration, invasion, and apoptosis. Circ-ITCH, a renowned circRNA that spans
several exons of the itch E3 ubiquitin ligase (ITCH), plays a role in various diseases by sponging specific miRNAs.”?
Chen et al studied that circ-ITCH from BMSC-exos could specifically bind to TAF15 protein and induce Nrf2 pathway
activation. This process restrained ferroptosis and promoted HUVEC angiogenesis, thus providing an exotic perspective
to accelerate DFU wound healing.”*

Pretreated BMSC-EVs
Research has demonstrated that pretreatment can enhance the survival and biological function of MSCs in the
transplantation microenvironment, presenting novel ideas and possibilities for the treatment of diabetic wounds.”> The
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pretreatment of BMSC-EVs through cell culture with melatonin, pioglitazone, and atorvastatin (ATV) has yielded notable
outcomes in advancing the healing of diabetic wounds. Liu et al found that melatonin-pretreated BMSC-exos activated
the PTEN/AKT signaling pathway to increase the M2/M1 polarization ratio in vitro and in animal models in vivo to
inhibit inflammatory responses and facilitate diabetic wound healing.”® Yu et al reported that atorvastatin-pretreated
BMSC-exos promoted the vascularization of ECs in an in vivo rat model by upregulating miR-221-3p expression via the
AKT/eNOS pathway, providing a potent therapeutic method for facilitating the healing of diabetic wounds.”” Hu et al
reported that pioglitazone-treated BMSC-exos restored the proliferation and angiogenesis of HG-injured HUVECs and
increased their vascularization in vivo in a rat model by activating the PI3K/AKT/eNOS pathway, thereby facilitating
diabetic wound healing.”® Besides, IFN-y-pretreated BMSC-exos induced strong miR-126-3p enrichment, which pro-
moted the biological function of HUVECs, and ameliorated diabetic wounds mainly via the SPRED1/Ras/Erk axis in an
in vivo physiological model using mouse angiogenesis.”’ These results provide a solid therapeutic basis for the use of
BMSC-EVs to promote diabetic skin regeneration and repair.

PMSCs

Placentas are promising sources of MSCs due to their abundance and easy accessibility. PMSCs have proliferative,
migratory, clonal, and immunomodulatory potential, so these PMSCs have broad applications in the clinical field.*
PMSCs own the capacity to secrete plenty of cytokines and chemokines being tightly associated with angiogenic signal
transduction.®' These properties make PMSCs an advantageous weapon in the proangiogenic process. PMSCs include
MSCs from different placental tissue sections, such as human amniotic epithelial cells (hAECs) and human umbilical
cord mesenchymal stem cells (hUC-MSCs) among others.

hUC-MSCs

EVs from hUC-MSCs

EVs from hUC-MSCs enter the interior of effector cells by endocytosis. Thus, these exos can modulate cell functions and
increase the remediation efficacy during all stages of the wound healing process. Teng et al reported that h UC-MSC-exos
promoted the proliferation of HUVECs and NIH-3T3 cells in vitro and accelerated diabetic wound healing in diabetic
rats in vivo by facilitating M2 macrophage polarization, angiogenesis, and collagen deposition.*® Furthermore, hUC-
MSC-exos effectively suppressed HG-induced oxidative stress damage and increased angiogenesis and proliferation in
HUVECs, accelerating diabetic skin wound healing both in vitro and in vivo in diabetic mouse models.*® Liu et al
innovatively constructed cell aggregates (CAs) from hUC-MSCs based on specific culture and cell sheet engineering
technology, which could prevent cell volume loss due to digestion, preserve cell-to-cell interactions, and possess more
potent secretion power. CD31"EMCN" vessels, a specific vascular subtypephenotypically were certified the lower density
and impaired regeneration in mice with type 2 diabetes (T2D).** These researchers further explored whether EVs from
hUC-MSC-CAs stimulated CD31"EMCN" blood vessel regeneration through activating Notch signaling and increasing
the levels of proteins associated with angiogenesis, thus identifying a novel candidate for diabetic wound healing.

