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Abstract


Repairing and regenerating tissue barriers is a key challenge in regenerative medicine. Stem cells play a crucial role in restoring the structural and functional integrity of key epithelial barrier surfaces, including the skin and mucosa. This review analyzes the role of dental pulp stem cells (DPSCs) and their derivatives, including extracellular vesicles, conditioned medium, and intracellular factors, in accelerating skin wound healing. The key mechanisms include: (1) DPSCs regulating inflammatory microenvironments by promoting anti-inflammatory M2 macrophage polarization; (2) DPSCs activating vascular endothelial growth factor (VEGF) to drive angiogenesis; (3) DPSCs optimizing extracellular matrix (ECM) spatial structure through matrix metalloproteinase/tissue inhibitor of metalloproteinase (MMP/TIMP) balance; and (4) DPSCs enhancing transforming growth factor-β (TGF-β) secretion to accelerate granulation tissue formation. Collectively, these processes promote wound healing. In addition, we explored potential factors that accelerate wound healing in DPSCs, such as oxidative stress, mechanical stimulation, hypertension, electrical stimulation, and organoid modeling. In addition to demonstrating the great potential of DPSCs for skin repair, this review explores their translational prospects in mucosal regenerative medicine. It covers the oral cavity, esophagus, colon, and fallopian tube. Some studies have found that combining DPSCs and their derivatives with drugs can significantly enhance their biological effects. By integrating insights from skin and mucosal models, this review offers novel ideas and strategies for treating chronic wounds, inflammatory bowel disease, and mucosal injuries. It also lays the foundation for connecting basic research results with clinical practice. This represents a significant step forward in tackling these complex medical challenges and lays a solid scientific foundation for developing more targeted and efficient regenerative therapies.
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1. Introduction


Chronic wounds now affect over 6.5 million Americans, with annual treatment expenditures surpassing $25 billion, owing to increasing healthcare costs, an aging population, and the rising prevalence of diabetes and obesity [1,2]. This poses an enormous burden on society. The market for wound care products is up to $15.3 billion per year and up to $12 billion per year for scar treatment [3]. In patients with diabetes and obesity, the wound-healing process takes much longer. It is more expensive to leave a hypertrophic scar or keloid, which affects aesthetics and function and causes psychological and physical distress. This presents a significant challenge for dermatologists and plastic surgeons. Despite various treatment approaches, including gauze dressings, negative pressure wound therapy, and surgical methods, many lack robust efficacy [4].



Within the mucosal systems, the intestinal tract is one of the most prevalent sites of pathology. Ulcerative colitis (UC), a chronic relapsing-remitting inflammatory bowel disease localized to the colorectum, affected approximately 5 million individuals worldwide in 2023, with epidemiological data indicating a persistently rising incidence trend [5]. Clinical management adheres to a severity-stratified approach: mild cases typically receive first-line intervention with non-steroidal medications, while moderate-to-severe presentations require corticosteroids or biologic agents as primary therapies. Patients with corticosteroid refractoriness or dependency necessitate escalation to immunomodulatory regimens. Surgical intervention remains the definitive approach for end-stage cases or those with severe complications [6]. First-line UC pharmacotherapies (e.g., corticosteroids and sulfasalazine) focus on inflammatory suppression but frequently lack efficacy in driving mucosal healing. Moreover, prolonged corticosteroid use is associated with significant risks, including increased susceptibility to infections, steroid dependence, and osteoporosis. Conversely, dental pulp stem cells (DPSCs) have dual therapeutic capabilities: precise immune modulation and accelerated tissue regeneration.



Wound healing is a complex physiological process. It involves the temporal and spatial synchronization of various cells that perform different functions at different times [7]. The stages occur in chronological order but also overlap and influence each other [8]. In addition to scarring, chronic wounds are also common in wound healing. Chronic wounds are those in which the repair process fails to restore anatomic and functional integrity after three months [9]. Prolonged inflammation is an important factor contributing to the difficulty of wound healing (Figure 1). During the inflammatory phase of acute wound healing, M1 macrophages (pro-inflammatory macrophages) predominate. To facilitate accelerated healing, M1 macrophages gradually transition to M2 macrophages (anti-inflammatory macrophages). M2 macrophages promote wound healing by stimulating angiogenesis, facilitating extracellular matrix (ECM) deposition, and modulating the inflammatory microenvironment [7]. Macrophages transform from M1 to M2 after engulfing activated neutrophils. However, in chronic wounds, 80% of M1 macrophages that are unable to phagocytose spent neutrophils are observed [10]. Neutrophils contain large amounts of ECM-degrading enzymes, including elastase and matrix metalloproteinases (MMPs) [11]. Impaired re-epithelialization is also a factor in prolonging wound healing, and keratinocytes (KCs) play a key role in re-epithelialization. Overexpression of miRNA-21, miRNA-132, and miRNA-31 can promote KCs’ proliferation and migration [12]. Disorders of blood vessel formation are also factors that delay wound healing. Angiogenesis involves cytokines such as angiotensin, fibroblast growth factor, vascular endothelial growth factor (VEGF), hypoxia-inducible factor-1α (HIF-1α), and stromal cell-derived factor-1 [13]. The common pathogens in chronic wounds are predominantly Staphylococcus aureus and Pseudomonas aeruginosa [14]. This leads to prolonged inflammation of the wound and the release of large amounts of reactive oxygen species (ROS), resulting in delayed wound healing. ROS stimulate sustained TNF-α production, thereby inducing chronic inflammation. Furthermore, ROS upregulate MMP expression in dermal fibroblasts via the activation of Nuclear Factor-κB (NF-κB) and activator protein 1 (AP-1), a process that contributes to delayed wound healing [15]. In addition, systemic factors such as age [16], stress [17], diabetes [18], medication, obesity [19], alcohol consumption [20], smoking [21], and nutrition [22] affect wound healing.



