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Abstract: Diabetic foot ulcers (DFU) are a severe and recurrent complication of diabetes that significantly increase the risk of 
infection, amputation, and mortality. Conventional therapies often fail to achieve complete healing due to the complex microenviron
ment characterized by ischemia, chronic inflammation, neuropathy, and oxidative stress. Stem-cell-based interventions offer 
a multifaceted therapeutic strategy by promoting angiogenesis, modulating immune responses, reducing oxidative damage, and 
enhancing extracellular matrix remodeling. This review provides a comprehensive analysis of major stem-cell sources including 
bone marrow-derived mesenchymal stem cells (BM-MSCs), adipose-derived stem cells (ADSCs), umbilical cord blood mesenchymal 
stem cells (UCB-MSCs), and induced pluripotent stem cells (iPSCs). Comparative evaluation highlights that ADSCs are advantageous 
for autologous use and easy harvesting, BM-MSCs have the longest clinical track record, UCB-MSCs offer low immunogenicity for 
allogeneic applications, and iPSCs provide customizable options but require genomic stability monitoring. Increasing evidence 
supports the use of cell-free approaches, particularly exosome and secretome-based therapies, which reproduce stem-cell paracrine 
effects while minimizing ethical and safety concerns. Integration of these biologics with advanced biomaterials and nanoplatforms 
further enhances local retention, controlled release, and wound microenvironment regulation. Despite encouraging results, challenges 
remain in standardizing cell preparation, optimizing dosage and delivery, and ensuring long-term safety and cost-effectiveness. Future 
directions include harmonizing clinical protocols, expanding exosome-based therapeutics, and conducting large multicenter trials to 
validate their efficacy in real-world DFU management. 
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Introduction
Diabetic foot ulcers (DFU) are one of the most common and severe complications in diabetic patients, with an increasing 
incidence rate. Globally, the prevalence of DFU represents a significant burden. According to the most recent 
International Diabetes Federation (IDF) Diabetes Atlas, the number of people with diabetes worldwide has exceeded 
536 million and is projected to rise to 783 million by 2045.1 The prevalence of DFU globally is approximately 6.3%, 
with notable variations across regions; for instance, it can reach as high as 13.0% in North America and as low as 1.5% in 
Africa.2 DFU not only severely impacts patientsand#039; quality of life but also imposes a heavy economic burden on 
healthcare systems. It is estimated that about 18.6 million people develop DFU each year, with approximately 2 million 
requiring amputation as a result. In the United States, the direct treatment costs for diabetic foot ulcer patients are 
estimated between $9 billion and $13 billion annually. Additionally, the recurrence rate of DFU is high, with a lifetime 
recurrence rate ranging from 19% to 34%.3

DFU presents complex wounds that are difficult to heal and prone to recurrence, ultimately leading to amputation or 
even threatening life, placing a heavy burden on patients and their families. The foot is the primary site for diabetic 
complications, where neuropathy and vascular disease in the distal lower limbs cause infections or ulcers, leading to deep 
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tissue destruction. The main symptoms include mild neuropathy, ischemic rest pain, DFU, Charcot’s joint disease, and 
neurogenic fractures, often accompanied by infection, immune deficiency, and lower limb vascular disease.4–6 The 
pathogenesis of DFU is extremely complex (see Figure 1), involving multiple pathological processes such as neuropathy, 
vascular disease, infection, immune abnormalities, biofilm formation, and mechanical stress interacting with each.7–10 

Graphical Abstract

Figure 1 Pathogenesis of Diabetic Foot Ulcer (DFU). Schematic representation of the multifactorial mechanisms underlying DFU formation, including peripheral neuropathy, 
ischemia, oxidative stress, impaired angiogenesis, and chronic inflammation that collectively impair wound healing.
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These factors collectively contribute to the occurrence, development, and difficulty in healing of foot ulcers. Although 
traditional treatments have alleviated the condition to some extent, they have significant limitations and fail to address the 
underlying pathological issues of DFU. The high recurrence rate of DFU is a major challenge for traditional treatments. 
Surgical debridement and standard care, the recurrence rate of DFU remains high, with some patients requiring multiple 
amputations.11 Moreover, the presence of infection and chronic inflammation further exacerbates the difficulty in ulcer 
healing.4 Treatment for DFU typically requires long-term medical intervention, including multiple surgeries, medication, 
and nursing services. This not only imposes an economic burden on patients but also places a significant strain on 
healthcare systems.11 Traditional therapies primarily focus on symptom control, such as infection management and 
wound care, but they fail to effectively address the underlying causes of DFU, like diabetic neuropathy and chronic 
ischemia. In contrast, stem cell therapy has garnered significant attention due to its innovation and potential advantages. 
Stem cell therapy offers new possibilities for treating DFU through mechanisms that promote angiogenesis, improve 
nerve damage, and accelerate collagen deposition. For example, mesenchymal stem cells (MSCs) have been shown to 
differentiate into various cell types, including bone cells, cartilage cells, and fat cells, thereby facilitating wound healing. 
Additionally, adipose-derived stem cells (ADSCs) show promise in DFU treatment by improving the local microenvir
onment through the secretion of growth factors and anti-inflammatory agents. Stem cell therapy may serve as an effective 
supplement or alternative to traditional therapies, providing more efficient, cost-effective, and sustainable treatment 
options for DFU patients. This review synthesizes recent preclinical and clinical evidence to guide future therapeutic 
strategies. This article adheres to PRIOR guidelines for narrative reviews.12