EV-Derived miRNAs from hUC-MSCs

HUC-MSCs transmit micromolecular miRNAs in the form of EVs and modulate downstream cascading signal transduction
variations correlated with tissue restoration in variable mechanisms. Ti et al demonstrated that high expression of let-7b in
LPS-pretreated hUC-MSC-exos effectively induced a phenotypic shift from M1 to anti-inflammatory M2 macrophages by
regulating the TLR4/NF-kB/STAT3/AKT signaling pathway to alleviate diabetic wounds.®® Similarly, Wei et al discovered
that a high content of miR-17-5p in hUC-MSC-exos promoted the proliferation, migration, and angiogenic activity of
HUVEC:s. In addition, exosomal miR-17-5p could down-regulated PTEN via activating the AKT/HIF-1a/VEGF signaling
pathway to promote angiogenesis, thus contributing to the healing of diabetic wounds.*

EV-Derived Proteins from hUC-MSCs
Endothelial nitric oxide synthase (eNOS) is regarded as a rate-limiting enzyme for the induction of NO synthesis.®’
Several studies have shown that NO is a crucial switch in the angiogenic process. Mice deficient in the eNOS gene
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exhibit delayed wound closure and impaired new vascular capillary growth.®® Therefore, Zhao et al discovered that
eNOS-loaded hUC-MSC-exos under blue light irradiation promoted tissue repair and reduced inflammatory cell infiltra-
tion and inflammation in diabetic wounds.®® These EVs could promote diabetic wound tissue regeneration through
activation of the PI3K/AKT/mTOR and FAK/ERK1/2 pathways and induction of autophagy.

Pretreated hUC-MSCs

Nocardia rubra cell wall skeleton (Nr-CWS) can effectively activate macrophages and promote angiogenesis, thereby
further accelerating skin wound healing.”® Qiang et al exploratively utilized the Nr-CWS-pretreated hUC-MSCs to
extract EVs contributing to the proliferation, migration, and tubular structure formation of HG-injured HUVEC: in vitro.
Furthermore, these EVs promoted angiogenesis in animal models in vivo through the circlARS1/miR-4782-5p/VEGFA
axis, which ultimately promoted diabetic wound healing.”!

hAMSCs

The superior advantages of human amniotic membrane-derived mesenchymal stem cells (hAMSCs) are their multi-
lineage differentiation, less tumourigenicity, and inhibition of inflammation.”” hAMSC-secreted EVs contain multiple
IncRNAs. Fu et al reported that several IncRNAs associated with neovascularization were included in hAMSC-exos such
as PANTRI1, H19, OIP5-AS1, and NR2F1-AS1. These exosomal IncRNAs could promote diabetic wound healing
through angiogenesis.” In addition to this, it is also possible to reverse the biological abilities of FBs and HUVECs
induced by HG damage in vitro as well as exert a pro-angiogenic effect to promote diabetic wound healing in vivo mouse
models, which was mechanically through the activation of PI3K/AKT/mTOR pathway.”*

EPCs

Endothelial progenitor cells (EPCs) are viewed as the precursor cells of vascular ECs and are promoters of damaged
blood vessel reparation and generate radioactive factors such as VEGF, which play an essential role in the course of
vascular genesis and development.”® Li et al studied that EPC-exos increased the proliferation, migration, and tube
formation function of vascular ECs in vitro by enhancing the synthesis of pro-angiogenic molecules, thus representing
a promising therapeutic approach for diabetic wound healing.”® Besides, Zhang et al found that EPC-exos significantly
increased vasculogenic capacity in vitro and distinctly promoted diabetic cutaneous wound regeneration. These research-
ers further confirmed that Erk1/2 signaling activation was a critical mechanism in the process.”’ In contrast, Xu et al
found that EVs positively regulate cellular function through certainly enriched miRNAs by analyzing the miRNAs
contained in EVs, such as miRNA-221-3p, one of the miRNAs with high expression in EPC-exos, which was closely
correlated with promoting diabetic skin wound healing through angiogenesis enhancement.”® Li et al verified that
upregulated miR-182-5p containing EPC-exos improved the ability of proliferation, and migration, and inhibited
apoptosis in HaCaT cells, accelerating the process of wound healing in diabetic mice by inhibiting PPARG
expression.”® Furthermore, preprocessing can enhance the beneficial impact of EVs. For instance, astragaloside IV
pretreatment could efficiently boost the secretion of EVs. Particularly, the abundant miR-126-3p in EPC-exos enhanced
the proliferation and migration function of HUVECsS via inhibiting pyroptosis achieved by VEGF/PI3K/AKT axis, which

performed tremendous substantial value in promoting diabetic wound regeneration.'*’

