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Abstract: Diabetic foot ulcers (DFU) represent one of the most common side effects of diabetes, significantly impacting patients’
quality of life and imposing considerable financial burdens on families and society at large. Despite advancements in therapies
targeting lower limb revascularization and various medications and dressings, outcomes for patients with severe lesions remain
limited. A recent breakthrough in DFU treatment stems from the development of mesenchymal stem cells (MSCs). MSCs have shown
promising results in treating various diseases and skin wounds due to their ability for multidirectional differentiation and immuno-
modulation. Recent studies highlight that MSCs primarily repair tissue through their paracrine activities, with exosomes playing
a crucial role as the main biologically active components. These exosomes transport proteins, mRNA, DNA, and other substances,
facilitating DFU treatment through immunomodulation, antioxidant effects, angiogenesis promotion, endothelial cell migration and
proliferation, and collagen remodeling. Mesenchymal stem cell-derived exosomes (MSC-Exo0) not only deliver comparable therapeutic
effects to MSCs but also mitigate adverse reactions like immune rejection associated with MSCs transplantation. This article provides
an overview of DFU pathophysiology and explores the mechanisms and research progress of MSC-Exo in DFU therapy.
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Introduction

Diabetes stands out as one of the most significant and widespread chronic diseases globally. The number of people with
diabetes increased to 536.6 million in 2021 alone, and estimates show that figure will rise to an astounding 783.2 million by
2045."2 The metabolic imbalances linked to diabetes give rise to a myriad of complications, spanning from cardiovascular
and cerebrovascular disorders to neuropathy, retinopathy, and nephropathy.®* One of the notable complications is diabetic
foot ulcer (DFU), with estimates suggesting that approximately 15% of patients with diabetes experience DFU at some
point in their lives.>® DFU can significantly contribute to pain, deteriorate quality of life, impede mobility, and, in severe
cases, culminate in amputation. Global health-related costs associated with diabetes were expected to be 966 billion USD in
2021; estimates suggest that by 2045, these costs will have increased to 1.054 trillion USD.” Hence, diabetes mellitus and
its associated complications, such as foot ulceration, impose substantial human, societal, and economic burdens.

DFU typically manifests alongside symptoms of trophic disorders, such as ulceration or gangrene of the foot tissues,
as well as neuropathy and/or vascularization issues affecting the lower extremities. The underlying pathology is
characterized by chronic inflammation.®® Diabetic foot infection (DFI) can be caused by a wide range of microorgan-
isms, either alone or in combination. However, gram-positive cocci (GPC), especially staphylococci, are the most
common. Other common pathogens encompass Enterobacteriales, Enterococci, and Streptococci.'®'" Surgical debride-
ment, pressure reduction by weight-bearing management, treatment of lower extremity ischemia and foot infection, and
timely referral for multidisciplinary care are commonly used as first-line therapy for DFU.'?
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Graphical Abstract

Diabetic foot ulcer

Ulcer healing

Endovascular therapy has gained considerable traction in recent years as a method to enhance the quality of life for
DFU patients and preserve limbs by reinstating blood flow to the arteries of the lower extremities. The primary objective
is to alleviate rest pain and salvage limbs, while the secondary goal is to uphold the long-term patency of targeted blood
vessels.'*'* Nevertheless, due to the intricate nature of vasculopathy in diabetic foot patients, attaining long-term
vascular patency is often deemed exceedingly challenging.'> Therefore, a unique strategy to speed up diabetic wound
healing is desperately needed. For the treatment of ischemia in DFU, mesenchymal stem cells (MSCs) therapy has
become a viable substitute for conventional surgical and/or endovascular revascularization throughout the last 20
years.'¢'®

MSC:s are a kind of pluripotent stem cells that have the amazing capacity to differentiate into multiple lineages, such
as adipocytes, chondrocytes, osteoblasts, and vascular endothelial cells, as well as to self-renew, promoting angiogenesis
and tissue repair17 Moreover, MSCs can secrete various bioactive substances, such as growth factors, cytokines, and
exosomes, exerting immunomodulatory and anti-inflammatory effects. This endows them with broad application
prospects in the complex pathological environments of diabetes and cardiovascular diseases.'*° Multiple clinical studies
have shown that transplantation of MSCs is relatively safe, with no significant immune rejection reactions or malignant
proliferation observed.?' >* Due to their inherent immunosuppressive properties, MSCs can evade attacks from the host
immune system, reducing adverse reactions. Furthermore, exosomes derived from MSCs, as a cell-free therapeutic
approach, further reduce potential safety risks. In addition, in the treatment of diabetes, MSCs have demonstrated
positive effects by regulating glucose and lipid metabolism, improving islet function, and promoting the healing of
diabetic foot ulcers.***’

Recent studies indicate that the effects of stem cells are largely mediated by exosomes secreted by MSCs. The use of
exosomes circumvents several challenges associated with MSCs transplantation, such as cell survival rates, homing
abilities, and immune rejection.”® ?® Exosomes can deliver the bioactive molecules of MSCs without the complex

manipulations required for live cells, reducing the technical difficulty and risks of treatment. Additionally, the
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nanoparticle characteristics of exosomes grant them superior biodistribution and targeting capabilities. They can traverse
biological barriers within the body to precisely reach damaged tissues and achieve targeted release of therapeutic factors,
thereby enhancing therapeutic efficacy.”’ Moreover, exosomes possess strong anti-inflammatory and pro-healing proper-
ties; they can modulate the local immune microenvironment, alleviate chronic inflammatory responses, and promote
angiogenesis and cellular regeneration. This regulatory effect is more efficient than treatment with MSCs alone.**>' So
this review aims to clarify the pathophysiology of DFU and explore the mechanisms and recent advancements in
mesenchymal stem cell-derived exosome (MSC-Exo) therapy for DFU.

