

  pharmaceuticals-13-00060




pharmaceuticals-13-00060







Pharmaceuticals 2020, 13(4), 60; doi:10.3390/ph13040060




Review



The Treatment of Impaired Wound Healing in Diabetes: Looking among Old Drugs



Simona Federica Spampinato 1[image: Orcid], Grazia Ilaria Caruso 1,2, Rocco De Pasquale 3, Maria Angela Sortino 1,*[image: Orcid] and Sara Merlo 1[image: Orcid]





1



Department of Biomedical and Biotechnological Sciences, Section of Pharmacology University of Catania, 95123 Catania, Italy






2



Ph.D. Program in Biotechnologies, Department of Biomedical and Biotechnological Sciences, University of Catania, 95123 Catania, Italy






3



Department of General Surgery and Medical-Surgical Specialties, University of Catania, 95123 Catania, Italy









*



Correspondence: msortino@unict.it; Tel.: +39-095-4781192







Received: 16 March 2020 / Accepted: 29 March 2020 / Published: 1 April 2020



Abstract

:

Chronic wounds often occur in patients with diabetes mellitus due to the impairment of wound healing. This has negative consequences for both the patient and the medical system and considering the growing prevalence of diabetes, it will be a significant medical, social, and economic burden in the near future. Hence, the need for therapeutic alternatives to the current available treatments that, although various, do not guarantee a rapid and definite reparative process, appears necessary. We here analyzed current treatments for wound healing, but mainly focused the attention on few classes of drugs that are already in the market with different indications, but that have shown in preclinical and few clinical trials the potentiality to be used in the treatment of impaired wound healing. In particular, repurposing of the antiglycemic agents dipeptidylpeptidase 4 (DPP4) inhibitors and metformin, but also, statins and phenyotin have been analyzed. All show encouraging results in the treatment of chronic wounds, but additional, well designed studies are needed to allow these drugs access to the clinics in the therapy of impaired wound healing.
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1. Introduction


Diabetes mellitus (DM) is defined as a group of metabolic pathologies characterized by compromised insulin production and/or function, leading to hyperglycemia. DM greatly impacts the quality of life and survival expectation of patients. In fact, as a consequence of hyperglycemia, diabetic patients are at increased risk for comorbid conditions affecting several organs [1]. One of the main consequences of diabetes is the impairment of self-repairing abilities [2].




2. The Problem of Wound Healing and Its Incidence in Diabetes


Impaired healing in diabetes is the result of a complex pathophysiology involving vascular, neuropathic, immune, and biochemical components [3]. Hyperglycemia correlates with stiffer blood vessels which cause slower circulation and microvascular dysfunction, causing reduced tissue oxygenation [2]. Blood vessel alterations observed in diabetic patients also account for reduced leukocyte migration into the wound, which becomes more vulnerable to infections [3]. The hyperglycemic environment itself can compromise leucocyte function. In addition, peripheral neuropathy can lead to numbness of the area and reduced ability to feel pain, which can lead to chronicization of wounds that are not immediately noticed and properly treated [3]. The described features are particularly relevant in the lower limbs and particularly the foot, more exposed to even minor wounds and thus more susceptible to chronicization. In addition, alterations of motor and sympathetic functions lead to physical deformation of the foot and increased plantar pressure, as well as excessive skin dryness which can further favor cracks and unnoticed small wounds [3].



Diabetic patients have a 15–25% lifetime risk of developing diabetic foot ulcers, of which 40–80% become so severely infected it involves the bone, leading to osteomyelitis [4]. Global epidemiological studies suggest a higher prevalence in North America [5]. A high number of cases of foot ulcerations require hospitalization and surgical intervention with amputation of the interested body part. In addition, the rate of recurrence of a foot ulcer is greater than 50% after 3 years from the first episode [6]. For this reason, impaired wound healing in DM represents a major healthcare issue and a significant economic burden [7,8]. Notably, costs for diabetic foot ulcerations treatment are additive with general costs for diabetes care, and are on the rise with the increased incidence and prevalence of the pathology [6,7,9].