ESCs

Stem cells located in the epidermis and hair follicles are called embryonic stem cells (ESCs) and have beneficial
functions in the maintenance of adult skin homeostasis and hair growth, as well as for epidermal reparative regeneration
after injury.'”" EVs are characterized as a forceful tool for diabetic epithelial cell repair and as representative of the
paracrine function of ESCs. Xu et al explored that ESC-exos alleviated the excessive autophagy-mediated HUVEC
apoptosis under HG and facilitated angiogenesis, which was the mechanism through activating the miR200b-3p/SYDE1/
RAS/ERK autophagy pathway.'®> High-throughput sequencing data of small RNAs included in ESC-exos indicated that
the overall proportion of microRNAs was greater than that in fibroblast EVs. Wang et al found that ESCs-exos mainly
controlled the PI3K/AKT and TGF-B signaling pathways to achieve the positive regulatory function in fibroblast
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proliferation and migration and M2 macrophage polarization in vitro. In diabetic mouse wounds, ESC-exos significantly
accelerated diabetic wound healing by inhibiting the inflammatory response and enhancing proliferative and
vascularization.'”> Yang et al found that enriched miR-203a-3p in ESC-exos targeted SOCS3 and induced downstream
JAK2/STAT3 signaling pathway activation to stimulate M2 macrophage polarization. The mechanism was also demon-

strated in vivo mouse models to provide a better therapeutic effect in diabetic wound healing.'®*

iPSCs

The generation of induced pluripotent stem cells (iPSCs) is a unique and productive process that can be simply
summarized as reprogramming cells under appropriate culture conditions with inducible factors followed by the
195 iPSCs have formidable traits similar to those of ESCs,

possessing the self-renewal and multidirectional differentiation ability into many types of cells, even the

reprogramming of somatic cells into pluripotent stem cells.

cardiomyocytes.'°® The innovation in iPSC technology pioneers a completely revolutionary paradigm for regenerative
medicine, disease model establishment, and drug research. However, the biological functions of EVs as an iPSC
derivation have not been fully demonstrated. Kobayashi et al found that iPSC-exos facilitated the migration and pro-
angiogenesis effect of FBs. In vivo mouse models, iPSC-exos enhanced vascularization and nerve regeneration, which
accelerated diabetic wound closure.'”” Notably, iPSC-derived MSCs (iMSCs), as one of the emerging types of MSC
providers, against the limitations of amplification restriction and donor variability, have a greater preponderance in
scalability and potential for tissue reparation.'” Both the iMSCs and iPSCs simultaneously as novel sources of MSCs
performed better donor compatibility and extensibility. However, compared with iMSCs, undifferentiated iPSCs are less
expensive in terms of reproducibility and practicability. Levy et al compared iPSC-EVs to donor-matched iMSC-EVs and
found that iPSC-EVs demonstrated a proximate pro-angiogenic capacity and a greater anti-inflammatory capacity
in vitro. In addition, the preferred healing of diabetic wounds confirmed the curative potential of iPSC-EVs, which
was functionally achieved through immunoregulation in the induction of anti-inflammatory macrophage phenotypes
induction.'” Bioinspired nanovesicles (NVs) prepared through continuous cellular extrusion mode can be deemed as
exosome mimetics that have comparable cell membranes and sizes. These new types of NVs are enriched with more
proteins and RNAs than EVs, as well as exhibiting greater productivity.''® Zhang et al utilized iPSC differentiation into
ECs in anticipation of gaining further pro-angiogenic efficacy and innovatively constructed NVs. These researchers
found that DA-loaded NVs derived from iPSC-ECs could target the delivery of DA to ECs based on abundant CXCR4 on
the membrane surface, and enhance the tube formation of ECs. Moreover, these DA-loaded NVs promoted angiogenesis,
epidermis regeneration, and collagen deposition via the HIF-1o/VEGFA pathway, thus accelerating diabetic wound

111

healing.