The Pathophysiology of DFU

The pathophysiology of the diabetic foot encompasses polyneuropathy and angiopathy, with a distinction between
microangiopathy and macroangiopathy. Approximately 60% of diabetic feet are primarily neuropathic, around 10%
exhibit solely peripheral arterial changes, and roughly 30% present a combination of both neuropathic and arterial

components.3 234

Vascular Changes in DFU

Peripheral artery disease (PAD) contributes to approximately 50% of foot ulcers in diabetic patients, with atherosclerosis
emerging as the leading cause of peripheral vascular disease.®” Irreversible non-enzymatic glycation, oxidative stress,
heightened inflammatory responses, endothelial dysfunction, and a hypercoagulable state are all factors that promote
atherosclerosis and exert a detrimental effect on wound healing.***’

Small and microvessels are the primary target of vascular lesions in diabetes patients, with lower limb lesions
predominantly affecting vessels below the knee, such as the tibial and peroneal arteries. Structural alterations in lower
limb vessels impede the delivery of nutrients and active leukocytes to lesion sites, heightening susceptibility to infection
and its severity. This dynamic accelerates the onset and progression of DFU.*® Moreover, diabetic patients display
a hypercoagulable state, predisposing them to micro thrombosis, particularly in smaller diameter end vessels. This
phenomenon exacerbates local ischemia and hypoxia within diabetic wound tissues, compounding the challenges of
wound healing.>’

Neuropathy of DFU

Research suggests that high blood glucose levels may interfere with the way important molecules involved in nervous system
plasticity function. In the dorsal root ganglion (DRG), this disturbance alters the expression patterns of heat shock proteins,
neuroregulatory proteins, B-tubulin proteins, and poly-ADP-ribose polymerase, leading to an elevated stress response and
mitochondrial malfunction. Consequently, axonal deformation occurs, causing permanent damage to the nervous system.***>
Diabetic foot ulcer neuropathy encompasses diabetic sensory, motor, and autonomic neuropathy.>****** Sensory neuropathy
reduces the perception of pain, leading to a diminished ability to detect injuries or wounds. Consequently, ulcerations may go
unnoticed by both patients and healthcare providers, increasing the risk of complications.*>*® Motor neuropathy contributes to
foot deformities and biomechanical abnormalities*’, while autonomic neuropathy results in skin changes such as dryness and
increased susceptibility to fissures. These alterations compromise the skin’s barrier function, making it more prone to
microbial invasion and subsequent dermal infections, including cellulitis.*®

Molecular Biological Mechanisms of DFU

Oxidative Stress Pathway (ROS-Nrf2 Pathway)

Patients with diabetes often experience prolonged hyperglycemia, which induces oxidative stress by increasing the
production of reactive oxygen species (ROS).*® The accumulation of ROS can damage cell membranes, proteins, and
DNA, leading to cellular dysfunction and necrosis. Under normal circumstances, Nuclear Factor E2-related Factor 2
(Nrf2) is the main regulator of antioxidant stress.*” When oxidative stress increases, Nrf2 is activated to initiate the
expression of antioxidant genes such as superoxide dismutase (SOD) and glutathione peroxidase (GPx).’*>! However, in
diabetic patients, the Nrf2 pathway is often impaired, resulting in decreased cellular antioxidant capacity, further
exacerbating tissue damage and ulcer formation.
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Nuclear Factor kB (NF-xB) Pathway

NF-xB is a key transcription factor regulating inflammatory responses. In a hyperglycemic environment, the NF-xB
signaling pathway is activated, leading to the release of a series of pro-inflammatory factors such as tumor necrosis
factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1p (IL-1B).** These inflammatory factors initiate and
sustain chronic inflammatory responses in local tissues, delaying wound healing. Activation of NF-kB also affects the
polarization state of macrophages, keeping them in a pro-inflammatory M1 state, which further deteriorates the local
inflammatory environment.>*

TGF-B/Smad Signaling Pathway

Transforming Growth Factor-beta (TGF-f) is an important regulatory factor in the wound healing process, responsible
for regulating cell proliferation, differentiation, and matrix remodeling.”>® TGF-p transmits signals through the Smad
protein family, regulating the functions of fibroblasts and vascular endothelial cells. In diabetic foot ulcers, the TGF-p/
Smad pathway is often inhibited, leading to insufficient matrix remodeling, affecting the synthesis of collagen and

extracellular matrix (ECM), and delaying tissue repair and wound closure.””>°

Phosphatidylinositol 3-Kinase/Protein Kinase B (PI3K/Akt) Pathway

The PI3K/Akt signaling pathway plays a central role in regulating cell survival, proliferation, and metabolism. Especially
in the repair process of diabetic foot ulcers, this pathway promotes angiogenesis and cell proliferation, regulating cellular
stress responses.®” However, hyperglycemia inhibits the PI3K/Akt signaling pathway, reducing the proliferation and
migration abilities of endothelial cells and fibroblasts, decreasing angiogenesis around the wound, and delaying the
healing process®! (Figure 1).

(]
.- N

Mitochondria

(
),

Neutrophil M1 macrophages
\ N\

| .
Inflammatory Tissue Damage Vascular Damage

Figure | Pathogenesis of Diabetic Ulcers. (1) In a high-glucose environment, the increased production of reactive oxygen species (ROS) induces oxidative stress, leading to
mitochondrial damage and activation of the NF-kB signaling pathway. This promotes the differentiation of neutrophils and Ml macrophages, while reducing Nuclear factor
erythroid 2-related factor 2(Nrf2) activation, resulting in decreased levels of superoxide dismutase (SOD), glutathione peroxidase (GPx), and other antioxidants, ultimately
reducing cellular antioxidant capacity.(2) The TGF-B/Smad pathway is often inhibited, delaying tissue repair and wound closure.(3) Moreover, the activation of ROS and
inhibition of the PI3K/Akt signaling pathway reduce the proliferation and migration ability of endothelial cells and fibroblasts, thereby decreasing angiogenesis around the
wound.Yellow arrows represent the antagonistic effects of high glucose, and red arrows represent the inhibitory effects of high glucose.

Abbreviations|: AGE, advanced glycation end product, TNF, tumor necrosis factor.
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The Healing Process of Diabetic Foot Ulcers (DFU)

Hemostasis, inflammation, proliferation, and maturation are the four sequential but related stages of the wound-healing
process (Figure 2). Hemostasis, the initial and critical stage of healing, is dedicated to promptly halting bleeding upon
skin injury. This phase involves platelet activation, which takes place at the interface between platelets and the matrix,
facilitating their aggregation.*>*® Ultimately, under the influence of thrombin, platelet clots transition into stable clots,
significantly reducing the creation of a fibrin network. Inflammation is the next stage of wound healing, and its main goal
is to get rid of debris and bacteria and establish the optimal wound bed for the formation of fresh tissue.’**” The
activation of neutrophils and macrophages, which are essential for limiting bleeding and avoiding infection either directly
or by the release of different soluble mediators, is critical to these processes.*® During the proliferative phase of wound
repair, several vital processes occur, including wound filling, the traction of wound edges facilitated by myofibroblasts,
and the covering of the wound, also referred to as epithelialization.*>>* At the same time, it is crucial to establish new
vascular networks to ensure an adequate supply of oxygen and nutrients to the developing granulation tissue.”' During
the remodeling phase, the inflammation gradually diminishes, collagen deposition takes place, and the injured area
becomes fully enveloped by new tissue, ultimately forming scar tissue. Collagen type III gradually changes into collagen
type I as the newly created tissue grows stronger and more flexible over time, leading to the wound’s full closure.>