Research Progress in Stem Cell Therapy
Traditional treatment methods include wound care, infection control, decompression, negative pressure wound therapy, 
skin substitutes, and skin grafting, but these approaches still have limitations in promoting wound healing and improving 
prognosis. In recent years, stem cell therapy has gained significant attention as an emerging treatment strategy. MSCs can 
accelerate the healing of DFUs through various mechanisms, including modulating inflammatory responses, promoting 
angiogenesis, recruiting immune cells, and secreting growth factors. For example, MSCs can secrete multiple cytokines and 
growth factors, such as vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF), which promote the 
formation of new blood vessels and tissue regeneration in ulcerated areas.13 Additionally, MSCs have immunomodulatory 
effects, capable of suppressing abnormal immune responses and reducing inflammation-induced tissue damage. In terms of 
stem cell types, adipose-derived stem cells (ADSCs) and bone marrow mesenchymal stem cells (BM-MSCs) are two 
commonly studied types.14 ADSCs, due to their wide availability, ease of acquisition, and low immunogenicity, have 
become a research hotspot. Allo-ASC-DFU, developed by Anterogen in South Korea, is a drug based on ADSCs for 
treating DFUs. Its Phase II clinical trial (NCT02619877; Registration date - 2015-12-02) demonstrated that this therapy is 
safe and effective in improving wound healing in DFU patients.15 BM-MSCs also demonstrate promising therapeutic 
potential, as they can secrete various bioactive molecules to modulate the local microenvironment and promote tissue 
repair.16 Asko Andersen et al evaluated the safety of using BM-MSCs for local treatment in DFU patients. Interestingly, 
after a single treatment with the BM-MSC preparation, patients showed improved clinical outcomes over a six-month 
observation period, providing a safe and effective treatment method.17 However, stem cell therapy still faces numerous 
challenges in clinical application, such as the source of stem cells, standardization of preparation, survival rate, and 
immunogenicity, which need further optimization. Additionally, how to improve the survival rate and efficacy of stem cells 
at the ulcer site, and how to better regulate the immunogenicity of stem cells, are also issues that require further research.

Mechanism of Action in Stem Cell Therapy for DFUs
Despite differences in origin, most stem-cell types converge on a set of core regenerative mechanisms. These include (1) 
angiogenesis through secretion of VEGF, FGF-2, and PDGF activating PI3K/AKT and MAPK pathways; (2) immuno
modulation, notably macrophage polarization from M1 to M2 phenotypes mediated by TSG-6, IL-10, and exosomal 
miRNAs; (3) antioxidant and anti-apoptotic protection via SOD, GPx, and Nrf2/HO-1 signaling; and (4) ECM remodel
ing that enhances fibroblast proliferation and keratinocyte migration. Subsequent sections highlight distinctive features of 
each stem-cell source while referencing these shared pathways to avoid redundancy.
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Anti-Inflammatory and Immune Regulation
Stem cell therapy reshapes the microenvironment of DFU wounds through multi-mechanism coordinated regulation, 
demonstrating significant advantages that surpass traditional treatment limitations (see Figure 2). DFU wounds are often 
in a chronic inflammatory state, where inflammatory responses are one of the key factors leading to delayed wound healing. 
MSCs secrete various cytokines and chemokines, such as IL-10 and TGF-β, which can significantly reduce the levels of 
pro-inflammatory cytokines like TNF-α and IL-6, thereby suppressing inflammatory responses.18 MSCs can reduce the 
infiltration of inflammatory cells and the release of inflammatory mediators by upregulating the expression of IL-10, thus 
promoting wound healing. In the inflammatory environment of DFU, the proportion of M1 macrophages (pro- 
inflammatory) is higher, while the proportion of M2 macrophages (anti-inflammatory) is lower.19 MSCs can promote the 
polarization of M1 to M2 by secreting specific cytokines and exosomes, increasing the number of M2 macrophages, thereby 
reducing inflammatory responses and promoting tissue repair. NF-κB is a key transcription factor regulating inflammatory 
responses. By inhibiting the activation of the NF-κB signaling pathway, MSCs reduce the expression of pro-inflammatory 
cytokines, thereby exerting an anti-inflammatory effect. Li et al found that miRNAs such as20 and miR-21-231 can target 
the NF-κB signaling pathway in MSCs, further suppressing inflammatory responses. In addition to these mechanisms, 
MSCs also exert anti-inflammatory effects through other pathways. HO-1 (heme oxygenase-1) is an important antioxidant 
and anti-inflammatory enzyme that can reduce oxidative stress and inflammatory response. Overexpression of HO-1 in 
DFU can enhance the anti-inflammatory ability of MSCs, thus promoting wound healing.21