hFSCs

The hair follicles derived from the ectoderm, are the primary appendages of the skin. HFs are a workshop for stem cells
and a germination center for hairs, with the function of remodeling the microenvironment of skin.''? Hair follicle
mesenchymal stem cells (hWFSCs) have the advantageous merits of being readily available, having high proliferative and
differentiation capacity, and the lack of ethical arguments about stem cell origin, thereby making HF-MSCs the ideal
candidates for cellular therapies and tissue engineering.''> HFSC-derived EVs (hFSC-EVs) have gradually become
a promising option for skin rejuvenation and regeneration, and the reason is the inheritor of the dominant cellularity from
provenance. Yang et al found that IncRNA H19 overexpression from HF-MSC-exos promoted HaCaT proliferation,
migration, and inhibited apoptosis in vitro, and further enhanced diabetic skin wound healing in mouse models in vivo by

reversing the stimulation of NLRP3 inflammasome-induced pyroptosis.''*

USCs

Urinary-derived stem cells (USCs) obtained from a non-invasive collection method are excellent sources of transplantable cells
for regenerative therapy and possess the advantages of high stemness properties and expandability, pluripotent differentiation
potential, and immune-modulating potential. USCs can be used to repair epidermal and uroepithelial damage.'"® Previous studies
have validated DMBT]1 as an important endothelial-derived ECM protein that is capable of binding angiogenic factors and
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contributing to adhesion, migration, proliferation, angiogenesis, and vascular repair.''® Chen et al discovered that DMBTI in
USC-derived exosomes could enhance the pro-angiogenic ability of ECs, and could also promote the formation of new blood

vessels in vivo mouse models to expedite diabetic wound healing."”

MenSCs

Endometrial stem/progenitor cells from menstrual blood, which are identified as menstrual blood-derived mesenchymal stem
cells (MenSCs), are effectively used in stem cell therapy based on their abundance, remarkable proliferation, and autologous
transplantation capacity.''® Investigations of MenSC-derived EVs are still in the preliminary stages, Dalirfardouei et al
discovered that MenSC-derived exosomes could lead to M1-M2 macrophage polarization to alleviate inflammatory reaction,
and accelerated re-epithelialization by stimulating the NF-kB p65 subunit and NF-kB pathway, ultimately attenuating scar
formation and reducing the collagen I: collagen I1I ratio, which might be a valuable tool in diabetic wound healing''® (Figure 4).

Challenges and Future Perspective
In summary, SC-EVs have regenerative potential; encapsulate diverse cargoes of proteins, RNAs, and cytokines; and
exhibit safety, bioactivity, and few ethical issues. SC-EVs intricately coordinate organized regenerative processes by

Notch signaling

circlARS1/miR-4782-5p/VEGFA

PANTR1,
H19,
OIP5-AS1,
NR2F1-AS1

A. BMSCs B. PMSCs
AN

P TN
ﬂAF IncRNA H19 KlngzNg ) -
== L HOTAIR \

) 15i;i =

I
mil - atorvastatin
< C

(ﬁ PTEN VEGFA
PTEN/AKT pathway -

K_ PI3K/AKT/eNOS pathway\ \

&\i@{—‘(mm-ﬁﬁ-ﬁ%p)—’( SPREDURas/Erk)L o ) /

C. EPCs, ESCs q D. hFSCs, USCs, MenSCs
@ miR-182-5p
\‘\:

miR-126-3p
IncRNA H19 NF-kB
DMBT1 pathway
NLRP3
pyroptosis
Diabetic wound healing

( Diabetic wound healing )

(TLR4NFxB/STATHAKT ) | (CAKT/HIF-1a/VEGF )

(PiAKumTOR ) ( FAKERK1/2 )

miR-17-5p

\
\ ( SYDE1/RAS/ERKJ ( SOCS3/JAK2/STAT3 J

T f
( miR-200b-3p ) ( miR-203a-3p )

| BMsCs: bone marrow-derived mesenchymal stem cells PMSCs: placenta-derived mesenchymal stem cells ESCs: embryonic stem cells I

EPCs: menstrual blood-derived mesenchymal stem cells USCs: urinary-derived stem cells hFSCs: hair follicle mesenchymal stem cells I

Figure 4 The mechanism of other SC-EVs in diabetic wound repair. (A) EVs from BMSCs: MiR-221-3p, miR-126-3p, IncRNA HI9, IncRNA KLF3-AS|, IncRNA HOTAIR, and
circ-ITCH from BMSC-EVs are involved in the diabetic wound healing process by regulating cascade changes in downstream pathways. (B) EVs from PMSCs: The substances
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modulating intercellular communication, amplifying angiogenic responses, and facilitating the recruitment and differ-
entiation of progenitor cells. The orchestrated mechanisms synergistically promote the healing milieu crucial for diabetic
wound repair.