MSCs
MSCs Therapy for DFU

MSCs are a subset of adult stem cells that can be obtained from the bone marrow, brain, adipose tissue, and umbilical
cord, among other biological sources. What sets them apart is their capacity to differentiate into cell lines that are not part
of the hematopoietic system.®>** MSCs possess an exceptional ability to differentiate into various cell types, including
osteocytes, chondrocytes, and adipocytes. Moreover, they can also give rise to neural cells derived from both the inner
and outer layers of the embryo.®® Three main processes underlie the effects of MSCs transplantation on diabetic wound
healing: the release of angiogenic agents and cytokines, immune system modulation, and the cell transplantation and
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Figure 2 The healing process of ulcer wounds. The process of diabetic foot ulcer healing generally goes through four stages: thrombosis, inflammation, proliferation, and
matrix remodeling.

International Journal of Nanomedicine 2025:20 https: 5841



Wang et al

differentiation. MSCs can specifically increase local angiogenic factor and cytokine expression and release, assisting in
improving diabetes and PAD while also accelerating wound healing at various phases.®®¢’

Vascular damage and dysfunction are significant contributing factors to DFU. To support the creation of granulation
tissue and facilitate the removal of metabolic wastes, which are critical for decreasing ulcer size and accelerating healing,
the production and regeneration of new blood vessels in the DFU region are vital. Studies show that MSCs can release
a range of cytokines, such as placental growth factor, angiopoietin-1, vascular endothelial growth factor (VEGF),
essential fibroblast growth factor (bFGF), stromal cell-derived factor-1 (SDF-1), keratinocyte growth factor-2, insulin-
like growth factor-1, and epidermal growth factor (EGF).°*7° These elements are essential for wound healing,
angiogenesis promotion, and enhanced microcirculation dynamics. Of them, VEGF is one that is particularly important
for vascular regeneration and is essential for the healing of wounds.”"

Additionally, MSCs contribute to immune modulation by secreting immunoglobulins IgM and IgG, which help
alleviate inflammation in DFU wounds. They also prevent the release of certain inflammatory cytokines by macrophages,
including as IL-6, interferon-alpha (IFN-a), and tumor necrosis factor-alpha (TNF-a)), while encouraging the release of
anti-inflammatory cytokines, such as IL-10 and IL-12, which stimulate immune cells.”*”® Additionally, inflammatory
substances such as prostaglandin E2 (PGE2), nitric oxide (NO), tryptophan 2.3-dioxygenase (TDO), transforming growth
factor-gamma (TGF-y), and IL-10 are released by both MSCs and cytotoxic T cells, and they aid in reducing local
inflammation brought on by wounds. Furthermore, MSCs have anti-inflammatory properties and promote the resolution
of chronic inflammation by preventing the activation of M1 macrophages, which are inflammatory, and increasing the
activation of M2 macrophages, which are anti-inflammatory macrophages.”*">

Lastly, by actively differentiating into epithelial and endothelial cells, MSCs can stimulate angiogenesis through
paracrine signaling and aid in the repair of DFU. One of the key variables in promoting MSCs’ VEGF-induced
differentiation into endothelial cells is the MAPK/ERK signaling pathway.”® Additionally, MSCs are essential for
increasing collagen synthesis and helping DFU produce collagen.”” Furthermore, by boosting fibroblast proliferation
and functional recovery, MSCs aid in the formation of granulation tissue in DFU. More growth factors and extracellular

matrix (ECM) are released because of this process, which eventually aids in tissue repair.”®

Characteristics of MSC-Exo
The discovery of extracellular vehicles (EVs) or exosomes has its roots in the 1940s, a period during which these minute
vesicles were largely ignored and dismissed as cellular debris. However, it was not until the mid-2000s that exosomes
were rediscovered as messengers facilitating intercellular communication, sparking considerable interest and attention in
the scientific community.”” ' However, it was not until the mid-2000s that exosomes were rediscovered as messengers
facilitating intercellular communication, sparking considerable interest and attention in the scientific community.®* 54
Apoptotic bodies, microvesicles, exosomes, and other vesicles are all included in the category of “extracellular vesicles”
under this umbrella term. On the other hand, “exosomes” refer especially to vesicles that are produced inside the cell
multivesicular bodies (MVBs). Membrane-bound extracellular vesicles, also known as exosomes, typically range in
diameter from 30 to 150 nm. However, some studies report slightly different ranges, such as 40—160 nm or 50-200 nm,
though they are generally smaller than 200 nm. Numerous cell types secrete them, including brain cells, endothelial cells,
epithelial cells, cancer cells, dendritic cells, immunological cells (such as B, T, mast, and dendritic cells), and MSCs 5587
Exosomes play a crucial function in intercellular communication by acting as carriers of essential information and
biomolecules that originate from cellular sources. These large biomolecules are present on the surface of exosomes both
internally and externally and consist of a diverse range of constituents such as proteins, enzymes, transcription factors,
lipids, extracellular matrix proteins, receptors, DNA, and mRNA (Figure 3). Exosomes can be found in almost all body
fluids, including blood, serum, urine, breast milk, amniotic fluid, cerebrospinal fluid, malignant ascites, saliva, bile, and
lymphatic fluids, in both healthy and sick states.”® >

Currently, the most widely used method for exosome isolation is ultracentrifugation, which separates exosomes from
culture media or biological fluids using high-speed centrifugation. Although this technique is cost-effective and relatively
simple, it has significant drawbacks, including low purity and the potential contamination with cellular debris.’®*® To
improve the purity of the separation, density gradient centrifugation is often used. This method forms a gradient in
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Figure 3 The formation process and molecular structure of mesenchymal stem (MSC) cell-derived exosomes. This figure illustrates the biogenesis and composition of
exosomes derived from mesenchymal stem cells (MSCs). Exosome formation begins with the generation of early endosomes through endocytosis within MSCs. These
endosomes mature into late endosomes and multivesicular bodies (MVBs), which release exosomes via exocytosis. The detailed structure of an MSC-derived exosome is
shown on the right, highlighting surface molecules like integrins for cell adhesion and tetraspanins essential for membrane transport. The exosome membrane also includes
lipid anchors and surface proteoglycans, which enhance stability. Internally, MSC-derived exosomes carry various biomolecules, including proteins, RNA species (such as
mRNA, miRNA, circRNA), and DNA (mtDNA, ssDNA, dsDNA). These components contribute to diverse functional roles, such as immunomodulation, membrane
transport, and intercellular communication, making exosomes promising therapeutic agents for regenerative medicine.