The purpose of this review is to elucidate the mechanism by which DPSCs accelerate the healing of skin and mucosal wounds and evaluate strategies for combining DPSCs with biomaterials to enhance therapeutic efficacy, providing a basis for the development of new methods for promoting healing based on DPSCs and serving clinical needs.




2. Dental Pulp Stem Cells and Derivatives


DPSCs are mesenchymal stem cells with high proliferative capacity, low immunogenicity, and multidirectional differentiation properties. DPSCs are routinely isolated from the pulp tissues of impacted third molars and orthodontically extracted premolars. DPSCs express mesenchymal stem cell-specific markers (CD105, CD90, and STRO-1) [23]. DPSCs have the potential to regenerate blood vessels [24]. Unlike acellular derivatives, DPSCs incur substantial expenses for cryopreservation in liquid nitrogen (−196 °C) and carry potential tumorigenic liabilities. DPSC-conditioned medium (DPSCs-CM) contains many cytokines, chemokines, and growth factors. Compared with Bone mesenchymal stem cells (BMSCs)-CM, DPSCs-CM contained higher levels of Interleukin-10 (IL-10), IL-13, and transforming growth factor-β1 (TGF-β1). However, hepatocyte growth factor, adiponectin, MMP-13, neurotrophic factor-3, and MMP-9 were specific to DPSC-CM. DPSC-CM has therapeutic potential for diseases affecting multiple organs and tissues, including the heart, lung, liver, eye, bone, cartilage, nerve tissues, and dental tissues [25]. DPSCs-Extracellular Vesicles (DPSCs-EVs) represent a nanoscale extracellular vesicle subtype (40–150 nm) that mediates cell-cell signaling through paracrine shuttling of bioactive payloads, including mRNAs/miRNAs/proteins, between cellular populations [26]. DPSCs-EVs regulate inflammation, promote tissue repair and regeneration, and can be used as drug carriers. Since DPSCs-EV yields are low and difficult to obtain, the lysate compensates for these shortcomings. Several studies have reported that DPSC lysates are effective in treating colitis [27] and diabetic chronic wounds [28]. Artificial Cell-Derived Vesicles (ACDVs) extracted from DPSCs lysates are also nanoscale particles. Compared with DPSCs-EVs extracted by ultrafast centrifugation, ACDVs exhibited 16 times higher extraction efficiency. It shares a similar protein secretion profile with DPSCs-EVs [29].




3. Mechanisms


DPSCs and their derivatives accelerate skin wound healing through various mechanisms (Figure 2).



3.1. Anti-Inflammation


While inflammatory responses are essential for eliminating pathogens and necrotic tissue, excessive or prolonged inflammation can hinder healing. Clinical debridement, which establishes a fresh wound bed, is thus beneficial for promoting healing.



DPSCs and their derivatives can improve the inflammatory environment of wounds and accelerate healing. Greene et al. applied DPSC products to a wound in vivo model of diabetc mice. They observed that DPSCs products reduced the nuclear transfer of NF-κB, promoted the phosphorylation of SMAD family member 2 (SMAD2) and SMAD3, upregulated IL-10 but reduced IL-6 expression, and significantly promoted wound healing [30]. Duan et al. demonstrated that ACDVs treatment (20 μg/mL) downregulated IL-1β and upregulated IL-10, exhibiting a mechanism similar to that of DPSC-EVs (20 μg/mL) in both in vivo and in vitro wound models, with enhanced healing kinetics [29]. Yang et al. showed that DPSCs have greater tissue regeneration potential than periodontal ligament stem cells, adipose-derived stem cells (ADSCs), and BMSCs, and that DPSCs and DPSC-CM can promote macrophage M2 polarization. DPSC-secreted chemokine ligand 2 (CCL2) drives M2 macrophage polarization while enhancing mucosal repair through coordinated healing mechanisms in vivo [31]. Anderson et al. stimulated DPSCs with pro-inflammatory substances for 4 h, and their expression of anti-inflammatory-related factors was enhanced. In simulated in vitro wounds of intestinal epithelial cells, DPSC and stimulated DPSC accelerated healing by upregulating the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway. When co-cultured with macrophages, DPSCs secrete kynurenine. Kynurenine is transported into macrophages through the L-type amino acid transporter 1, where it stimulates PPARγ expression, thereby inducing the expression of genes associated with M2 polarization [32]. Under inflammatory conditions, DPSC-CM increases the proportion of M2 macrophages [33]. Microglia are macrophages that reside in the nervous system. DPSCs can downregulate tumor necrosis factor-α (TNF-α), cyclooxygenase-2, IL-1β, MMP9, and IL-6, and upregulate IL-10 and Arg in microglia. DPSCs inhibit cellular energy metabolism and proliferation by blocking cell mitosis [34]. In a separate study, Duan et al. demonstrated that lysates from zeolitic imidazolate framework-8 (ZIF-8)-loaded DPSCs suppressed continuous ultraviolet irradiation-induced IL-1β expression and neutrophil infiltration [35].