First, diabetic wound healing is a complex repair process involving multiple cells and factors, encompassing multiple
stages. Theoretically, SC-EVs could exert bioactive effects on nearly all skin cells, and consequently advance wound healing.
However, previous studies have primarily focused on the effects and mechanisms of SC-EVs on specific types or individual
skin cells, without a detailed analysis of their function across all cells. This might lead to a lack of reasonable analysis of which
skin cells SC-EVs have a dominant effect on. Then, wound healing encompasses four distinct yet overlapping phases. Existing
studies typically focus on the end-stage effects and mechanisms of SC-EVs, while their roles and mechanisms during the early
and middle stages of wound healing have not been fully elucidated. Moreover, analyses of the contents within SC-EVs have
predominantly concentrated on ncRNAs and metabolites, which represent only a portion of the bioactive components carried
by SC-EVs. Other components such as enzymes, lipids, and circRNAs, remain underexplored and warrant further investiga-
tion to optimize their effects on wound healing.'?’ It is worthwhile to emphasize the depth and breadth of SC-EVs in the future,
explore the mechanistic effects of EVs on different systems and pathways from a holistic and multidimensional perspective,
and construct a more ideal overall discursive approach.

Second, EVs are regarded as favorable candidates for cell-free regenerative medicine.'?! Nevertheless, EVs still face
several limitations and practical dilemmas in terms of storage, formulation, transportation, liberation, and overall mechanistic
understanding.'**'?* The establishment of standardized protocols, the implementation of scale-up strategies, and process
optimization are essential prerequisites for the future advancement of applications. The separation methods currently used for
EVs include ultracentrifugation, ultrafiltration, differential centrifugation, size chromatography exclusion, immunoaffinity,
and polymer precipitation.'*> Unfortunately, even though the extraction techniques are richly diverse, efficient, large-scale,
and highly cost-effective procedures have yet to be established. Moreover, EVs are complicated mixtures of components, for
which comprehensive and universally trustworthy characterization, as well as the complexity of transportation and storage, are
challenges that cannot be ignored.'® The guidelines for quality control of EVs, as a new cutting-edge biological agent, and the
related management of biosafety are not well established.'?” The establishment of a novel, comprehensive concept for EV
preparation is essential, with large-scale parent cell culture systems, suitable stem cell sources, stable contamination-free
culture conditions, and the genetic stability of donor cells being potential key breakthrough points to increase the abundance of
EVs. Future research will be dedicated to optimizing the preparation process for a more efficient, sustainable, and holistically
integrated model for producing EV systems. This endeavor is expected to markedly increase both the quality and quantity of
EV production, thereby advancing the development and application of this field.

Furthermore, worldwide applications for EVs in diagnostics and therapeutics have been expanding, while most
related research has concentrated on preclinical studies with cellular and animal experiments, rarely reaching the level of
clinical trials. However, the functions of EVs in the human microenvironment are largely unknown. Potential problems in
the human body concerning the mechanisms of uptake, transformation, and excretion of EV systems have not yet been
revealed. The security and underlying risks of EVs have yet to be evaluated.”® Given the broad understanding of the
mechanisms of EVs in treating different diseases and the ongoing technological advancements, there is an expectation
that EVs will exhibit a wider and more profound range of applications in human experiments.

Lastly, EV-based diabetic wound treatment presents many promising aspects. The three-dimensional cultivation pattern
based on the combination of stem cells and structural scaffold materials, by mimicking the cell growth environment in vivo, is
economical and practical in terms of time, space, manpower resources, and reagent consumables compared to the two-
dimensional conventional cultivation pattern, with the prospect of a robust and reproducible standardized workflow for
isolation.'* Moreover, biomaterials are used as loading and release systems for the exosomal system, both for their anti-
inflammatory and antimicrobial properties and as physical scaffolds to imitate the internal matrix and to modulate the slow
release of EV's by their self-degradation effect.'?*'*° Afterward, an efficient and feasible EV-biomaterial delivery system can
be further developed to fully exploit the advantages of each and to provide a formidable experimental basis for future research
on SC-EVs. Notably, SC-EVs offer a myriad of advantages and features in comparison to nanomedicine therapy and currently
hold a prominent position in cancer treatment, drug delivery, diagnostics, and imaging. EVs are naturally released vesicles
diverging from the typical artificial synthetic nature of nanomedicines and thereby exhibit superior biocompatibility,
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consequently ameliorating immune responses and toxicity."*! Additionally, SC-EVs can selectively target specific cells or
tissues through surface membrane proteins or ligands, facilitating targeted drug delivery while sparing surrounding normal
tissues from adverse effects.'*> SC-EVs also harbor the capacity to mediate intercellular communication by transmitting
signaling molecules, thereby regulating pathological processes.'** This novel delivery strategy has the potential for wider
application, and its ability to promote the healing of diabetic wounds is unquestionable. The systematic integration of
nanomaterials and exosomes provides a novel strategy for enhancing exosome activity.'>*'*® With a deeper understanding
of the biological properties of EVs, there is an opportunity to further optimize their preparation methods and nanomedicine
carrier functionality to improve their overall efficacy and biosafety. This optimization aimed to fully realize the potential of
EVs in promoting wound healing in diabetic patients, paving the way for major advances in therapeutic interventions for
diabetes-related wound care.