3. The Physiology of Wound Healing


Wound healing is a physiologic, very complex phenomenon that occurs when skin integrity is lost and consequently also the barrier function of the skin is impaired. This may occur quite often since the skin is much exposed to external insults and the need to avoid systemic infections drives a rapid defense mechanism [10]. Through physiologic healing, the normal status of the skin can be fully recovered although only a maximum of 70% of previous tensile strength is usually achieved [11]. This process progresses in different subsequent steps and usually three successive phases are recognized: an inflammatory, a proliferative, and a remodeling phase.



3.1. The First Phase: Inflammatory Response


The inflammatory phase is preceded by a coagulation step in which the first response of the injured skin is activation of the clotting cascade with recruitment of platelets and the formation of a fibrin plug. Its significance resides in hemostasis as well as wound coverage and protection [12]. Aggregated platelets within the clot form also the basic structure for the recruitment of inflammatory cells and, through the release of several cytokines and growth factors, including platelet-derived growth factor (PDGF) and transforming growth factor β (TGFβ), they attract different cell types. These include neutrophils and monocytes whose passage is favored by concomitant vasodilation. The latter convert into macrophages very early that, again through the release of growth factors and cytokines, are considered the main cellular actors of this inflammatory phase. Keratinocytes migrate in the wounded area as well and local fibroblasts start proliferating [13]. These events occur early, starting a few hours after injury and proceed fast so that by 48–72 h all the different recruited cell types contribute to the formation of the early granulation tissue [14].




3.2. The Second and Third Phases: Proliferation and Remodeling


These phases are aimed at driving wound closure. In this regard, granulation tissue, together with keratinocyte migration, formation of extracellular matrix (ECM) proteins, and the appearance of myofibroblasts cause contraction, one of the first events leading to wound closure. Fibroblasts are then the main cell type in this phase and, through the release of collagen, they start to rebuild the wounded area. The early phases of wound healing are characterized by hypoxia that plays a role in promoting migration and proliferation of each cell type as well as release of growth factors [14]. Hypoxia induces in fact activation of hypoxia inducible factor (HIF)-1α and stimulation of vascular endothelial growth factor (VEGF-A), one of HIF-1α principal target genes, is induced [15]. As a consequence, active proliferation of endothelial cells occurs and this is at the basis of neo-angiogenesis, critical for vital support to the forming tissue. VEGF-A causes increased capillary density in the wound and restoration of blood flow that promotes wound healing [16]. This initial proliferative phase, characterized by chaotic and abundant vessels formation, is followed by a maturation phase in which, through the recruitment of pericytes that release antiangiogenic and vascular maturation factors, selected vessels become durable and mature [17]. Hence healing evolves towards the remodeling step in which collagen type III, which first accumulates, is replaced by type I (as usually observed in normal, non-injured tissue) [18], neovascularization is contained and goes back to normal [19], and the wound repair process proceeds towards restoration of the physiologic structure of the skin [20].



When the physiologic reparative process fails, a chronic wound condition takes place with the appearance of an ulcer or, alternatively, an excessive repair event with the formation of a hypertrophic scar or a keloid. The appearance of hypertrophic scars usually associates with patient’s predisposition, they are temporary and usually regress within six months. In contrast, keloids cover an area that goes beyond the original skin injury, appear in genetically predisposed patients and are permanent [10]. On the other side, ulcers often occur in ischemic conditions, but are typical of diabetic patients, representing one of the major delayed complications of the disease.