DPSCs and their derivatives have been shown to possess significant anti-inflammatory properties, which are the key mechanisms behind their ability to accelerate wound healing in both skin and mucosal tissues. Furthermore, their anti-inflammatory action extends to the nervous system, where they can attenuate neuroinflammation mediated by the activation of microglia. Within the diabetic corneal epithelium, neurotrophic factors such as substance P, vasoactive intestinal peptide, and related neurogenic mediators secreted by nerve cells can accelerate epithelial healing and regulate inflammation [36]. This synergistic effect is beneficial for the repair of epithelial tissues.




3.2. Re-Epithelialization


Macrophages secrete IL-1 and TNF-α, promoting dermal fibroblasts to secrete keratinocyte growth factors (KGF) and IL-6. This process causes KCs to become flat and elongated, forming peripheral actin filaments that facilitate their migration to the wound site [37].



Xu et al. created a hydrogel with DPSCs lysate that promoted the proliferation, migration, and keratinization of KCs, thereby promoting the regeneration of the epidermal layer of diabetic wounds [28]. Gelatin methacryloyl (GelMA) hydrogels containing DPSCs and VEGF can also accelerate wound re-epithelialization and promote wound healing [38]. Greene et al. observed significant expression of collagen and fibronectin and fibroblast recruitment in wounds of diabetic mice treated with DPSCs products, and wound re-epithelialization was significantly earlier than that in controls [30]. Martínez-Sarrà et al. treated the back wound of each athymic nude mouse with 1 × 106 DPSCs or Phosphate Buffered Saline (PBS), and the epithelium was completely recovered and close to the thickness of normal skin in the DPSCs-treated mice, while only 40% of the wound epithelium in the PBS-treated [39].



Early-stage inflammation facilitates keratinocyte mobilization, alongside the debridement of necrotic debris and pathogens. DPSCs demonstrate dual regenerative capacities by enhancing keratinocyte migratory dynamics while restoring epidermal barrier homeostasis. Notably, the synergistic delivery of hydrogel-VEGF composites potentiated epithelialization kinetics through biomimetic niche engineering. Biomimetic niches are microenvironments that promote cell survival and function. Their role is analogous to that of the ECM. VEGF promotes keratinocyte metabolism during wound healing by providing oxygen and nutrients to the cells. The GelMA hydrogel accelerates ECM deposition and re-epithelialization by enhancing cell migration, proliferation, and adhesion and providing a supportive framework.




3.3. Promotion of Fibroblast Proliferation


Fibroblasts and other components constitute granulation tissue, which provides the basis for re-epithelialization. When stimulated by TGF-β, they differentiate into myofibroblasts, which effectively promote wound healing through the contraction of myofibroblasts. Both myofibroblasts and fibroblasts secrete ECM, providing a reticular framework for cell growth, storing growth factors, and transmitting mechanical and biological signals [40].



DPSCs promote fibroblast proliferation and collagen synthesis by secreting TGF-β [41]. DPSCs exhibit stronger biological effects after drug stimulation. Chin et al. demonstrated that 2,3,5,4′-tetrahydroxystilbene-2-O-β-D-glucoside enhances the proliferative influence of DPSC-CM on human gingival and skin fibroblasts. It reduces the release of pro-inflammatory factors stimulated by lipopolysaccharides (LPS). This regimen significantly improved wound healing [42].



Granulation tissue functions as a dynamic biosystem that orchestrates cellular dynamics and molecular trafficking. DPSC-derived TGF-β secretion potently stimulates fibroblast proliferation while facilitating the architectural development of this provisional matrix, ultimately establishing functional regenerative scaffolds.




3.4. Promoting Blood Vessel Formation


Maintaining vascular stability and maturation is important for the physiological function of blood vessels.



DPSCs promote endothelial cell (ECs) migration and angiogenesis by promoting VEGF expression. Conversely, TGF-β1-treated DPSCs reduce VEGF expression, inhibit ECs migration, and enhance vascular stability [43]. Consequently, DPSCs critically upregulated the expression of angiogenic factors. Zhou et al. demonstrated that DPSC-EVs (10 μg/mL) activate the cell division cycle 42/p38 mitogen-activated protein kinase (Cdc42/p38 MAPK) cascade via VEGF-VEGFR2 binding, enhancing human umbilical vein endothelial cell (HUVEC) migration and stimulating neovascularization. This conclusion was further confirmed by the in vivo application of a p38 inhibitor [44]. Binding to VEGF, VEGFR2 phosphorylates Y1214, sequentially activates downstream Cdc42 and p38, triggers actin aggregation, integrates into stressed fibers in ECs exposed to VEGF, causes EC migration, and promotes germination of blood vessels [45]. DPSCs can also promote blood vessel formation in response to changes in their external environment. Li et al. found that hypoxia-treated DPSC-EVs promote angiogenesis and upregulate lysyl oxidase 2, which may be related to the regulation of VEGFA, MMP2, MMP9, and stromal cell-derived factor-1α angiogenesis factor in HUVECs. In contrast, silencing lysyl oxidase 2 reduces the angiogenic effects of hypoxia-treated DPSC-EVs (10 μg/mL) in vitro [46]. DPSCs-EVs (100 μg/mL) damaged by periodontitis can promote ECs proliferation, migration, and angiogenesis more strongly than healthy DPSCs-EVs [47].