Conclusion

In summary, SC-EVs of diverse sources, ADSCs, BMSCs, PMSCs, EPCs, ESCs, iPSCs, hFSCs, USCs, and MenSCs,
exert a vital role in regulating various cellular behaviors, including FBs, KCs, ECs, and immune cells (ICs), by
preventing oxidative damage, accelerating vascular regeneration and re-epithelialization, and modulating immune
responses and collagen remodeling (Table 1). SC-EVs are formidable vehicles for facilitating healing and tissue

regeneration in diabetic wounds, thus expecting to be potential candidates for treating diabetic wounds.

137,138

Table 1 Application of Stem Cell-Derived Extracellular Vesicles in Diabetic Wound Healing

Exosomal Source Expression Mechanisms Ref.
Substance
miR-21-5p miR-21-5p-modified ADSC- Overexpression | Promoted KCs proliferation by activating Wnt/B-catenin [33]
exos signaling
miR-132 miR-132-ADSC-exos Overexpression | Stimulated the polarization of M2 macrophages by [34]
suppressing the NF-kB pathway
linc0051 | linc005 I I-modified ADSC- Overexpression | Inhibited PAQR3-induced Twist| ubiquitination to promote [37]
exos angiogenesis
IncRNA MALAT | ADSC-exos High Enhanced the proliferative and migratory ability of HSFs by [38]
expression downregulating the expression of miR-378a and upregulating
downstream FGF2
circ-Astn| ADSC-exos High Reduced apoptosis and promoted angiogenesis in HG- [40]
expression induced EPCs via the miR-138-5p/SIRTI/FOXO1 signaling
pathway
mmu_circ_0001052 mmu_circ_0001052-modified | Overexpression | Promoted proliferation and migration of KCs via Wnt/(3- [41]
ADSC-exos catenin signaling regulated the miR-106a-5p FGF4/p38MAPK
axis
mmu_circ_0000250 mmu_circ_0000250-modified | Overexpression | Enhanced angiopoiesis through enhancing SIRT | expression [42]
ADSC-exos by miR-128-3p absorption
circ-Geap 14 Hypoxia- Overexpression | Downregulated miR-18a-5p and further promoted [44]
preconditioned ADSC-exos downstream HIF-1la expression
circ-Snhgl | Hypoxia- Overexpression | Inhibited HG-induced EC injury and triggered M2 [45]
preconditionedADSC-exos macrophage polarization via the miR-144-3p/HIF-1a axis
Nrf2 Nrf2-modified ADSC-exos Overexpression | Inhibited ROS and inflammatory cytokine expression [47]
NFIC NFIC-modified ADSC-exos Overexpression | Promoted miR-204-3p expression and further triggered [49]
downstream HIPK2 repression
IRFI IRFI-modified ADSC-exos Overexpression | Strengthen the proliferation and migration of fibroblasts as [52]
well as the angiogenesis ability of ECs by regulating miR-16-
5p/SP5 axis
(Continued)
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Table 1 (Continued).