4. What Goes Wrong in Wound Repair in Diabetes?


The healing process in diabetes is mainly characterized by chronicization of the inflammatory conditions, disrupted angiogenic process, reduction of endothelial progenitor cells, and an imbalance in extracellular matrix regulation. As observed in physiological wound repair, also in diabetes, neutrophils and macrophages promptly infiltrate the area of the lesion driven by chemotactic chemokines that are particularly elevated in diabetes [21]. Infiltrating cells release inflammatory cytokines such as interleukin 1β (IL-1β) and tumor necrosis factor α (TNFα) whose levels are elevated not only during the initial inflammatory acute repair phase, but remain at high concentrations in the wounded area for longer time, thus indicating the maintenance of a prolonged inflammatory response [21]. In diabetes the production of several growth factors involved in initiating and sustaining the healing process is compromised. For instance, reduced levels of insulin like growth factor-1 (IGF-1) and transforming growth factor-β (TGFβ) have been reported in the wound tissue in both diabetic animals and humans. IGF-1 is implied in cell-granulation and wound re-epithelization [22], while TGFβ recruits immune cells, keratinocytes, fibroblast, and vascular cells and is involved in angiogenesis and formation of the ECM [23]. However, in diabetes, the balance between the promotion of new vessels formation and their maturation is perturbed. Angiogenesis is dysfunctional in endothelial cells exposed to high glucose levels and in the wound area capillary density is insufficient. Hyperglycemia affects HIF-1α stability and activation and consequently it suppresses HIF-1α target genes like VEGF [24]. Furthermore, in diabetes animal models, macrophages, which are the main source of VEGF, exhibit impaired phagocytic activity and altered phenotype, resulting in failure of tissue repair [25]. Accordingly, in db/db mice VEGF-A mRNA and protein levels were significantly reduced compared to control mice [26] and treatment with VEGF-A caused accelerated wound closure, although this was characterized by early leaky and malformed vasculature and a big local edema very evident until VEGF-A treatment was ceased [27]. In this context, dysregulated production of both pro-angiogenic and vascular maturation factors, observed in diabetes, leads to a reduced population of endothelial progenitor cells in the bone marrow [28], thus causing modifications in angiogenic sprout and, in conclusion, an aberrant vascular architecture in diabetic wounds [29].



Additionally, the maturation phase of wound healing appears impaired in diabetes. The production of factors leading to vascular mature phenotype (including angiopoietin (ANG) 1 and 2, PDGF) is compromised [30] and topical application of ANG1 and PDGF increased wound healing in a mouse model of diabetes induced by streptozotocin or in db/db mice, respectively [30,31].



Finally, an impairment in the regulation of ECM, whose build-up is modulated by metalloproteinase (MMPs) and tissue inhibitors of metalloproteinase (TIMPs) is observed in diabetes. Higher MMPs levels have been reported in diabetic wounds, due to high glucose that may directly induce the production of MMPs and the reduction of TIMPs, thus contributing to disruption of the healing process [32].



MMPs are involved at various stages of wound healing, like cell migration through the degraded ECM, leukocyte invasion, processing of multiple cytokines, and growth factors involved in the healing process [33]. The balance between MMPs and TIMPs is essential to avoid the disruption of the scaffolding structures necessary for a proper wound healing [33]. A synthetic, schematic picture of the sequence of events in physiological and diabetic conditions is reported in Figure 1.




5. Current Available Treatments


The standard wound-care practice for impaired wound healing includes control of the infection together with debridement, off-loading to relieve pressure, and maintenance of a moist wound bed.



One of the first aims in the treatment of chronic wounds is in fact to prevent the occurrence of infection and to clean the area from non-viable tissue material. Infections can easily occur due to the loss of the innate barrier constituted by the skin layer and pathogens accumulating in the wounded area may further interfere with the healing process. Similarly, the removal of debrides and non-viable tissue, or debridement, allows exposure of healthy tissue where cells can migrate and proliferate to repair the wounded area [20]. There are several debridement methods including the enzymatic, based on the self-activation of endogenous enzymes involved in fibrin degradation, but also mechanical and surgical. The latter appears the most efficacious resulting in complete removal of the necrotic tissue and prevention of its spreading out.



5.1. Dressings


Following these initial phases, current treatment of impaired wound healing relies mainly on the use of topical dressings that, by providing the moist environment required for proper healing, facilitate the production of granulation tissue and epithelialization [34]. They also contribute to decrease the risk of infection, accelerate wound healing, and reduce scarring. Different kinds of dressings have been developed, and all of them share the above described features: promotion of reepithelization, moisture, antimicrobial properties, prevention of further trauma, exudate wicking [35]. They can be either non-medicated or medicated, passive, bioactive, and interactive. Passive dressings are used only to cover the wound and to allow healing. Interactive dressings constitute a barrier against the access of bacteria. They can be occlusive or semi-occlusive and made of different materials. Among others, films, foams, alginates, hydrogels, and hydrocolloids are some of the more commonly utilized [36]. Specific material may be preferred to the others depending on the parameters of the wound. In the bioactive dressing, a moist environment and the presence of growth factors promote the formation of the granulation tissue. They are produced from biomaterials such as collagen, hyaluronic acid, chitosan, and often growth factors and antimicrobials are added to enhance the wound healing property [36].