solutions of different densities, allowing for more precise separation of exosomes from other extracellular vesicles.”’
While it improves purity, density gradient centrifugation is more time-consuming and yields lower quantities compared
to ultracentrifugation”® Immunoaffinity-based methods are also promising, utilizing antibodies that specifically recognize
and capture exosome surface markers. This method offers high specificity and can isolate exosomes with minimal
contamination.”® '°! However, its high cost and the need for specific antibodies limit its widespread application.
Additionally, polymer-based precipitation methods, such as using polyethylene glycol (PEG) for isolation, have gained
attention due to their simplicity and relatively low cost. These methods can isolate large quantities of exosomes, but they
may affect the purity of the exosome preparation. Genetic engineering approaches have also been explored to enhance the
functionality of exosomes. By modifying the cells that produce exosomes, exosomes with better therapeutic properties
can be generated, and this technology holds great potential in the development of exosome-based therapies for specific

clinical applications.'*'*?
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Despite significant progress in the development of exosome preparation methods, challenges remain in ensuring
consistency, purity, and scalability of exosome production. Furthermore, the choice of exosome isolation method may
depend on the specific application and the source of the exosomes. For example, exosomes derived from different cell
types have distinct functional characteristics, and their therapeutic effects may vary based on their composition and
bioactivity. Further research has revealed that MSCs have a low survival rate in areas of injured tissue and limited
potential for transplantation despite early studies suggesting that they may play a critical role in tissue repair.'®
Moreover, MSCs primarily use paracrine signaling to carry out their restorative and regenerative functions. Hence,
exosomes derived from mesenchymal sources appear to provide a more stable alternative. These nano-sized exosomes
can more efficiently transfer between cells and exert their effects. The bilayer structure of exosomes effectively shields
the bioactive substances inside from degradation. Additionally, surface proteins and signaling molecules on exosomes
can be modified to target specific organs, tissues, and cells.’*'%"'%7 Exosomes help mitigate potential safety concerns
associated with MSCs transplantation, including unintended differentiation, and the risk of malignant transformation.
MSCs almost do not express MHC-I, or only express negligible levels of MHC-II molecules. In addition, MSCs do not
express cell surface glycoproteins such as Fas ligand, nor do they express co-stimulatory molecules, including CD40/
CD40L, B7/CD28, ICOS, 4-1BB, 0X40/0X40L, which are essential for the activation of T and B lymphocytes.
Therefore, MSCs lacking these molecules do not activate allogeneic T and B lymphocytes, demonstrating their low
immunogenicity. Similarly, mesenchymal stem cell-derived exosomes also exhibit low immunogenicity, and the various
small interfering RNAs they express can effectively reduce immune responses.'® ! Studies have shown that exosomes
derived from human bone marrow mesenchymal stem cells can silence Fas and miR-375 in human islets. These
exosomes suppress immune responses by inhibiting the proliferation of peripheral blood mononuclear cells and enhan-
cing the function of regulatory T cells (Tregs).''?

MSC-Exo Therapy for DFU

Due to inheriting most of the biological functions of MSCs, MSC-Exo has found widespread application in the treatment
of autoimmune diseases, metabolic disorders, ischemic injuries, and tumor-related diseases.''>''® Owing the complexity
of DFU’s pathophysiology and clinical symptoms, recovery requires multidisciplinary collaboration and careful, long-
term care from medical professionals. Presently, a great deal of research has been published on the use of MSC-Exo to
treat DFU. MSC-Exo primarily promotes the healing of DFU (Table 1) and diabetic wounds (Figure 4) by stimulating

angiogenesis, extracellular matrix remodeling, cell migration and proliferation, and anti-inflammatory actions.''”'!8

Table | Studies Related to the Treatment of Diabetic Foot Ulcer with Mesenchymal Stem Cell-Derived Exosomes

Study Therapeutic Protocol (Delivery Exosomes Molecular Mechanism Main Findings
Mode, Dose and Frequency) Source
Li et al,| 12018 NA ADSC SMP30, VEGF, and VEGFR2 Exos derived from Nrf2-ADCSs can
phosphorylationt, enhance granulation tissue formation,
ROS and inflammatory cytokine increase angiogenesis, elevate the
levels| expression levels of growth factors, and
reduce levels of proteins associated with
inflammation and oxidative stress.
Li et al,'* 2020 MSC-exo vector and MSC-exo carrying MSC microRNA-152-3p and MSC-derived exos IncRNA HI9
oe-H19, were injected into the skin phosphatidylinositol- prevented the apoptosis and
around the wound 4,5-bisphosphate 3-kinase (PI3K)/ inflammation of fibroblasts by impairing
protein kinase B (Aktl) signaling miR-152-3p-mediated PTEN inhibition.
pathway?, IncRNA HI9 and PTEN|
Chen et al,'*' 2022 According to the groups, PBS (100 uL), BMSC Circ- ITCHT, Overexpression of circ- ITCH or co-
OE- NC- Exo (10 mg/kg in 100 uL PBS) CircRNA- itchy E3 ubiquitin protein | cultured with exosomal circ- ITCH from
or OE- circ- ITCH- Exo (10 mg/kg in ligase| BMSCs could alleviate HG- induced
100 mL PBS) was subcutaneously injected ferroptosis and improve the angiogenesis
on the wound edges of diabetic mice, ability of HUVECs
respectively.

(Continued)
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Table | (Continued).

Study

Therapeutic Protocol (Delivery
Mode, Dose and Frequency)

Exosomes
Source

Molecular Mechanism

Main Findings

Shi et al,'*2 2022

Guo etal,''” 2023

Huang et al,''® 2023

Wu et al,'? 2023

Tang et al,'** 2024

We randomly selected mice to receive
a subcutaneous injection of 200 ug
ADSC-exosomes in 100 uL PBS or an
equal volume PBS at 4 sites around the
wound (25 pL/site).

All treatments were injected into the
ischemic hindlimb in 100 pL PBS at 4
different locations in adductor and
gastrocnemius muscle after the surgery
on Day 0 and Day 7.