DPSCs activate the p38 MAPK pathway via VEGF-VEGFR signaling to promote angiogenesis. Hypoxic and periodontitis microenvironments augment DPSCs’ angiogenic capacity.




3.5. Differentiation


DPSCs are multipotent adult stem cells with the potential to differentiate into adipogenic, osteogenic, and chondrogenic lineages [35].



Zhang et al. cultured DPSCs in a filtered HUVEC-conditioned medium and observed significant upregulation of von Willebrand factor (vWF), CD31, and VEGFR2 compared to DPSCs cultured alone. TGF-β1 induces DPSCs to differentiate into pericyte-like cells, enhancing vascular stability and promoting wound healing [43]. For spinal cord injury, ZIF-8/DPSCs/GelMA composite hydrogels enhanced DPSCs’ neural differentiation potential and vascular regeneration through c-Jun N-terminal Kinase 1 (JNK1) and p38 MAPK signaling, demonstrating greater neuroprotective efficacy than Zn2+ alone [48]. Almost all wounds are accompanied by damage to the skin appendages. Once hair follicles are damaged, hair loss becomes irreversible. While DPSC-CM has demonstrated the ability to delay chemotherapy-induced alopecia and promote hair regrowth [49], its effect on true follicular regeneration remains unsubstantiated, warranting further investigation.



The MAPK signaling pathway governs three cardinal cellular processes: proliferation, differentiation, and apoptosis. DPSCs can differentiate into pericyte-like cells to enhance vascular stability. DPSC can also promote neural differentiation and angiogenesis through the JNK1 and p38 MAPK signaling pathways. Although limited by the availability and viability of hair follicles, hair transplantation is an effective therapy for treating hair loss [50]. The role of DPSCs in hair follicle regeneration remains unexplored in the existing literature. Given the substantial clinical demand for hair follicle regeneration, an in-depth investigation of DPSCs’ potential applications in this field is imperative.




3.6. The Extracellular Matrix and Associated Enzymes


DPSCs induce the polarization of M2 macrophages, which can not only inhibit inflammation and prevent the formation of chronic wounds but also accelerate ECM deposition and promote wound healing by promoting collagen production. During wound healing, MMP and tissue inhibitor of metalloproteinase-1 (TIMP-1) are involved in many processes, such as vascular germination, ECM contraction, fibroblast and KCs migration, and re-epithelialization.



Topical application of DPSC-derived products in diabetic murine wound models activates fibroblast SMAD signaling, upregulating α-smooth muscle actin (α-SMA), fibronectin, and collagen I (COL I) expression while enhancing ECM deposition [30]. Zanini et al. stimulated fibroblasts with TNF-α, IL-1β, or LPS. Co-culturing with DPSCs regulated the levels of fibrosis-associated genes (TGF-β, fibronectin 1, COL I, and COL III) and proteins associated with ECM deposition and remodeling (α-SMA, fibronectin, and MMP-9). Given that the anti-inflammatory effect of dexamethasone is determined, the stimulation of the collagen gene by DPSCs is influenced by inflammation [51]. In diabetic wounds, elevated IL-1β sustains chronic inflammation while suppressing fibroblast activity, which is a critical process that stalls tissue repair. Through p38 MAPK signaling, this cytokine disrupts ECM homeostasis by upregulating MMP and downregulating TIMP. Concurrently, IL-1β impairs collagen I/III synthesis, compromising ECM structural integrity and creating a self-perpetuating cycle of impaired wound healing [52]. Wu et al. found that overexpression of sarcoma proto-oncogene (Src) promotes KCs migration by increasing MMP-2 and decreasing E-cadherin expression through the ERK1/2 pathway. Wound healing is slowed down in vivo and in vitro by silencing Src [53]. In the skeletal system, MMP-9 acts as an osteoclast marker, and DPSCs can reduce its expression [54]. DPSC-CM can stimulate the expression of TIMP-1 in mouse articular chondrocytes [55]. Macrophages are crucial for the formation of ECM. It has both pro-fibrotic and anti-fibrotic effects on fibroblasts. Anti-fibrosis is mainly achieved through the secretion of MMP-related proteolytic enzymes and phagocytosis of ECM components [56]. M1 macrophages activate fibroblasts by secreting pro-inflammatory factors, thus promoting the production of MMP. M2 macrophages secrete TGF-β1 to promote the transcription of α-SMA in fibroblasts and promote their transformation into myofibroblasts and ECM remodeling. M2 macrophages can also activate glutamate and proline by the production of arginase, thus promoting collagen synthesis [57]. Prolonged exposure to ultraviolet rays can lead to the loss of collagen. ZIF-8 encapsulated DPSC lysates can significantly reduce the loss of collagen. Under the function of ZIF-8, the DPSCs lysate is more stable and long-lasting [35].