5.2. Antidiabetic Drugs


Interestingly, drugs that are commonly used in the therapy of diabetes including insulin, metformin, some sulfonylureas, thiazolidinediones, and DPP-4 inhibitors have shown not only anti-inflammatory properties, but also a broad range of different effects that may be useful in the treatment of chronic wounds. In detail, specific beneficial effects of these medications such as polarization towards a healing-promoting macrophage phenotype, reduction of MMPs, increased keratinocyte and fibroblast proliferation, angiogenesis, and increased formation of granulation tissue have been reported. However, whether this correlates clinically with improved wound healing, in some cases, has to be demonstrated [37]. In selected examples, as detailed below, data are promising and deserve the right attention and more focused studies.




5.3. Growth Factors


Treatment of chronic wounds with exogenous growth factors has gone through various and contrasting phases. Several growth factors bear the potential to intervene at various stages of the healing process activating a variety of cellular and molecular responses [38]. They can in fact stimulate the formation of granulation tissue, modulate the inflammatory response, promote angiogenesis, stimulate ECM formation, remodeling, and also re-epithelization. Some of them including PDGF, VEGF, EGF, FGF, and TGFβ1 have also been tested in clinical trials, more specifically for the treatment of diabetic foot ulcers. Although encouraging, results of these studies revealed a high risk of bias and safety issues were not well addressed [39]. Worth mentioning is the availability of a topical formulation of recombinant human PDGF-BB in the market for over 10 years in Europe and still present in the United States, marketed as an adjuvant therapy for diabetic neuropathic ulcers [40]. The safety issue of this product is somehow debatable and great caution is requested in patients with neoplastic diseases. One of the main limitations of the incomplete success of the growth factor preparations may be linked to their unsatisfactory formulations, for example of PDGF or EGF, so that innovative drug delivery systems have been proposed [41]. Today, the controlled release of growth factors is guaranteed by polymeric micro- and nanospheres, lipid nanoparticles, hydrogels, scaffolds, nanofibrous structures that can increase the stability of the protein at the wound site, allowing optimization of the treatment [41]. A more recent approach points to degradable biomaterials carrying the growth factors or, alternatively, a gene-mediated therapeutic delivery to yield high concentration of the growth factor(s) selectively in the wounded area [42].




5.4. Stem Cells


The possibility of applying stem cell therapy in the treatment of impaired wound healing appears rather intriguing. Transplanted stem cells can in fact release, in the wounded area, cytokines and growth factors able to promote cell recruitment, angiogenesis and ECM remodeling and exert an immunomodulatory action [43,44]. Adult mesenchymal stem cells (MSC) have shown efficacy in several clinical trials and are included in commercially available topical products [45,46]. More recently, the use of induced pluripotent stem cells (iPSC) has emerged as a novel cellular therapy with the advantage of being potentially an autologous transplant with low rate of immune rejection. A large body of data is provided by several preclinical studies carried out in animal models of wound healing [47] that make promising the opportunity to translate iPSC into a new therapeutic tool for wound healing also in humans in the near future.