Exosomal Source Expression Mechanisms Ref.
Substance
HIF-la HIF-la-modified ADSC-exos | Overexpression | Inhibited early inflammation by activating the PI3K/AKT [54]
pathway
miR-155 miR-155- modified BMSC- Overexpression | Inhibited FGF-7 and promoted inflammatory effects [60]
exos
IncRNA HI19 IncRNA H19-modified BMSC- | Overexpression | Prevented fibroblast apoptosis and inflammation by inhibiting | [63]
exos the miR-152-3p/PTEN axis
IncRNA KLF3-AS| IncRNA KLF3-AS |-modified Overexpression | Promoted neovascularization through downregulating miR- [64]
BMSC-exos 383 and VEGFA secretion
IncRNA HOTAIR IncRNA HOTAIR-modified Overexpression | Increased VEGFA content in ECs and reinforced the local [65]
BMSC-exos angiogenesis effect
circ-ITCH circ-ITCH-modified BMSC- Overexpression | Bound to the TAFI5 protein and induced activation of the [67]
exos Nrf2 pathway
miR-221-3p ATV-pretreated BMSC-exos Overexpression | Strengthened angiogenesis by stimulating the activation of [70]
AKT/eNOS pathway
miR-126-3p IFN-y-pretreated BMSC-exos | Overexpression | Promoted angiogenesis through the SPRED I/Ras/Erk axis [72]
let-7b LPS-pretreated hUC-MSC- Overexpression | Induced a phenotypic shift from M1 to anti-inflammatory M2 | [78]
exos macrophages through regulating the TLR4/NF-«B/STAT3/
AKT signaling pathway
miR-17-5p hUC-MSC-exos High Down-regulated PTEN via activating the AKT/HIF-1a/VEGF | [79]
expression signaling pathway to improve the angiogenic
eNOS eNOS-modified hUC-MSC- Overexpression | Activated the PI3K/AKT/mTOR and FAK/ERK /2 pathways [82]
exos to induce autophagy
IncRNA PANTRI, hAMSC-exos High Promoted angiogenesis through activation of the PI3K/AKT/ | [87]
HI19, OIP5-ASI, and expression mTOR pathway
NR2F[-ASI
miRNA-221-3p EPC-exos High Promoted HaCaT proliferation, and migration and inhibited [9on
expression NLRP3 inflammasome-induced pyroptosis
miR-126-3p EPC-exos High Inhibited pyroptosis achieved by VEGF/PI3K/AKT axis [93]
expression
miR-203a-3p ESC-exos High Targeted SOCS3 and induced downstream JAK2/STAT3 [97]
expression signaling pathway activation to stimulate M2 macrophage
polarization
IncRNA HI19 IncRNA H19-modifiedHF- Overexpression | Promoted HaCaT proliferation, and migration, and reversed | [107]
MSC-exos the stimulation of NLRP3 inflammasome-induced pyroptosis
DMBTI USC-exos High Enhanced the Neovascular effect of ECs [r1o]
expression
Abbreviations

Adipose-derived mesenchymal stem cells (ADSCs); ADSC-derived EVs (ADSC-EVs); ADSC-derived exosomes (ADSC-
exos); advanced glycation end-product (AGE); atorvastatin (ATV); bone marrow-derived mesenchymal stem cells (BMSCs);
cell aggregates (CAs); circular RNAs (circRNAs); dendritic cells (DCs); diabetes mellitus (DM); diabetic foot ulcers (DFUs);
embryonic stem cells (ESCs); endothelial cells (ECs); endothelial nitric oxide synthase (eNOS); endothelial precursor cells
(EPCs); extracellular matrix (ECM); extracellular vesicles (EVs); fibroblasts (FBs); ginsenoside (Rg-1); hair follicle
mesenchymal stem cells (hFSCs); hFSC-derived EVs (HF-MSC-EVs); high glucose (HG); human acellular amniotic
membrane (hAAM); human amniotic epithelial cells (hAECs); human amniotic membrane-derived mesenchymal stem
cells (hAMSCs); human skin fibroblasts (HSFs); human umbilical cord mesenchymal stem cells (hUC-MSCs); immune
cells (ICs); induced pluripotent stem cells (iPSCs); iPSC-derived MSCs (iMSCs); itch E3 ubiquitin ligase (ITCH); keratino-
cytes (KCs); menstrual blood-derived mesenchymal stem cells (MenSCs); microRNAs (miRNAs); nanovesicles (NVs);
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Nocardia rubra cell wall skeleton (Nr-CWS); non-coding RNAs (ncRNAs); Nuclear factor erythroid 2-related factor 2 (Nrf2);
nuclear factor I/C (NFIC); placenta-derived mesenchymal stem cells (PMSCs); reactive oxygen species (ROS); stem cell-
derived extracellular vesicles (SC-EVs); tert-butylhydroquinone (tBHQ); type 2 diabetes (T2D); urinary-derived stem cells
(USCs); vascular endothelial growth factor (VEGF).
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