MSCs possess immunosuppressive properties and can modulate immune responses through various mechanisms, 
reducing immune rejection and creating a favorable immune microenvironment for wound healing. MSCs inhibit the 
proliferation and activation of T cells and B cells by secreting immune regulatory factors such as IDO. This immuno
suppressive effect reduces immune cell infiltration and alleviates inflammatory responses. In a study by Husakova et al, 
MSCs were applied to a diabetic mouse model of foot ulcers, systematically evaluating the immunomodulatory effects of 
MSCs.22 The results showed that MSCs significantly inhibited T cell activation and proliferation by secreting indolea
mine 2,3-dioxygenase (IDO). IDO degrades tryptophan to produce immunosuppressive metabolites, thereby inhibiting 
T cell activation. Compared to the control group, the treatment group treated with MSCs exhibited significantly reduced 
T cell infiltration, lessened inflammatory responses, and accelerated wound healing. This study provides important 
evidence for the role of MSCs in promoting DFU healing through immunomodulatory effects and highlights the critical 
role of IDO-mediated immunosuppressive mechanisms. MSCs can also promote the transformation of macrophages from 

Figure 2 Factors Stimulating Endothelial Cell Proliferation and Migration. Illustration showing molecular and cellular factors such as VEGF, FGF, PDGF, TGF-β, nitric oxide, 
and hypoxia-inducible pathways that promote angiogenesis and tissue regeneration during diabetic wound healing.
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the pro-inflammatory M1 type to the anti-inflammatory M2 type. M2 macrophages can secrete anti-inflammatory factors, 
further suppressing inflammatory responses and promoting tissue repair.23 MSCs significantly promoted macrophage 
polarization to M2 type through the TSG-6-mediated mechanism,24 thereby improving the healing process of DFU.

Promotion of Angiogenesis
A key pathological feature of DFU is poor local blood circulation, leading to tissue hypoxia and inadequate nutrient 
supply. Stem cells can secrete various angiogenic factors, such as VEGF, FGF, and PDGF. These factors directly 
stimulate the proliferation and migration of endothelial cells, thereby promoting the formation of new blood vessels 
(see Figure 2). MSCs can improve angiogenesis in DFU areas by secreting factors like VEGF.19 Additionally, ADSCs 
can also promote vascular neogenesis by secreting factors such as VEGF and FGF-2. These factors not only promote the 
proliferation and migration of endothelial cells but also enhance their survival capabilities, thus accelerating the 
angiogenesis process. Furthermore, stem cells promote angiogenesis through exosomes. Exosomes are small vesicles 
secreted by stem cells, containing multiple proteins, mRNA, and miRNA molecules that can function in target cells to 
regulate their biological functions. MSC-derived exosomes (MSC-Exos) can promote the proliferation and migration of 
endothelial cells through molecules such as miR-125a, thereby promoting angiogenesis.25 Specifically, the expression of 
miR-125a in exosomes can inhibit endothelial cell apoptosis and promote their proliferation and migration.26 Moreover, 
miR-106a-5p promotes angiogenesis through the FGF4/p38MAPK signaling pathway, a mechanism with potential 
application value in DFU treatment.25 Stem cells promote angiogenesis by activating specific signaling pathways. 
MSCs can enhance the proliferation and migration of endothelial cells27 by activating the PI3K/AKT signaling pathway. 
Stem cells not only promote angiogenesis through the secretion of factors and exosomes but also play a role through 
direct contact with endothelial cells. For example, ADSCs can form tight junctions with endothelial cells and promote 
their proliferation and migration by secreting various signaling molecules.28 This intercellular interaction not only 
enhances the effectiveness of angiogenesis but also improves the specificity and efficacy of treatment.