NA

Using a | mL syringe, the rats were
injected with 0.5 mL 50 nM ago-mir NC,
miR-16-5p agomir, miR-16-5p antagomir,
and 0.5 mL PBS, exosomes (I x 10"
/mL), or oe-IRFl-exosome (I X
10''mouse/mL) along the wound edge
and center, once a day for two days.

Mice were chosen randomly to access
either 200 pg BMSC-Exo subcutaneous
injection in PBS or PBS alone at four sites
around wound.

ADSC

ADSC

ADSC

ADSC

BMSC

Circ-Snhgl |, miR-144-3p/HIF-lat

MiR-125b-5p1

HIPK2t,
miR-204-3p and NFIC|

IRFIT,
miR-16-5p|

Circ-Snhg! 1, SLC7A |, miR-144-3p1,
GPX4)

Circ-Snhgl | overexpression exosome
from ADSCs suppresses HG-induced
endothelial cell damage and induces M2-
like macrophage polarization via the miR-
144-3p/HIF- 1 o axis

MiR-125b-5p derived from ADSC-Exos
may play a critical role in ischemic muscle
reparation by targeting ACER2.

Exosomal NFIC silencing-loaded ADSC
sheet modulates miR-204-3p/HIPK2 axis
to suppress HG-induced HUVEC
proliferation, migration, and angiogenesis,
Exosomal IRF|-loaded ADSC sheet
regulates miR-16-5p/SP5 axis to facilitate
wound healing in diabetic rats

Circ-Snhgl | in BMSC-Exo enhanced
SLC7A11/GPX4-mediated anti-
ferroptosis signals via miR-144-3p
sponging resulting in enhanced diabetic
wound healing and improved
angiopoiesis.

Abbreviations: ADSC, adipose-derived stem cell; PBS, phosphate buffered saline; ROS, reactive oxygen species; VEGF, vascular endothelial growth factor; MSC,
mesenchymal stem cell; HG, high-glucose; HUVECs, human umbilical vein endothelial cells.

Inflammation
The essence of DFU is viewed as a type of chronic inflammatory injury, and mitigating inflammation is crucial for

improving DFU outcomes. Macrophages, serving as the primary effectors of the inflammatory process, selectively
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Figure 4 The upregulation and downregulation of active factors, mRNA, and signaling pathways during the ulcer healing process. This figure illustrates the regulatory effects
of mesenchymal stem cell-derived exosomes (MSC-Exo) on wound healing, focusing on inflammation, cell proliferation/migration, angiogenesis, and matrix remodeling. The
figure depicts the promotion of wound healing by upregulating or inhibiting certain key signaling pathways and molecular mediators.
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polarize into M1 or M2 macrophage cells in response to signals from the microenvironment.'?> Toll-such receptors
(TLRs) and NF«B activation are the main drivers of M1 macrophages’ pro-inflammatory response, which triggers actions
such as pathogen phagocytosis, oxidative stress, and intracellular perish. In contrast, the actions of M2 macrophages
involve the recruitment of transcription factors like STAT3, which function to suppress inflammation and encourage
tissue remodeling.'*®"'** Studies suggest that in a high glucose environment, there is an enhancement in polarization
toward M1 macrophages, which oppresses the polarization of M2 macrophages. This over-polarization of M1 macro-
phages can lead to the production of inducible nitric oxide synthase (iNOS), IL-1, IL-6, and IL-23, further inhibiting
endothelial cell proliferation, migration, and angiogenesis.'?*"'*! It was shown in a study by He et al'*? that MSC-Exo
infusion into a mouse wound model promoted M2 macrophage polarization. Further investigations revealed that MSC-
Exo contained miR-223, which not only inhibited the classical pro-inflammatory pathway but also enhanced alternative
anti-inflammatory responses, serving as a novel regulatory factor in macrophage polarization This primarily promoted
changes in the protein expression of pknox! in macrophages, thereby regulating M2 macrophage polarization. Similarly,
ADSC-Exosomes achieved comparable effects through the 144-3p/HIF-1a axis.'?*'313* Moreover, miR-146a-5p
expression is significantly downregulated in diabetes wounds. MiR-146a-5p has been demonstrated to increase M1
and decrease M2 macrophage polarization when electroporated into bone mesenchymal stem cell-derived exosomes
(BMSCs-Exo), thereby facilitating diabetic wound healing.'*>'*® Lipopolysaccharide (LPS)-treated mesenchymal stem
cells (LPS pre-MSCs-Exo) produce exosomes that exhibit enhanced M2 macrophage polarization and anti-inflammatory
factor expression. Microarray analysis of LPS pre-MSCs-Exo reveals an upregulation in the expression of the Isa-let-7b
molecule, which acts to regulate Toll-like Receptor 4 (TLR4) expression negatively. This mechanism finely tunes the
inflammatory response, ultimately promoting wound healing.'¢'3’

The oxidative stress response is another contributing factor to chronic inflammatory damage, complementing the
inflammatory response. In a high-glucose environment, glucose and proteins undergo non-enzymatic reactions, resulting
in the generation of AGEs. ROS play an important role in the pathophysiology of diabetic foot. They can damage
endothelial cells and increase vascular permeability, thereby affecting blood flow supply and increasing the risk of
diabetic foot'*®

reducing sensory ability in the feet, and making patients more susceptible to injuries and ulcers. ROS can also activate

Additionally, an increase in ROS can lead to neuronal cell damage, triggering diabetic neuropathy,

inflammatory signaling pathways, promoting the release of inflammatory factors, leading to local chronic inflammation
and thus delaying wound healing. While an appropriate amount of ROS can promote wound healing, excessive ROS
causes cellular damage and hinders healing.'*® Therefore, the reasonable regulation of ROS production and clearance is
of great significance for improving foot health in diabetic patients.**'*’ Research has shown that using immunomodu-
latory hydrogels to achieve self-cascading glucose depletion and ROS clearance lowers the M1/M2 macrophage ratio,
thereby improving the therapeutic effects on the dorsal skin and DFU wounds in diabetic rats.'*' Additionally,
mitochondria and other cellular compartments produce elevated levels of matrix metalloproteinases (MMPs), ROS,
and reactive nitrogen species (RNS), collectively inducing an oxidative stress response. This, in turn, promotes the onset
and maintenance of inflammation.*”'** Studies have indicated that adipose-derived stem cell exosomes (ADSCs-Exo)
can mitigate MMP production, precise accumulated ROS, and decrease the expression of inflammatory cytokines and
adhesion molecules. Moreover, they can enhance the expression of SIRT3 protein in DFU wounds, thereby inhibiting
mitochondrial ROS production. Additionally, ADSCs-Exo enhances the activity of superoxide dismutase 2 (SOD2) and
reduces ROS accumulation in vascular endothelial cells under high-glucose conditions.'** Furthermore, Nrf2 represents
a promising avenue for diabetic foot ulcer treatment. Typically, Nrf2 binds to Kelch-like ECH-associated protein 1
(Keapl). However, during cellular oxidative stress, the binding between Nrf2 and Keapl is disrupted, allowing Nrf2 to
dissociate and translocate into the nucleus. The expression of antioxidant and cytoprotective genes, such as heat shock
proteins, detoxification enzymes, and antioxidant enzymes, is then activated when Nrf2 binds to antioxidant response
elements (AREs). This process aids in clearing free radicals, alleviating oxidative stress, mitigating cell damage, and
reducing inflammation. Overexpression of Nrf2 in ADSC-Exo applied to diabetic ulcer mouse models has demonstrated