DPSCs mediate ECM remodeling through MMP-TIMP regulatory mechanisms, a process intrinsically linked to the inflammatory cytokine networks and fibroblast interactions.




3.7. Antioxidant


Oxidative stress is determined by the body’s ROS and levels of antioxidants. The main source of ROS is the oxidative respiratory chain in the mitochondria. During hemostasis, appropriate ROS levels promote the adhesion and aggregation of platelets, thereby promoting platelet activation [58]. At physiological levels, ROS enhance angiogenesis, epithelial repair, and neutrophil recruitment. ROS released by neutrophils and macrophages destroy bacteria to prevent infection. However, excessive ROS delays wound healing by inhibiting the effects of cytokines, such as VEGF and TNF-α [59].



Deng et al. delineated the pathological impact of oxidative stress on diabetic complications (cutaneous damage, neuropathy, peripheral ischemia, and localized infections) and characterized the therapeutic potential of antioxidants in enhancing diabetic wound repair [60]. Guan et al. designed a continuous oxygenation system capable of delivering oxygen and scavenging ROS. The system promoted the survival and migration of KCs and fibroblasts under hypoxic conditions. ECs in diabetic wounds can survive and form capillaries while reducing the infiltration of inflammatory cells in the wound area [61]. Mishra et al. found that DPSC-derived mitochondria act as neuroprotective agents. In a model of Alzheimer’s disease, it was able to reduce the ROS production of amyloid beta peptide and streptozotocin [62].



Hence, we speculate that the role of DPSCs in ROS clearance may also affect wound healing.




3.8. Antimicrobial Effects


The effect of skin microbes on wound healing is bidirectional. Group A streptococcus accelerates KCs’ chemotaxis and wound re-epithelialization by activating plasminogen. Pseudomonas colonizes epithelial tissues to increase angiogenesis and accelerate epithelialization via KGF-1. Under infectious conditions, Pseudomonas aeruginosa colonizing the skin induces cell apoptosis via the TAK1/MKK/p38 signaling pathway, impairing tissue repair. In the absence of infection, this bacterium suppresses apoptosis and enhances wound healing. Corynebacterium protects the epidermis from ROS damage by producing superoxide dismutase [63].



Canesso et al. reconstructed the intestinal microbiota of mice and found that the wounds of germ-free mice healed faster and without scars [64]. Afami et al. found that peptide hydrogels loaded with DPSCs exerted antibacterial activity by breaking the biofilms of common oral-colonizing bacteria, such as Staphylococcus aureus, Enterococcus faecalis, and Fusobacterium nucleatum [65].



While current research scarcely addresses microbial modulation in cutaneous wound healing through DPSC-based interventions, emerging evidence highlights the therapeutic potential of these stem cell populations in microbiome-targeted regenerative applications.




3.9. Others


Local mechanical forces cause scarring at the end of wound healing. Can DPSCs reduce scar width by adjusting mechanical stimulation at a later stage? Under the stimulation of local tension, the upregulation of TGF-β promotes the differentiation of DPSCs into fibroblasts, which enhances the resistance of the local skin to stretching. Mechanical force can promote the proliferation of DPSCs, and appropriate mechanical stimulation can activate antioxidant defense enzymes [66]. While ROS impair wound repair processes, the mechanical preconditioning of DPSCs demonstrates therapeutic potential through antioxidant enzyme activation. Further research is needed to determine whether it can alter fibroblast and macrophage types by resisting mechanical forces. When local tension stimulates mechanical receptors on the cell membrane, the upregulation of TGF-β promotes fibroblast differentiation into myofibroblasts by activating adhesion point kinases. They secrete a large amount of ECM, mainly composed of COL I. Simultaneously, inhibiting the action of MMP leads to excessive deposition of ECM. Eventually, there was an increase in the scar area. Clinically, tension-relieving strips are applied during the remodeling phase to mitigate this process. In addition, mechanical force can increase the scar area by activating the YAP gene [67]. After knocking down EN-1, hair follicles and glands can be observed in EN-1-negative fibroblasts [68]. M2 macrophages can promote wound healing during the proliferative phase and ECM deposition. Actin and myosin contract in the ECM, elongate macrophages, and induce M2 macrophage polarization [69]. This can further accelerate wound healing.