Inhibition of Oxidative Stress and Apoptosis
Stem cell therapy in DFU has shown significant efficacy, one of its mechanisms being to promote tissue repair and 
regeneration by inhibiting oxidative stress and apoptosis. Oxidative stress and apoptosis are key factors in the pathogen
esis of DFU, and stem cell therapy intervenes in these processes through multiple pathways, thereby improving the 
healing of DFU. Oxidative stress refers to the process where excessive reactive oxygen species (ROS) damage cells when 
the balance between oxidation and antioxidation is disrupted. In DFU, oxidative stress not only leads to cellular 
dysfunction but also exacerbates inflammatory responses and tissue damage. Stem cells can secrete various antioxidant 
enzymes, such as superoxide dismutase (SOD) and glutathione peroxidase (GPx), which can clear ROS from the body 
and reduce oxidative stress-induced cell damage.29 Kaempferol reduces ROS levels by downregulating the ROS/FoxO 
signaling pathway, thus protecting BM-MSCs from oxidative stress-induced apoptosis.30 Additionally, Nrf2 is activated 
under oxidative stress conditions and enhances cellular antioxidant capacity by upregulating the expression of antioxidant 
genes such as HO-1 and GSH. Research indicates that overexpression of Nrf2 can significantly reduce the apoptosis rate 
of BM-MSCs and improve their antioxidant capacity.31

Apoptosis is an indispensable factor in the healing process of DFU. Oxidative stress-induced apoptosis primarily 
occurs through the activation of pro-apoptotic proteins such as caspase-3 and Bax, while simultaneously reducing the 
expression of anti-apoptotic protein Bcl-2.32 Additionally, oxidative stress can further exacerbate cellular damage by 
activating the autophagy pathway. Stem cell therapy inhibits apoptosis through multiple pathways. miR-210 plays 
a crucial role in H2O2-induced apoptosis in endothelial and cardiomyocytes. miR-210 can inhibit H2O2-induced 
apoptosis in H9c2 cells, with mechanisms possibly involving regulation of the cell cycle, DNA repair, and cell 
proliferation.33 Furthermore, N-acetylcysteine (NAC) can protect BM-MSCs from oxidative stress-induced apoptosis 
by activating the PI3K-Akt signaling pathway, upregulating the expression of FOXO3, FOXO4, and FOXO6 genes, as 
well as anti-apoptotic Bcl-2.34
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Promotion of Tissue Regeneration
MSCs possess the ability to differentiate in multiple directions and can directly participate in wound tissue repair. 
Additionally, the growth factors and cytokines secreted by MSCs can promote the proliferation and differentiation of 
endogenous cells, accelerating wound healing. The repair of DFU wounds requires a large number of fibroblasts to 
synthesize collagen and rebuild the extracellular matrix. In their study published in,35 Assi et al injected MSCs into 
diabetic rat foot ulcer models to investigate the role of MSCs in promoting tissue regeneration. The results showed that 
MSCs can differentiate into fibroblasts and secrete collagen and other extracellular matrix components. MSCs promote 
fibroblast differentiation and function by activating the TGF-β/Smad signaling pathway.36 Compared to the control 
group, the wound granulation tissue formation in the MSC treatment group was significantly better, with increased 
collagen deposition and faster wound healing, and this study not only confirmed that MSCs directly participate in wound 
repair by differentiating into fibroblasts but also provided new insights into the regulatory mechanisms of the TGF-β/ 
Smad signaling pathway in tissue regeneration. MSCs can secrete various growth factors, such as EGF, FGF, and TGF-β, 
which promote the proliferation and differentiation of endogenous cells. These growth factors can accelerate wound 
healing and reduce healing time. Ziegler’s research found that MSCs significantly promoted the epithelialization and 
collagen deposition in DFU wounds through the secretion of EGF and FGF.36

Stem-Cell–Derived Exosomes in Diabetic Foot Ulcer Therapy
Stem-cell–derived exosomes have recently emerged as a powerful cell-free regenerative strategy for diabetic foot ulcers 
(DFUs), offering many of the reparative advantages of mesenchymal stem cells (MSCs) while avoiding risks such as 
immune rejection, tumorigenicity, and poor engraftment.37 These nanosized extracellular vesicles (30–150 nm) carry 
diverse cargos including proteins, lipids, mRNAs, and regulatory microRNAs that mediate intercellular communication 
and reproduce the paracrine actions of their parent cells.38–40 Two recent comprehensive reviews Wang H et al,41 and 
Wang J et al42 have summarized the latest advances in this field, emphasizing that exosomes derived from bone-marrow, 
adipose, and umbilical-cord MSCs exert coordinated effects on inflammation, angiogenesis, oxidative stress, and tissue 
remodeling in DFU models.