L PSR . o . 119,121,144,14
a significant reduction in inflammation and oxidative stress-related protein levels,''®-121:144:145
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Proliferation

During the proliferation phase, the resolution of inflammation gives way to the gradual proliferation of tissue repair cells.
This phase is predominantly characterized by the physiological process of granulation tissue formation and the
proliferation and migration of epidermal cells. Histologically, this phase is distinguished by the formation of capillary
buds and fibroblast proliferation, accompanied by the production of an abundant extracellular matrix. Research suggests
that mRNA, microRNA, and various proteins within exosomes play crucial roles in angiogenesis during this phase. Tang
et al'** demonstrated that the expression of circ-Snhgll in diabetic wounds was upregulated after treatment with
BMSCs-Exo. This upregulation alleviated the inhibition of endothelial progenitor cell (EPC) mobilization caused by
miR-144-3P overexpression and enhanced the SLC7A11/GPX4-mediated anti-ferroptosis signal. Conversely, overexpres-
sion of miR-16-5p downregulated the expression of SP5, thereby promoting fibroblast proliferation and migration.'*’
Fibroblasts play a crucial role in tissue repair, from the late stage of inflammation to the final process of extracellular
matrix remodeling. They interact with various cell types, including keratinocytes, endothelial cells, adipocytes, mast
cells, and extracellular matrix components like collagen, to promote proliferation. Studies suggest that MSC-Exo
encourage fibroblast proliferation and migration and inhibit apoptosis by activating signaling pathways such as Notch,
ERK, AKT, STAT-3, and Wnt/B-catenin. Additionally, heat shock protein 90 (HSP90) on the exosomal membrane can
bind to the low-density lipoprotein receptor-related protein 1 (LRP1) receptor on recipient cell membranes, enhancing the
AKT and ERK signaling pathways in fibroblasts.'**"'*® Moreover, studies have demonstrated that ADSCs-Exo can
stimulate monocytes/macrophages to secrete more TGF-B1, thereby activating the TGF-B/Smad3 signaling pathway.
Once activated by exosomes containing TGF-B1 from ASCs, fibroblasts then secrete TGF-B1 protein in an autocrine
manner, thereby promoting fibroblast proliferation and activation.'*’

Angiogenesis plays a pivotal role in cell proliferation, migration, wound healing, and tissue engineering during the
process of proliferation. It serves as an essential requirement for the formation of granulation tissue.'*® In their study,
Chen et al'' identified a protein known as deleted in malignant brain tumors 1 (DMBT1) by clustering and enriching
proteins from human urine-derived stem cell exosomes (HUSC-Exo0). DMBT1 was found to promote angiogenesis by
enhancing endothelial cell proliferation, migration, and adhesion, resulting in pronounced angiogenesis observed in DFU
mouse models. DMBT]1 also triggers an angiogenic response in lung alveolar tissue by stimulating the production of
VEGFA. Moreover, both VEGFA and the PI3K-Akt signaling pathway are downstream targets influenced by DMBT1.
Furthermore, MSC-Exo harbor a diverse array of pro-angiogenic proteins, including VEGFA, SRPX2, and ANGPTLA4,
which play pivotal roles in neovascularization.'”*'>* MSC-Exo treated with atorvastatin activates the AKT/eNOS
pathway and enhances the expression of miR-221-3p. This activation facilitates the proliferation, migration, and tube
formation of endothelial cells while elevating vascular endothelial growth factor levels. Similarly, MSC-Exo treated with
pioglitazone stimulate angiogenesis via the same signaling pathway while suppressing the expression of the PTEN
protein.'>>'°® ADSC-Exo overexpressing circular RNA mmu_circ_0000250 has been confirmed to exert pro-angiogenic
effects by upregulating SIRT1 and miR-128-3p in DFU.""’

Matrix Remodeling

The extracellular matrix (ECM) is restructured during the crucial last stage of wound healing, known as matrix
remodeling, to improve the stability and strength of the injured area. PI3K/Akt is a key component in mechanistic
remodeling. Exosomes derived from MSCs in DFU contain long non-coding RNA H19 (IncRNA H19), which activates
the PI3K/Akt signaling pathway to promote the proliferation and migration of fibroblasts, while inhibiting apoptosis and

129 Wang et al found that exosomes

inflammation. This process ultimately accelerates wound healing in DFU mice.
derived from hypoxic adipose-derived stem cells (HypADSCs) exhibit downregulation of miRNA-99b and miRNA-146a,
as well as upregulation of miRNA-21-3p, miRNA-126-5p, and miRNA-31-5p, compared to exosomes derived from
ADSCs. These miRNAs activate the PI3K/Akt signaling pathway, promoting the proliferation and migration of
fibroblasts, enhancing the secretion of VEGF and extracellular matrix, thereby improving the healing quality of diabetic

wounds.!>%1%?
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According to Wang et al'®® mice’s incision scars shrank in size when ADSC-Exo was injected intravenously, and the
ratio of collagen III to collagen I rose. Fibroblasts also can absorb and internalize ADSCs-Exo, which in a dose-
dependent way promotes collagen synthesis, cell migration, and proliferation. It boosts the ratio of transforming TGF-B3
to TGF-B1 in vivo, inhibits fibroblasts from developing into myofibroblasts, and promotes the expression of the
N-cadherin and Cyclin D1 genes. Additionally, ADSCs-Exo upregulates the expression of skin MMP3, leading to an
increased ratio of MMP3 to tissue inhibitor of TIMP1, thus promoting ECM remodeling. Extracellular vesicles from
human-induced pluripotent stem cell-derived mesenchymal stem cells also promote skin healing by enhancing collagen
synthesis.'®!+162