Hypertension, a prevalent multisystem disorder, induces multiorgan pathology, notably impacting the cardiovascular, neurological, and renal systems. Hypertension damages endothelial cells and triggers vascular inflammation, ultimately leading to arteriolosclerosis [70]. This often negatively impacts wound healing, causing Martorell hypertensive ischaemic leg ulcers [71]. In addition to their primary vasodilatory effects, current antihypertensive medications work through mechanisms such as reducing inflammation, modulating MMP activity, and combating ROS [72]. DPSCs also exhibit similar therapeutic properties. Studies have shown that hypertension may aggravate scar hyperplasia and keloid formation [73]. At present, there is a lack of direct evidence that DPSCs improve high blood pressure. However, DPSCs can repair ECs, promote nitric oxide release, and improve heart disease. When blood fills the cavities of the cavernous body, it enables normal penile erection [74]. Hypertension destroys ECs, and the production of nitric oxide decreases, so that the blood vessels of the cavernous body cannot dilate, resulting in erectile dysfunction. DPSCs-CM can repair EC damage and improve erectile function [75]. The compensatory phase of hypertension can lead to ventricular hypertrophy, which can cause myocardial damage over time. Cardiomyocytes are permanent cells that can only be replaced by fibroblasts after injury, eventually leading to scar formation. DPSCs-EVs (2000 μg/mL) can induce DPSCs to differentiate into cardiomyocytes, improve various cardiomyocyte injuries [76], and prevent scar repair. Hypertension damages cardiomyocytes, causing them to thicken and reducing the cardiac output. This activates the renin-angiotensin system, worsening the hypertension. The potential of DPSC differentiation into cardiomyocytes can break this vicious cycle and indirectly improve hypertension. Based on the previous introduction that hypertension inhibits wound healing, is the mechanism by which DPSC accelerates wound healing related to its regulation of hypertension?



A 10–60 mV transepidermal potential gradient, actively maintained by epidermal Na+/K+-ATPase activity, exists between the dermal and epidermal layers. When the skin is damaged, an endogenous current is generated that plays a key role in wound healing. In vitro, electrical stimulation has been observed to exert an antibacterial effect, promote the migration of macrophages, fibroblasts, and neutrophils, improve blood perfusion, and promote angiogenesis and wound re-epithelialization. It also plays a role in chronic wound healing [77]. Under maximum output current (12.6 μA), a conductive hydrogel with DPSCs exhibits three key improvements over non-stimulated controls: (1) enhanced stem cell characteristics (elevated OCT-4/SOX-9 mRNA); (2) promoted angiogenesis (increased VEGFR/VEGFA); and (3) Induced M2 polarization (higher CD206 via immunofluorescence/flow cytometry) [78]. Electrical stimulation opens a whole new path for wound healing.



Organoids are stem cell derivatives that are 3D-structured multicellular tissues produced from primary tissues or stem cells. It can simulate the organization and function of actual organs. A variety of mature models can be built [79]. DPSCs can generate organoids, including cortical organoids [80], midbrain-like organoids [81], and dental pulp organoids [82]. These findings provide more options for modeling or repairing neurological and oral diseases. For the skin and mucous membranes, if it is difficult to establish a complete structure, a layered structure can be considered. Organoids are a promising treatment approach that enhances tissue wound healing through tissue engineering and regeneration.





4. Scaffold Materials in Wound Healing


The combination of DPSCs with bioengineering materials, representing a derivative approach, leverages the mechanisms described above. Building upon this foundation, Table 1 summarizes the applications of DPSC-material constructs in wound healing.




5. DPSCs and Derivatives for Mucosal Repair


Compared with skin tissue, the oral mucosa can heal quickly and form fewer scars, which is also related to saliva. Saliva is an indispensable physiological medium in oral tissue regeneration. Saliva is an almost neutral buffer with a pH value between 6 and 7.5, which can act as a lubricant, similar to wet healing of wounds. The antimicrobial peptides in saliva can inhibit the growth of various microorganisms, promote cell migration, regulate immune function, and accelerate wound healing [89]. Leptin in saliva promotes the proliferation [90] of keratinocytes. Resident microorganisms in the oral cavity are beneficial for wound healing, as saliva provides nutrients, accelerates the healing of oral mucosal wounds, and results in smaller scars in the later stages. The hard palate mucosa exhibits excellent healing ability. Compared to skin microbiota, oral bacteria enhance mesenchymal stem cell migration and proliferation while reducing inflammation. In addition, pro-repair mechanisms involve regulated autophagy, enhanced ECM deposition, and induced macrophage polarization [91].



5.1. Oral Mucosa


DPSCs can secrete CCL2 to promote M2 polarization, and even senescent DPSCs at the 8th passage retained the ability to secrete CCL2 to induce M2 polarization. DPSC-CM alone also promoted M2 polarization. At equivalent CM concentrations, DPSCs-CM exhibited significantly greater M2 macrophage enrichment than BMSCs-CM. In this study, injecting DPSCs into the mucosal tissue at the gingival margin accelerated mucosal repair, which could be inhibited by a CCL2 neutralizing antibody [31]. This indicates that during wound healing, both skin and mucosal M2 macrophages effectively accelerate tissue repair. Currently, there is a large population of betel nut chewers, and arecoline in betel nuts damages the oral mucosa and increases the risk of oral cancer. DPSC-CM significantly inhibited arecoline-induced apoptosis of oral mucosal epithelial cells. However, in oral cancer models fabricated with 4-nitroquinoline-1-oxide, DPSCs may drive the malignant transformation of oral precancerous lesions by activating the mitochondrial mTOR signaling pathway. Consequently, DPSC-based cell therapy should be avoided in oral precancerous lesions [92]. In a scratch test using an in vitro wound healing model of gingival fibroblasts, the DPSCs secretion protein group transfected with TGF-β1 significantly promoted the migration of gingival fibroblasts, which was more pronounced and statistically significant than that in the control secretion group [93]. Nickel is a commonly used metal in dentistry for the reconstruction of dental function. Peri-implant inflammation [94] and hypersensitivity reactions [95] are the most common adverse effects associated with the placement of foreign bodies in the oral cavity. By establishing a nickel hypersensitivity model in the oral cavity, the loading of DPSCs-EVs with catechol-chitosan hydrogel can effectively increase the Th2/Th1 ratio and control the hypersensitivity reaction of nickel in the oral cavity. The DPSCs-EV hydrogel group significantly reduced the inflammatory response of the buccal mucosa [96], which is conducive to mucosal tissue repair.