These studies41,42 demonstrate that MSC-derived exosomes (MSC-Exos) deliver miRNAs such as miR-125a, miR- 
132, miR-146a, and miR-106a-5p, which activate the FGF4/p38MAPK, PI3K/AKT, and TGF-β/Smad pathways to 
stimulate endothelial cell proliferation, migration, and neovascularization within ischemic wound beds. They also 
modulate macrophage polarization from the pro-inflammatory M1 to the reparative M2 phenotype and suppress 
activation of the NLRP3 inflammasome, thereby reducing cytokine overexpression (IL-6, TNF-α, IL-1β) and promoting 
resolution of inflammation. Exosomes isolated from adipose-derived MSCs and hair-follicle MSCs further accelerate re- 
epithelialization and collagen deposition by transferring lncRNA H19 and antioxidant enzymes that mitigate reactive- 
oxygen-species accumulation. In both rodent and large-animal DFU models, exosome treatment enhanced granulation 
tissue formation, increased capillary density and VEGF/CD31 expression, and shortened wound-closure time compared 
with untreated controls.41,42

To address the short in-vivo half-life and rapid clearance of free vesicles, recent experimental approaches have 
embedded exosomes in hydrogels, extracellular-matrix scaffolds, and nanofiber composites, achieving sustained local 
release and superior healing efficacy.43,44 These reports41,42 also stress the need for standardization of exosome isolation 
and quality control, optimization of dosage and delivery routes, and large-scale, GMP-compliant production systems to 
enable clinical translation. The accumulating evidence positions MSC-derived exosomes as a next-generation therapeutic 
platform for DFU harnessing the regenerative and immunomodulatory capacity of stem cells in a safer, more control
lable, and clinically adaptable form.45

Types and Sources of Stem Cells
Combined Bone Marrow-Derived Multipotent Mesenchymal Stem Cells (BM-MSCs)
Stem cell therapy has shown significant potential in the treatment of DFU, and different types of stem cells have shown 
their own advantages and limitations in the treatment of DFU (see Table 1). Comparatively, the stem-cell types used for 
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DFU, ADSCs offer the easiest harvest and highest yield, making them ideal for autologous applications with strong 
paracrine and angiogenic effects. BM-MSCs remain the most extensively studied, showing reliable safety and vascular 
regeneration but require invasive collection and are limited by donor-age variability. UCB-MSCs provide an allogeneic, 
“off-the-shelf” option with low immunogenicity and consistent potency, though availability and scalability can be 
constrained. iPSC-derived cells hold the greatest potential for personalized therapy and unlimited expansion, yet long- 
term genomic stability and cost remain major challenges. Thus, the choice of cell source should balance accessibility, 
safety, immunologic profile, and translational feasibility rather than assuming one universally superior type.

BM-MSCs are a type of adult stem cell with the potential for self-renewal and multi-directional differentiation, 
primarily derived from bone marrow. They can differentiate into various cell types such as osteoblasts, chondrocytes, and 
adipocytes, playing a crucial role in tissue repair and immune regulation. BM-MSCs have significant potential in the 
treatment of DFU, exerting their effects through mechanisms like wound healing promotion, anti-inflammatory action, 
and autophagy (see Figure 3). Conditioned medium (MSC-CM) secreted by BM-MSCs can significantly improve the 
wound healing process in rat models of DFU, reducing the level of inflammatory factor IL-1β, increasing the expression 
of cell proliferation index Ki67, angiogenesis index CD31, and GSDMD, while also decreasing apoptosis.56 Research has 
shown that transplantation of BM-MSCs can significantly enhance the speed and quality of wound healing in patients 
with DFU, reduce amputation rates, and lower complication rates.4 However, invasive procedures for bone marrow 
collection may increase patient risks, and donor age significantly affects cell proliferation capacity. Additionally, in 
autologous transplantation, abnormal bone marrow microenvironment in diabetic patients may weaken cell function, 
requiring strategies such as gene editing to optimize.

Adipose-Derived Mesenchymal Stem Cells (ADSCs)
ADSCs are MSCs extracted from adipose tissue and possess the potential for self-renewal and multi-directional 
differentiation. They can differentiate into various cell types, such as adipocytes, chondrocytes, and osteoblasts, and 
have immune regulatory functions that can control excessive immune responses. The acquisition of ADSCs is simple, 
involving local liposuction under local anesthesia, and they are easy to expand in vitro. ADSCs promote angiogenesis 
and cell proliferation by secreting multiple growth factors and cytokines, thereby accelerating the healing of DFU. 
Embedding ADSCs in platelet-rich plasma (PRF) for DFU treatment significantly improves patient healing rates.46 

Research has found that ADSCs can reduce inflammatory responses in DFU patients by inhibiting the expression of 

Table 1 Comparative Overview of Stem Cell Types Used in Diabetic Foot Ulcer (DFU) Therapy: Efficacy, Advantages, and Limitations

Stem Cell Type Therapeutic Effects Advantages Limitations References

BM-MSCs Promote angiogenesis, 
modulate inflammation and 

immunity, and significantly 

accelerate wound healing

Extensive clinical experience; strong 
vascular regeneration potential.