However, it has been reported that miR-21 can suppress the expression of TIMP3 and TIAM1 and is essential for the
keratinocyte migration induced by TGF-B.'®® In contrast, According to separate findings by Lv et al'®* different results
that the expression of miR-21-5P contained in MSC-Exo can activate the Wnt/B-catenin signaling pathway and
upregulate the expression of MMP-7, which would greatly enhance keratinocyte migration and aid in the re-
epithelialization of diabetic wounds. The Wnt/B-catenin signaling pathway is closely associated with cell adhesion,
intercellular communication, cell proliferation, and cell migration. Previous research has shown that ADSCs-Exo
significantly increases wound re-epithelialization and collagen deposition, thus accelerating wound healing through the
AKT and extracellular signal-regulated kinase (ERK) signaling pathways. This has also been validated in a rabbit model
of DFU.'%31%¢ Fyrthermore, BMSCs-Exo can accelerate re-epithelialization and enrich the expression of cytokeratin 19
(CK19), proliferating cell nuclear antigen (PCNA), and collagen I in vivo.'®” Umbilical cord blood mesenchymal stem
cells-derived Exosomes (UCB-MSCs-Exo) expedite wound closure, reduce scar formation, improve the regeneration of
skin appendages, nerves, and blood vessels, and regulate the natural distribution of collagen fibers during wound healing.
Functional analysis suggests that miRNAs derived from UCB-MSCs are closely associated with the transforming TGF-f
signaling pathway, which can induce the differentiation of myofibroblasts. Furthermore, UCB-MSCs-Exo promotes skin
cell migration and proliferation both in vivo and in vitro while suppressing the overproduction of myofibroblasts and

collagen I.'%®

Biological Engineering Applications of MSC-Exo

Despite the significant advantages exhibited by MSC-Exo in treating DFU, challenges persist. Common administration
routes for exosomes include intravenous injection, local injection, and intraperitoneal injection. However, DFU healing
cycles are lengthy, while exosomes have a short half-life and rapid clearance rates, significantly limiting their biological
function. Therefore, there has been considerable interest in combining exosomes with convenient biocompatible
materials to preserve their biological activity. Studies have shown that adding exosomes to hydrogels can enhance and
maintain the stability of proteins, mRNA, DNA, and other biological components within the exosomes.'®® Hydrogels are
highly hydrophilic three-dimensional networks formed by physical or chemical crosslinking of hydrophilic polymers.
They possess properties such as anti-infection, absorption of wound exudates, maintenance of moisture balance and gas
exchange, as well as the ability to encapsulate, protect, and deliver bioactive molecules. Therefore, hydrogels are
considered ideal skin substitutes and wound dressings. Additionally, locally injecting hydrogels containing exosomes
into injured tissues is a commonly used administration method. This approach allows for sustained local release of
exosomes, promoting the repair and regeneration of damaged tissues.'’*!"!

Currently, research on MSC-Exo for treating DFU is limited, with most studies focused primarily on diabetic wounds.
The combination of MSC-Exo with hydrogels shows promising therapeutic effects in the treatment of diabetic
wound'”*!™* (Table 2). Zhao et al'’® incorporated HUVECs-Exo into GeIMA hydrogels, creating an exosome-loaded
hydrogel dressing for wound management. Fluorescence microscopy and three-dimensional reconstruction images
revealed a uniform distribution of Exosomes within the hydrogel with sustained release. Moreover, compared to the
sole Exo group, mice diabetic wound models treated with this composite showed accelerated wound healing.

Interestingly, the hydrogel itself seemed to play a role in promoting diabetic wound healing. Li et al'’

encapsulated
exosomes derived from synovial mesenchymal stem cells (SMSCs) with high expression of miR-126-3p in hydroxya-
patite/chitosan (HAP-CS) composite hydrogel (HAP-CS-SMSCs-126-Exos). Results demonstrated that HAP-CS hydro-

gel alone promoted angiogenesis, increased wound closure rate, enhanced re-epithelialization, maturation of granulation
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Table 2 Studies Related to the Treatment of Diabetic Wounds with Mesenchymal Stem Cell-Derived Exosomes in Combination with

Hydrogels

Study Sources Hydrogel Animal Type of Study Key Findings

of Exo

Li et al,'’2 2013 SMSCs Hydroxyapatite/ Rat In vivo and The released SMSCs-126-Exos nanoparticles stimulate the proliferation

chitosan in vitro and migration of human dermal fibroblasts and human dermal
composite microvascular endothelial cells (HMEC-1). At the same time, the
hydrogel migration and capillary-network formation of HMEC-| was promoted
through the activation of MAPK/ERK and PI3K/AKT.
Shi et al,'”* 2017 GMSCs Chitosan/silk Rat In vivo The combination of GMSC-derived exosomes and hydrogel could
hydrogel effectively promote skin wound healing in diabetic rats by promoting the
re-epithelialization, deposition and remodeling of collagen and by
enhancing angiogenesis and neuronal ingrowth.

Wang et al,'’* 2020 PMSCs Methylcellulose- Mice In vivo and The combination of PMSCs-Exo biological exosome nanoparticles and

chitosan hydrogel in vitro hydrogels could synergistically promote skin wound healing to recover
the integrated structure and function in a db/db mouse model by
promoting angiogenesis and inhibiting apoptosis.

Chen et al,'’® 2020 HASCs Human Mice In vivo HASC:s cultured in the hydrogel exhibited enhanced paracrine activity
decellularized with increased secretion of hepatocyte growth factor. The diabetic mice
adipose matrix model treated with the hASCs-hydrogel composite displayed accelerated

(hDAM) wound closure and increased neovascularization

Zhao et al,'”® 2021 HUVECs Gelatin Rat In vivo and The GelMA scaffold could not only repair the wound defect, but also

methacryloyl in vitro achieve sustained release of exosomes. Together, these pathways
(GelMA) hydrogel collectively accelerate wound re-epithelialization, promote collagen
maturation, and enhance angiogenesis.