5.2. Esophageal Mucosa


According to the data from the China National Cancer Center, there were 224,000 cases of esophageal cancer in 2022, with a crude incidence rate of 15.87 per 100,000, and 187,500 deaths from esophageal cancer in the same year [97]. Radiation therapy is indispensable for treating esophageal cancer [98]. However, radiation therapy can damage the mucosa of the esophagus. To address this potential complication, an animal model of esophageal radiation injury was used. In this model, intravenous DPSC administration attenuated mucosal pro-inflammatory cytokines (IL-1β, TNF-α, IL-8) while inducing marked mucosal thickening, demonstrating dual anti-inflammatory and tissue-restorative capacities. DPSCs significantly improved injury and recovery of the esophageal mucosa, which was also reflected in an increase in the rats’ daily food intake [99].




5.3. Colonic Mucosa


Mesenchymal stem cells (MSCs) constitute a key investigative focus in UC therapeutics [100], with ADSCs [101], umbilical cord stem cells [102], intestinal stem cells [103,104,105], embryonic stem cells [106], and human amniotic stem cells [107] demonstrating significant therapeutic potential through diverse delivery methods. Hepatocyte growth factor has been shown to effectively promote intestinal mucosal repair [107]. DPSCs overexpressing hepatocyte growth factor can transdifferentiate into intestinal epithelial-like cells, promote their proliferation, suppress inflammatory cytokines (TNF-α, interferon-γ), and enhance the expression of the anti-inflammatory cytokine IL-10 while reducing oxidative stress damage to facilitate UC repair [108]. In a colitis model induced by dextran sodium sulfate, DPSCs induced T cell apoptosis by expressing Fas ligands, reducing colon inflammatory cell infiltration, and secreting inflammatory cytokines. This result was also confirmed by the knockdown of the Fas ligand in DPSCs [109]. As a representative para-aminosalicylic acid drug, sulfasalazine is the first-line clinical treatment for mild UC. In experimental studies by Aly et al., the combination of sulfasalazine and DPSCs alleviated colonic inflammation and accelerated mucosal repair by modulating the inflammatory microenvironment and reducing reactive oxygen species levels, with effects more pronounced than treatment alone [110].




5.4. Fallopian Tubes


The fallopian tubes serve as a channel for ovum transport and fertilized egg implantation, and infertility of the fallopian tubes due to tubal infection [111], surgery [112], and the epidemic of sexually transmitted diseases [113] has shown an upward trend. Ovulation induction drugs may be considered for ovulatory dysfunction [114], but structural abnormalities must be surgically treated. The recurrence rate is high two years after surgery [115], and better treatment is needed for this condition. Thermosensitive Pluronic F-127 forms a porous [116] and degradable hydrogel [117] in the human body with good cytocompatibility [117] and is widely used in bioengineering research [118]. Luo et al. were modeled by injecting absolute ethanol into the fallopian tubes, and the DPSCs were encapsulated with Pluronic F-127 hydrogel. DPSC-containing hydrogels can promote vascular endothelial growth factor secretion, accelerate angiogenesis, regulate inflammation, and inhibit apoptosis, thereby accelerating the repair and regeneration of the fallopian tube mucosa [119].





6. Prospect


DPSCs are easily obtained from sources such as deciduous teeth and third molars. As mentioned earlier, DPSCs and their derivatives have shown great potential for skin and mucosal healing. When combined with other materials or drugs, they deliver even better results. Examples include ZIF-8, GelMA, sulfasalazine, and Pluronic F-127 hydrogels.



The mucosa, which lines the cavity organs, is crucial for protection and piping. Unlike skin damage, mucosal damage rarely affects appearance but causes functional problems. For instance, long-term oral mucosal damage may lead to oral cancer, esophageal and intestinal mucosal damage can hinder food intake and absorption, and fallopian tube damage can cause infertility.