6. Drug Repurposing in The Treatment of Wound Healing


From that described above, there are several different therapeutic approaches that are available, but all of them carry limitations and none appear adequate to guarantee a successful, conclusive, non-recurrent healing. Hence, the need to develop (or to find) new treatment alternatives is mandatory. Since the sequence of events of impaired wound healing is well characterized, the possibility to identify drugs that are already in the market and that are known to target one or, even better, many of the described molecular events can be taken into account. In this regard, several molecules with different therapeutic indications have shown beneficial effects in promoting wound healing. Sometimes observations have been occasional as in the case of the highest incidence of chronic non-healing wounds in male patients suggesting that the female hormone, estrogen, can be beneficial in the treatment of chronic wounds. Accordingly, topical estrogens accelerate wound healing, favor the formation of capillary-like structures in endothelial cells, stimulate the release of PDGF by macrophages and TGFβ1 by fibroblasts and promote wound contraction, formation of granulation tissue and collagen deposition [48]. More recent data indicate that estrogens enhance wound closure and reepithelization also in diabetic mice and this effect is mediated by increased epithelial precursor cells and mesenchymal stem cells which contribute to neo-angiogenesis and tissue regeneration, respectively [49]. Interestingly, the migratory promoting effect of keratinocytes that can produce re-epithelization seems to involve mainly estrogen receptor β (ERβ) [50] and accordingly genistein, an isoflavone acting selectively on ERβ, displays anti-inflammatory and antioxidant activity while improving wound healing in diabetic mice [51]. Though promising, a gap still exists between this large body of evidence and the possibility to translate it to the clinic.



Despite controversial results are available regarding the use of systemic propranolol in the treatment of chronic wounds, this β-blocker has been tested since activation of β2-adrenergic receptor is known to inhibit keratinocyte migration and delay re-epithelialization. Interesting data were provided by a study in which a 1% propranolol cream was applied to chronic wounds in spontaneously diabetic mice [52]. Topical propranolol was effective in inducing re-epithelialization, functional angiogenesis, and increased ECM turnover confirming its potential in the treatment of wound healing.



The angiotensin converting enzyme (ACE) inhibitor, captopril, has shown the ability to increase wound healing scores in diabetic rats [53] and its recognized activity as a reactive species scavenger has prompted its inclusion in novel wound dressings together with biologically derived materials. This combination results in a better wound reparative activity compared to the biomaterial applied alone [54].



Besides those mentioned above, there seems to be several other currently used drugs that have shown some activities in the wound repair process. However, we will here selectively focus on few classes of drugs (including some antidiabetic medications) whose potential to be effective in the treatment of wound healing finds support in preclinical and clinical observation and is also substantiated by detailed molecular evidence. They are all small molecules and their chemical formulas and structures are reported in Table 1.



The chemical formula and structure of lovastatin, the first statin to reach the market, is shown. Other available statins include atorvastatin, fluvastatin, pravastatin, simvastatin, rosuvastatin, and pitavastatin. The chemical formula and structure of sitagliptin, the first DPP4 inhibitor to reach the market, is shown. Other available DPP4 inhibitors include vildagliptin, saxagliptin, linagliptin, gemigliptin, anagliptin, teneligliptin, alogliptin, trelagliptin, and omarigliptin



6.1. Statins


Statins are 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase competitive inhibitors and represent one of the first line classes among cholesterol-lowering drugs. Inhibition of cholesterol production by statins implies also inhibition of the synthesis of the wound-healing inhibitors farnesyl pyrophosphate (FPP) and cortisol. They both act on glucocorticoid receptors and inhibit epithelization through impairment of keratinocyte migration. Statins are also known to exert cholesterol-independent pleiotropic effects and are endowed with anti-inflammatory, antibacterial, and antioxidant properties, as well as the ability to ameliorate endothelial function and healing outcomes [55].