Invasive harvesting; donor age 
affects proliferation; diabetic 

bone-marrow microenvironment 

may impair function.

[16,17,35]

ADSCs Secrete diverse growth factors 

and cytokines that enhance 

angiogenesis, fibroblast 
proliferation, and wound 

closure

Abundant and easily obtained with 

minimal invasiveness; low 

immunogenicity; unique exosome- 
mediated regulation of NLRP3 

inflammasome.

Obesity-related lipid metabolism 

disorders may impair function; 

diabetes-associated lipotoxicity 
can reduce migration capacity.

[15,46,47]

UCB-MSCs Exhibit superior angiogenic, 
anti-inflammatory, and 

immunomodulatory 

properties compared with PRP 
treatment

Non-invasive source, low 
immunogenicity, and high culture 

success rate.

Limited availability of umbilical 
cord blood and restricted cell 

yield per unit sample.

[48–50]

iPSCs Differentiate into multiple skin 

and vascular cell types, 
enabling tissue regeneration 

and re-epithelialization

Overcomes ethical concerns; versatile 

for disease modeling, drug screening, 
and personalized regenerative 

medicine.

High tumorigenic risk; costly; 

reprogramming may retain 
oncogenic signatures.

[51–55]
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inflammatory factors, and AD-MSC exosomes enhance skin healing in diabetic mice by regulating the expression of 
NLRP3-related proteins.47 By promoting wound healing, reducing inflammation, and improving tissue regeneration, 
ADSCs offer new treatment options for DFU patients. However, abnormal lipid metabolism in obese patients may affect 
cell function, and diabetes-related lipotoxicity can reduce the migratory ability of ADSCs. In terms of long-term safety, 
their angiogenic properties raise concerns about the risk of complications such as diabetic retinopathy.

Umbilical Cord Blood Mesenchymal Stem Cells (UCB-MSCs)
UCB-MSCs are MSCs isolated from umbilical cord blood, characterized by high self-renewal capacity and multi- 
directional differentiation potential, capable of differentiating into multiple lineages such as adipocytes, osteoblasts, 
and chondrocytes.48 Additionally, UCB-MSCs exhibit strong immune regulatory functions, inhibiting the proliferation of 
T cells and B cells, and reducing inflammatory responses.49 These properties make UCB-MSCs highly valuable in 
regenerative medicine and tissue repair. UCB-MSCs participate in the treatment of DFU through mechanisms such as 
promoting angiogenesis, anti-inflammatory effects, and immune regulation. UCB-MSCs can promote wound healing and 
reduce infection risks.50 However, clinical applications are limited by the scarcity of umbilical cord blood resources; 
a single unit of umbilical cord blood can only yield about 2×10^5 MSCs, which need to be expanded to the 3rd-5th 
generation in vitro to meet therapeutic needs. Moreover, cell viability loss during cryopreservation and thawing may 
affect the stability of therapeutic effects.

Induced Pluripotent Stem Cells (iPSCs)
iPSCs can be generated through various types of somatic cells such as fibroblasts, peripheral blood mononuclear cells, 
and urine cells.51 These cells are reprogrammed using specific transcription factors (such as OCT4, SOX2, LIN28, and 
KLF4) into pluripotent iPSCs.52 Optimized methods during the reprogramming process, such as the use of small 
molecule inhibitors, further enhance the efficiency and quality of iPSCs generation. iPSCs can differentiate into multiple 

Figure 3 Scaffold-assisted mechanisms of BM-MSC–mediated healing in diabetic foot ulcers (DFUs). BM-MSCs can be incorporated into various biocompatible scaffolds such 
as hydrogels, fiber scaffolds, sponge scaffolds, and decellularized grafts to enhance their regenerative potential in DFU repair. Once delivered to the wound microenviron
ment, BM-MSCs promote healing through multiple coordinated mechanisms: (i) transdifferentiation into keratinocytes, fibroblasts, and endothelial cells that restore 
epidermal and vascular integrity; (ii) paracrine secretion of growth factors (VEGF, FGF2, PDGF, TGF-β, EGF) that stimulate angiogenesis and fibroblast proliferation; (iii) 
immunomodulation via upregulation of IL-10 and downregulation of TNF-α and IL-6 to resolve inflammation; and (iv) autophagy and extracellular-matrix remodeling, 
collectively accelerating re-epithelialization and wound closure.
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cell types, including keratinocytes, fibroblasts, and endothelial cells, which are used to repair damaged skin and blood 
vessels. Keratinocytes derived from iPSCs can effectively promote regeneration in the skin. iPSCs can be obtained from 
patient-derived skin fibroblasts or blood cells and converted into pluripotent stem cells through reprogramming 
technology.53 These cells have the ability to differentiate into various cell types, including neurons, immune cells, 
endothelial cells, and smooth muscle cells. Research indicates that fibroblasts from DFU patients can be successfully 
converted into iPSCs, which can then differentiate into smooth muscle cells for simulating pathological processes in 
DFU, such as wound healing, angiogenesis, and cell proliferation.54 iPSCs can be combined with biomaterials to 
construct tissue engineering scaffolds for repairing damaged skin and tissues. Cells derived from iPSCs can also be 
combined with biomaterials like collagen to form bioactive tissue engineering scaffolds.55 However, iPSCs technology 
still faces some challenges in clinical application, such as the reprogramming process may leave residual oncogenic 
genes, differentiation efficiency varies by batch, GMP production cycle is up to 4–6 months, and treatment costs are 5–8 
times that of other stem cell therapies. The characteristics and therapeutic applications of the major stem cell types used 
for DFU treatment are summarized in Figure 4.