Abbreviations: SMSCs, synovium mesenchymal stem cells; PMSCs, placental mesenchymal stem cell; HASCs, human adipose-derived stem cells; GMSCs, gingival
mesenchymal stem cells.

tissue, collagen arrangement, and deposition, exhibiting synergistic effects with exosomes. Additionally, research has
utilized human adipose-derived stem cells (HASCs) to prepare hydrogel scaffolds. Prior to gelation, it exists as a liquid
solution, facilitating cell encapsulation. Its sol-gel transition properties favor cell delivery and site adherence. Derived
from adipose tissue, it contains native ECM, promoting interaction and dynamic communication with stem cells. It plays
a vital role in tissue repair and regeneration by recruiting endogenous stem and progenitor cells, exhibiting antimicrobial
activity, and modulating macrophage polarization.'’>'"’

Local administration of MSC-Exo indeed offers numerous advantages, such as increasing local concentrations,
reducing systemic side effects, and ease of use. However, local delivery also faces the issue of exosome loss. Due to
their poor stability, exosomes are susceptible to enzyme degradation, diffusion loss, and other factors. Direct local
application may lead to the degradation of some exosomes in the wound environment or their diffusion to non-target
areas, thereby reducing their bioavailability and therapeutic effects. This issue is particularly prominent in DFU wounds,
which have high permeability and a chronic inflammatory environment. Therefore, finding suitable delivery carriers to
enhance exosome retention time and bioactivity is essential. Combining MSC-Exo with advanced biomaterials, espe-
cially hydrogels, nanoparticle carriers, and biodegradable scaffolds, can not only prolong the action time of exosomes in
the body but also enhance their stability and targeting. Several studies have explored bioengineering-based MSC-Exo
delivery systems, showing promising applications in regenerative medicine and wound healing. For example, nano-
hydrogel combined with exosomes can provide controlled release, offering precise temporal and spatial delivery in DFU
treatment. 3D-printed biomaterial scaffolds can load exosomes, providing mechanical support and improving the wound
microenvironment. Microneedle patch technology combined with exosomes can penetrate the skin barrier for local
precise delivery, improving the treatment outcomes of diabetic chronic wounds. Unfortunately, there is still a lack of
studies comparing MSC-Exo with current standard treatments for DFU, such as wound dressings, antibiotics, and
hyperbaric oxygen therapy.

Limitations and Clinical Application Prospects
Although mesenchymal stem cell-derived exosomes have been widely validated for their efficacy in diabetic foot ulcers,
there are still unavoidable limitations. Firstly, the preparation and purification techniques of exosomes face certain
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technical bottlenecks. How to increase yield while ensuring the activity of exosomes is an urgent problem that needs to
be addressed. Additionally, the heterogeneity of exosomes makes standardized production more difficult. The exosome
preparations used in different studies vary greatly, leading to lower reproducibility of clinical trial results. Secondly,
among the studies included in this research, there are certain differences in the injection doses of exosomes. Currently,
there are no clear guidelines to guide standard usage doses, and little is known about their metabolic pathways,
distribution characteristics, and excretion methods after entering the body. Understanding their pharmacokinetic proper-
ties is crucial for evaluating the safety and effectiveness of exosomes, but related research is currently lacking. Moreover,
although MSC exosomes have shown good therapeutic effects in animal models, their long-term safety and efficacy in
humans remain unclear. Whether exosome therapy can maintain efficacy during long-term use and whether there are
potential side effects need to be verified through more clinical trials. Finally, since exosome therapy is an emerging
biotechnology, existing drug regulatory policies are not yet well-developed for its standardization. Exosome products
used for the treatment of human diseases and conditions in the United States are regulated as drugs under the Federal
Food, Drug, and Cosmetic Act (FD&C Act) and as biological products under the Public Health Service Act (PHS Act),
requiring pre-market review and approval. According to European directives (Directive 2001/83/EC and Regulation
1394/2007/EC), exosomes purified directly from cells or extracted from transcriptional RNA are not considered advanced
therapy medicinal products (ATMPs), but are classified as biological products. In Japan, exosomes are classified as
biological products and are subject to the same regulatory requirements as vaccines, blood products, and other biological
products. For medical topical formulations, non-commercial clinical studies are managed by physicians on a case-by-case
basis, as these formulations lack live cell components and are not considered specifically processed cells. Exosomes are
typically derived from human or animal cells, particularly MSCs, so their donor source, method of collection, and ethical
approval need to be strictly regulated to ensure informed consent from donors and compliance with ethical standards.
Ensuring the quality, safety, and effectiveness of exosome preparations in clinical applications is a challenge faced by
regulatory authorities, necessitating the development of further policies and standards in the future.

To overcome the above limitations, future research can proceed from the following aspects: (1) In-depth exploration
of mechanisms of action: Utilize high-throughput omics technologies (such as proteomics, metabolomics, and miRNA
omics) to systematically analyze the composition and mechanisms of exosomes, providing a theoretical basis for
optimizing exosome therapy protocols. (2) Optimize preparation and purification processes: Enhance exosome purifica-
tion technology to ensure their stability and biological activity, while establishing unified production standards to

promote the widespread clinical application of exosome preparations.'’®

(3) Conduct large-scale clinical trials: Under
the premise of ensuring the safety of exosome therapy, carry out multicenter, large-sample randomized controlled clinical
trials to verify its efficacy and long-term safety.

MSC-Exo therapy can reduce the consumption of biological materials. Traditional wound healing treatments often
rely on disposable dressings, antibiotics, and other medical resources, whereas exosome therapy has the potential to
minimize the use of these consumables, thereby reducing medical waste and alleviating environmental burdens.
Additionally, by accelerating wound healing, this therapy shortens hospital stays and reduces the number of treatments
required, indirectly lowering energy consumption and carbon emissions within the healthcare system. This advantage in
reducing medical resource consumption makes MSC-Exo therapy highly promising for sustainable healthcare

applications.

Conclusion

In summary, MSC-Exo, a crucial type of extracellular vesicle, plays a significant role in the anti-inflammatory process
during DFU healing. It promotes the proliferation and migration of endothelial cells, fibroblasts, and other cells involved
in angiogenesis and extracellular matrix remodeling through various cytokines, mRNA, proteins, and related signaling
pathways. MSC-Exo exhibits favorable biocompatibility and stability, offering a promising new avenue for DFU
treatment. However, efforts to enhance its efficacy through various hydrogels and develop industrial-scale production
methods for extracting exosomes, as well as establishing standardized processes for storage, transportation, and main-
taining biological activity, are necessary. Combining exosomes with other biotechnologies and formulating standardized
therapeutic regimens and dosages tailored to DFU patients, along with assessing synergistic effects with other treatment
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modalities, require further extensive research. Additionally, while much of the current research is limited to in vitro and
rodent studies, advancing studies in primates and human clinical trials is essential to evaluate the therapeutic efficacy of
MSC-Exo further. Nevertheless, as a promising therapeutic modality for DFU, MSC-Exo holds vast potential and
deserves further investigation.
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