Simvastatin has been shown to improve tissue repair by promoting neovascularization, mobilization of endothelial precursor cells from bone marrow, and increase of their proliferation, migration, and survival [56]. Increased VEGF and NO content in the wound area may account for the ameliorated healing capacity in diabetic animal models [57]. It also exerts anti-inflammatory and antibacterial activity in a variety of wound conditions including impaired diabetic healing in animal models [58]. Furthermore, simvastatin shows an antiapoptotic effect on lymphatic endothelial cells, thus promoting lymphangiogenesis, particularly favorable in subjects with defective microcirculation, such as diabetic patients [59]. Interestingly, different statins including mevastatin, atorvastatin and pravastatin share the same ameliorating effect on wound healing. Some mechanistic investigations at cellular level have shown that mevastatin switches human keratinocytes from a hyperproliferative to a promigratory phenotype, by modulating EGF signaling and stimulating cytoskeletal reorganization and lamellipodia formation. These effects were observed also in biopsies from diabetic foot ulcer patients strengthening the possible use of a topical statin in the treatment of diabetic ulcers [60]. In a porcine wound model, topically applied mevastatin improved epithelization and angiogenesis by contrasting cortisol and FPP actions. All these effects likely involved induction of a long non-coding RNA, lnc-RNA Gas5, known to regulate cell proliferation and viability [61]. Due to the low concentrations of statins yielded at the skin, more recent research pointed to particular formulations of statins aimed at optimizing drug delivery at the wounded area. Hence, simvastatin has been formulated for intraosseus injection and administered to streptozotocin-induced type 1 diabetic rats carrying a full-thickness dermal wound. A single injection of simvastatin ameliorated wound healing while promoting endothelial progenitor cell mobilization and neovascularization [62]. Moreover, application of a lovastatin-loaded tissue engineering scaffold, which offers the advantage of mimicking ECM with integrated drug delivery capacity, was able to increase wound healing rate by enhancing eNOS and skin blood flow within and around the wounded skin [63].




6.2. Phenytoin


Gingival fibrous overgrowth is a common side effect of phenytoin when the drug is used as an anticonvulsant and occurs in about 50% of treated patients. The mechanism of action of phenytoin in the control of seizure involves blockade of voltage-dependent Na+ channels but little is known on the molecular process that leads to hypertrophy of the gum. The gingival hypertrophy is so evident that it prompted direct testing of phenytoin first in experimentally induced gingival wounds to move quickly to skin reparative processes, as recently reviewed [64], with limited investigation on the mechanistic events at the basis of the observed effects. Hence a detailed description of the molecular mechanism of action induced by phenytoin at the skin is limited and most literature on this topic dates back to more than two decades ago [65]. Phenytoin increases selectively the proliferation of fibroblasts, but not of other cell types, in vitro [66,67], but an indirect control of fibroblast proliferation through the release of cytokines from keratinocytes has also been suggested [68]. Phenytoin stimulates the formation of granulation tissue, reduces collagenase activity, and promotes collagen production and deposition thus causing enhanced strength of the wounded area [69]. It also exerts antibacterial activity by reducing the bacterial load of the wound. Whether this effect is direct or secondary to resolution of the inflammatory response with reduction of edema and exudate has to be established [65]. Phenytoin has also shown the ability to increase VEGF and FGF at the wound site with a consequent stimulation of new vessel formation [70]. Accordingly, biopsies of wound tissue treated with phenytoin exhibit signs of increased collagenization, neovascularization, and reduced infiltration of circulating inflammatory cells.



A topical formulation of phenytoin was then formulated and proved to be efficacious in accelerating wound healing in trophic leprosy ulcers [71] and post melanocytic nevi surgery [70]. Several other studies followed, either vs. placebo or other comparators, randomized or not, but most of them shared a poor description of details of the study. A systematic review has underlined this limitation, highlighting the poor methodological quality of the available studies that, however, seem to indicate a positive effect of topical phenytoin in wound healing in a large range of concentrations used, without significant systemic side effects [64].