Combined Application of Stem Cells and Other Treatments
DFU is a complex chronic wound that requires multidisciplinary collaboration and comprehensive treatment strategies. In 
recent years, stem cell therapy has shown significant potential in the treatment of DFU, particularly stem cells derived 
from sources such as MSCs and iPSCs. These cells improve the healing of DFU through various mechanisms, including 

Figure 4 Overview of Cell-Based Therapeutic Strategies for Diabetic Foot Ulcers. Summary diagram highlighting diverse stem-cell-based interventions BM-MSCs, ADSCs, 
UCB-MSCs, iPSCs, and stem-cell-derived exosomes and their modes of action such as angiogenesis promotion, inflammation reduction, and ECM remodeling, integrated 
with emerging adjuncts like biomaterials and nanotechnology.
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promoting angiogenesis, inhibiting inflammatory responses, differentiating into vascular endothelial and osteoblast cells, 
and secreting growth factors.57 However, despite the promising results of stem cell therapy in treating DFU, its use alone 
still has some limitations. Researchers have recently explored combined treatment strategies to enhance therapeutic 
outcomes. Biomaterials can be integrated with stem cells to improve the effectiveness of DFU treatment. Combination of 
autologous BM-MSCs and dermal fibroblasts with chitosan-based biomaterials significantly reduced patient pain and 
observed a noticeable reduction in ulcer area within 48 hours after treatment and after eight months of treatment, the 
ulcers were almost completely healed, and vascular CT results indicated good vascular healing. Photo-biomodulation 
therapy, which stimulates cell activity through light exposure, can further enhance the therapeutic effects of stem cells. 
Moreover, P-MSCs hydrogels have also demonstrated excellent therapeutic outcomes, successfully preventing amputa
tions in DFU patients.58 Combining photo-biomodulation with ADSCs can significantly enhance the treatment outcomes 
of DFU, indicating that the combined use of stem cells and growth factors can further improve efficacy under specific 
conditions.59 The integration of physical therapy with stem cell therapy has been proven to promote the migration and 
proliferation of stem cells, thereby improving the healing of DFU. LLLT is a non-invasive treatment method that 
stimulates cell proliferation, migration, and differentiation through photo-biomodulation. A review describes how low- 
level laser therapy (LLLT), as a physical therapy, can promote cell proliferation and angiogenesis, and when combined 
with stem cell therapy, may further enhance the treatment outcomes of DFU.60 Nanomaterials possess unique physical 
and chemical properties that can enhance the biological functions of stem cells. Research indicates that stem cells 
encapsulated in nanoparticles can more effectively deliver growth factors and antioxidants to damaged tissues,61 offering 
new strategies for the treatment of DFU.

Recent work by Rajendran et al,62 Wei et al63 and Gong et al64 further integrates mesenchymal stem-cell–derived 
exosomes with nanoengineered and responsive scaffolds, enabling sustained release and microenvironment modulation 
that improves angiogenesis, re-epithelialization, and infection control in chronic DFU where they demonstrated that 
exosome-loaded hydrogels and dynamic matrix composites accelerate wound closure and vascular remodeling compared 
with conventional carriers.

However, the long-term toxicity and biocompatibility of nanomaterials still require further investigation.