Numerous studies have investigated the role of DPSCs in skin wound healing, and certain mechanisms have already been elucidated. Further exploration of their accelerated healing mechanisms could not only advance their application in mucosal tissue repair but also suggest novel therapeutic approaches. In wound repair, closing wounds is the first step, but scarless healing is the real goal. Saliva may aid in oral mucosa repair without scarring. Oral epithelial cells have low TGF-β1 levels; therefore, oral mucosal scars are rarer than skin scars [120]. In addition, fetal skin damage in early pregnancy can fully regenerate without scarring [121]. However, adult wounds scar more, possibly because TGF-β1 and TGF-β2 dominate and TGF-β3 is low [11]. Fetal wounds have a higher type III/type I collagen ratio and more hyaluronic acid [122]. In a clinical trial involving patients with acne, those who developed scars exhibited significantly heightened inflammatory responses and markedly elevated TGF-β1 levels compared to patients without scarring [123]. A separate double-blind clinical trial demonstrated TGF-β3’s impact on scarring. Patients undergoing saphenofemoral junction ligation and great saphenous vein stripping for varicose veins received intradermal injections of TGF-β3 in one thigh and a placebo in the contralateral thigh on the day of surgery. When assessed by researchers, patients, and independent observers at 6 weeks to 7 months postoperatively, 500ng TGF-β3 significantly improved scar appearance compared to placebo [124]. Modulating inflammatory responses, inducing M2 macrophage polarization, coordinating proliferative regulation, and optimizing the TGF-β3/β1 and collagen III/I ratios enable scarless tissue regeneration. After evaluating various treatments for safety, efficacy, and cost, our goal is to apply these findings in clinical practice. This will improve mucosal injury treatment and benefit patients by promoting scarless skin and wound healing.




7. Conclusions


Analysis of the mechanisms by which DPSCs function in the skin and mucosal tissues reveals similarities in their ability to accelerate tissue repair. Furthermore, clinical studies suggest that by modulating TGF-β signaling and inflammatory responses, DPSCs hold promising potential for achieving near-scarless healing.
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Abbreviations


The following abbreviations are used in this manuscript:



	ACDVs
	Artificial Cell-Derived Vesicles



	ADSCs
	Adipose-derived stem cells



	Arg
	Arguments



	BMSCs
	Bone mesenchymal stem cells



	CM
	Conditioned Medium



	CCL2
	Chemokine ligand 2



	COL I
	Collagen I



	DPSCs
	Dental Pulp Stem Cells



	ECs
	Endothelial cells



	ECM
	Extracellular matrix



	EVs
	Extracellular Vesicles



	FGF
	Fibroblast growth factor



	GelMA
	Gelatin methacryloyl



	HEMA
	2-Hydroxyethyl methacrylate



	HIF-1
	Hypoxia-inducible factor-1



	HUVECs
	Human umbilical vein endothelial cells



	IGF-1
	Insulin-like growth factor-1



	IL-10
	Interleukin-10 (IL-10)



	KCs
	Keratinocytes



	KGF
	Keratinocyte growth factors



	LPS
	Lipopolysaccharide



	M2
	M2 polarization



	MMP
	Matrix metalloproteinase



	miR
	microRNA



	MAPK
	Mitogen-Activated Protein Kinase



	NF-κB
	Nuclear Factor kappa-B



	PBS
	Phosphate Buffered Saline



	PPARγ
	Peroxisome proliferator-activated receptor γ



	ROS
	Reactive oxygen species



	TGF-β
	Transforming Growth Factor-β



	TIMP
	Tissue Inhibitor of Metalloproteinase



	TNF-α
	Tumor Necrosis Factor-α



	UC
	Ulcerative Colitis



	VEGF
	Vascular Endothelial Growth Factor



	ZIF-8
	Zeolitic imidazolate framework-8
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Figure 1. Wounds on the skin of the lower extremities are usually chronic. Local inflammation, bacterial infections, and reactive oxygen species can lead to impaired vascularization, insufficient granulation tissue production, and re-epithelialization stagnation. 
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Figure 2. Mechanism of action of DPSCs and their derivatives in promoting wound healing. DPSCs: Dental pulp stem cells; DPSCs-CM: DPSCs-conditioned medium; DPSCs-EVs: DPSCs-extracellular vesicles; ACDVs: Artificial cell-derived vesicles. 
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Table 1. Combination of scaffold materials and DPSCs in wound healing.
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	Authors
	Year
	Combination Preparation
	Results





	Williams et al. [83]
	2013
	HEMA
	Scratch and Transwell assays showed that HEMA (<3 mM) dose-dependently suppressed DPSCs migration, which impaired pulp healing.



	Khayat et al. [84]
	2017
	GelMA wraps DPSCs and HUVECs
	The binding of GelMA hydrogel to DPSCs/HUVECs favors the formation of neovascularity.



	Badhe et al. [85]
	2021
	Conducting-Polymer-Based Hydrogel Dressing loaded with DPSCs
	The hydrogel provides a moist environment, a 3D matrix for cells to migrate freely, and the antimicrobial activity of chitosan. These factors contribute to electrotherapy to accelerate wound healing in vitro and in vivo.



	Matheus et al. [38]
	2023
	GelMA equipped with DPSCs and VEGF
	GelMA loaded with DPSCs and VEGF could promote wound healing, and increased gene expression of Keratin 10 within 4 weeks after healing.



	Dasgupta et al. [86]
	2023
	Combination of chitosan-collagen-fibrinogen and vitamin D3
	Vitamin D3 binds to chitosan, collagen, and fibrinogen and crosslinks with ultraviolet light to induce DPSCs to differentiate into ECs via the HIF-1/IGF-1/VEGF pathway.



	Lu et al. [87]
	2024
	GelMA hydrogel combined with DPSCs and FGF21
	It promotes the transformation of N-adhesion protein to 