6.3. Metformin


The biguanide metformin is recognized worldwide as the first-line drug for the treatment of type II DM. It exerts its antihyperglycemic effect at several levels including inhibition of hepatic glucose production, reduction of intestinal glucose absorption, improvement of glucose uptake, and utilization by peripheral tissues [72]. Emerging evidence indicates novel pleiotropic effects of metformin that include potential renal and cardiovascular protection, antioxidant, antifibrotic, and antiproliferative properties [73] and the ability to increase number and function of endothelial precursor cells [74,75]. Metformin’s mechanism of action is linked to inhibition of the complex 1 of mitochondrial electron transport chain and subsequent reduced ATP production and increased AMP:ATP ratio with activation of 5′-AMP-activated protein kinase (AMPK). AMPK then orchestrates all the metabolic responses of the cell, including oxidation of substrates in mitochondria and reduction of the glycolytic pathway, that are responsible for the reported effects [72,76]. In an AMPK-dependent and -independent manner, metformin downregulates mammalian target of rapamycin (mTOR) signaling, involved in the immunomodulatory effect [77]. Metformin has been shown to also modulate other pathways of inflammation such as nuclear factor kappa B (NF-kB) and mitogen-activated protein kinase (MAPK)/c-Jun NH2-terminal kinase (JNK) [78]. All this demonstrated that immunomodulatory and anti-inflammatory properties may support the potential of metformin for the treatment of wound healing. Activation of AMPK though inhibition of mTOR and NOD-like receptor protein 3 (NLRP3) inflammasome is in fact able to modulate polarization of macrophages towards the M2 phenotype, all effects that converge towards the resolution of wound closure [79]. Accordingly, topically applied metformin in a pluronic gel formulation accelerated healing of excisional wounds in rat skin with a parallel increased polarization of M2 macrophages through activation of AMPK and ensuing downregulation of the mTOR/NLRP3 inflammasome signaling pathway [80]. Faster wound healing and increased angiogenesis were observed in db/db diabetic rats following systemic administration of metformin for 14 days [81]. These effects were correlated with increased function of endothelial precursor cells and nitric oxide (NO) levels as well as antioxidant activity. Metformin was also able to restore basal levels of thrombospondin 1, an endogenous antiangiogenic mediator known to be involved in vascular complications in diabetes [81]. Notably, metformin was effective in accelerating wound healing by improving epidermis, hair follicles, and collagen deposition also when applied topically in young rats undergoing an excision wound [82,83] and confirmed its efficacy also in patients carrying non-healing lower limb traumatic wounds or ulcers [82]. The clinical response observed was ascribed to increased production of TGFβ in the wounded area, a growth factor known to affect angiogenesis, inflammatory reaction, granulation tissue formation, ECM deposition, re-epithelization and remodeling, thus promoting the healing process [84]. More recently, metformin has also been tested in combination with non-pharmacological approaches such as photobiomodulation for the effect on wound healing in DM type 2 rats. Interestingly, systemic administration of metformin and photobiomodulation showed a synergistic impact on skin repair by increasing fibroblasts, with improved formation of granulation tissue, by inducing new blood vessels and by modulating the inflammation and proliferation steps of wound healing [85].




6.4. Dipeptidyl Peptidase 4 (DPP4) Inhibitors


DPP4, also known as CD26, is a transmembrane serine aminopeptidase cleaving N-terminal dipeptides when proline, hydroxyproline, and alanine are present. Its main recognized function is cleavage of incretins, mainly glucagon-like pepide 1 (GLP1) and glucose-dependent insulinotropic polypeptide (GIP), that are released at enteric level and control insulin release. By cleaving in particular the N-terminal dipeptide of GLP-1, DPP4 promptly inactivates the insulin-releasing activity of the peptide [86]. Interestingly, DPP4 is not specific for GLP1, but targets several different substrates including neuropeptides, stromal cell derived factor 1α (SDF1α), and high mobility group box 1 (HMGB1) [87]. DPP4 inhibitors prolong the insulin-secretagogue effect of GLP1 and, together with GLP1 analogs, are among the treatment options available to be added to the therapy regimen when the hemoglobin A1c target is not achieved after 3 months of metformin [88]. Their use is particularly advantageous since they induce low rates of hypoglycemia and are considered weight neutral (DPP4 inhibitors) or can even induce weight loss (GLP1 analogs) [89]. In addition, the large distribution of DPP4 and its pleiotropic effects make this molecule an attractive target for therapeutic intervention beyond the classical use of DPP4 inhibitors as antiglycemic agents [90].



DPP4 is in fact expressed also in epithelial and endothelial cells, keratinocytes, and in subsets of macrophages and hematopoietic progenitor cells [87]. In endothelial cells, GLP1 (or its analogs) increases endothelial NO synthase (eNOS) activation and NO production, shows antioxidant and anti-inflammatory properties [91], and stimulates angiogenesis by promoting cell proliferation and migration [92].