Challenges and Limitations of Stem Cell Therapy
Despite the significant potential of stem cell therapy in treating diabetic foot ulcers (DFU), its clinical application still faces 
a series of challenges and limitations, primarily concerning safety, therapeutic consistency, production costs, and ethical 
issues. A thorough analysis of these limitations and the proposal of optimization strategies are crucial for advancing stem cell 
therapy from laboratory research to clinical practice. The infinite proliferative capacity of stem cells is at the core of their 
therapeutic potential but also poses a risk of tumorigenesis. In particular, iPSCs and ESCs may retain oncogenes during 
reprogramming or differentiation, leading to uncontrolled cell proliferation after transplantation. iPSCs can form teratomas 
under certain conditions, especially when not fully differentiated into target cell types. To address this issue, researchers are 
optimizing reprogramming techniques to reduce the residual oncogenes and using gene editing technologies (such as 
CRISPR-Cas9) to screen and modify stem cells, ensuring their safety and controllability.65 Transplanted stem cells may be 
recognized by the host immune system as foreign substances, triggering an immune rejection response and leading to 
transplant failure. This problem is particularly pronounced in allogeneic stem cell transplants. Although autologous stem 
cells (such as iPSCs) theoretically avoid immune rejection, their preparation is complex and costly. To reduce the risk of 
immune rejection, researchers are exploring combined immunomodulatory strategies, such as using engineered stem cells that 
secrete immunosuppressive factors (like IDO) or combining them with immunosuppressive drugs. In complex microenviron
ments such as diabetic foot ulcers, transplanted stem cells may have low survival rates due to hypoxia, inflammation, and 
metabolic disorders. High glucose and low oxygen environment of DFU wounds significantly inhibits the activity and survival 
of stem cells.66 To improve cell survival rates, researchers are developing smart-responsive biomaterials (such as hypoxia- 
responsive hydrogels) to provide a suitable microenvironment for stem cells and enhancing their adaptability through pre- 
treatment techniques (such as hypoxic preconditioning). The process of stem cell differentiation into specific cell types is 
difficult to control precisely, which can lead to the generation of non-target cells and affect treatment outcomes. For example, 
iPSCs may produce non-functional cells when differentiating into endothelial or fibroblastic cells due to improper signaling 
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pathway regulation. To address this issue, researchers are using single-cell RNA sequencing technology to accurately analyze 
stem cell differentiation pathways and developing engineered exosomes to guide stem cell differentiation by delivering 
specific signaling molecules.67 The production of stem cells requires strict quality control and standardized procedures, and is 
costly, limiting its widespread application. For instance, the preparation of iPSCs involves complex reprogramming techni
ques and long-term in vitro culture, resulting in a production cycle that can last several months and significantly higher costs 
compared to traditional therapies. To reduce production costs, researchers are promoting the development of scaled-up 
production technologies and exploring non-integrated reprogramming techniques to simplify the preparation process. The 
translation of stem cell therapy from laboratory to clinical application faces numerous challenges, including ensuring the 
safety, efficacy, and reproducibility of treatments. Despite encouraging progress, several translational barriers remain. Patient 
heterogeneity including differences in age, diabetic control, comorbid vascular disease, and local wound microbiome can 
profoundly influence stem-cell viability, engraftment, and paracrine activity, complicating standardization of outcomes across 
trials.68 Moreover, long-term safety requires continued surveillance, since genomic instability, unintended differentiation, or 
pro-angiogenic overactivity could potentially lead to fibrosis or neoplasia after transplantation.68,69 Current follow-ups in most 
DFU studies rarely extend beyond 12 months, leaving long-term durability and recurrence rates uncertain.69,70 Addressing 
these gaps will require multicenter trials with stratified enrollment, harmonized outcome measures, and extended post- 
treatment monitoring to ensure durable and safe clinical benefit.

Stem cell therapy shows great potential in the treatment of diabetic foot ulcers, but its clinical application still requires 
overcoming a series of challenges. Through technological innovation, optimizing production processes, strengthening 
ethical oversight, and long-term safety research, it is hoped that stem cell therapy can make the leap from experimental 
studies to clinical applications, providing new solutions for the treatment of diabetic foot ulcers.

Conclusion
Stem-cell-based strategies offer a promising therapeutic option for chronic diabetic foot ulcers through convergent 
mechanisms including pro-angiogenic signaling, immunomodulation via M2 macrophage polarization, reduction of 
oxidative stress, and support of extracellular matrix remodeling. However, clinical translation still depends on achieving 
standardization, safety, and durability of benefit. The choice of cell source should be contextual rather than fixed: ADSCs 
provide the most accessible autologous option with high yield; BM-MSCs have the strongest clinical record and safety 
profile; UCB-MSCs allow low-immunogenic, off-the-shelf use; and iPSC-derived products offer customization but 
require careful genomic stability monitoring. Future research should focus on optimizing protocols that define source, 
dose, and delivery route; integrating stem cells with biomaterials and nanoplatforms to improve cell retention and 
paracrine activity; and expanding cell-free therapies such as exosome- and secretome-based products to enhance 
scalability and safety. Large multicenter studies with extended follow-up are essential to validate long-term outcomes, 
confirm safety, and establish cost-effectiveness so that stem-cell-derived therapies can be integrated safely and consis
tently into clinical practice for diabetic wound care.
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