DPP4 is one of the accessory molecules of helper T cells and facilitates T cell activation [93]. It also interacts with caveolin-1 present in antigen T cells with ensuing activation of NF-kB and the inflammatory response [94]. DPP4 seems also to play a main role at the skin where major sources of the enzyme are epidermal keratinocytes and dermal fibroblasts. Its expression has been shown to vary during different phases of the wound repair process and, more specifically, the presence of high levels of DPP4 in diabetic wounds in mice is indicative of the persistence of an inflammatory status that impairs the healing process. Accordingly, DPP4 knockout mice display accelerated wound closure [95] and inhibition of DPP4 activity results in enhanced re-epithelialization of impaired wound healing in diabetic animals [96]. This finds support also in studies carried out in keratinocytes cultured in vitro where expression of DPP4 is increased when a wound is mechanically produced in the monolayer and inhibition of both expression and activity of the enzyme results in improved wound repair [97]. This effect involves increased keratinocyte migration, is mediated by activation of MMPs, and likely occurs through increased HMGB1, one of the substrates of DPP4, already reported to exert chemotactic effects [98] and to accelerate wound closure in keratinocytes and fibroblasts [99,100] as well as in diabetic animals [98]. In keratinocytes, DPP4 inhibition and the ensuing increased production of SDF1α, has also been associated with enhanced epithelial to mesenchymal transition that appears crucial for wound repair [101]. Increased SDF1α at the injury site has also been shown to restore normal progenitor cell recruitment [102], thus promoting angiogenesis [103].



A deeper knowledge of the involvement of DPP4 in reparative processes in wounded skin has prompted studies to investigate the potential for this target in the treatment of diabetic wounds. In excisional wound tissue of diabetic rats, it was shown that activation of GLP1 receptors reduced the formation of superoxide anions, ameliorated wound closure by reducing cytokines and inflammatory cells infiltration [104], and by inducing angiogenic activity through the increased expression of VEGF and HIF1α [105]. Besides stimulation of proliferation and migration of endothelial cells in the wounded area, GLP1 increased also endothelial precursor cells thus facilitating capillary tube formation and neovascularization [104,106]. Finally, GLP1 appears to intervene also in the remodeling phase of the healing process by stimulating TGFβ1 production that, through the increased proliferation of fibroblasts, synthesis of collagen, stimulation of MMP activity, and remodeling of the extracellular matrix, is crucial for the healing event [104]. The accelerated and improved wound healing following inhibition of DPP4 in a murine excisional wound model was characterized by increased vascularization but also by improved dermal thickness of the wounded area [107]. These effects however were correlated with increased SDF1α concentrations at the wound site and SDF1α-mediated recruitment of progenitor cells, all events impaired in diabetes [102].



Translation to clinical practice is substantiated by few, but significant, studies carried out in diabetic patients with chronic non-healing foot (or leg) ulcers. Inhibition of DPP4 significantly increased wound closure rate compared to placebo, with a good control of the appearance of ulcer-related adverse effects including infection, osteomyelitis, and cellulitis [108]. Notably, ulcer specimens from DPP4 inhibitor-treated patients showed enhanced HIF1α and VEGF expression, reduced oxygen radical species, and increased capillary density, indicative of anti-inflammatory and pro-angiogenic activity in response to treatment [108]. Similar efficacy of a DPP4 inhibitor was reported in a different clinical trial with significant improvement in the healing rate compared to placebo and increased SDF1α levels and epithelial mesenchymal transition in the injured site [101].





7. Conclusions


The concept of drug repurposing has grown in recent years, based on the attitude to exploit the knowledge we have on drugs and, at the same time, try to use them to their full potential. This is of course advantageous in terms of research and development of new molecules and the financial burden they imply. Diabetes-related impairment of wound healing and its most serious expression, i.e., the diabetic foot ulcer, offer the great opportunity to occur with a sequence of cellular and molecular events that are now well described and characterized, thus allowing pharmacological intervention in a precise manner. Several drugs have shown the ability to improve skin reparative processes and we have here briefly focused our interest on a few molecules (or classes of drugs) that appear particularly promising in this regard. The availability of clinical data for each drug (or class of drugs) is also reported to provide an idea of the feasibility of practical therapeutic use for each of them (Table 2).



From the large body of evidence found in the literature, several weaknesses emerge as in the case of phenytoin that, although investigated in different clinical trials, provides data that carry a poor methodological approach. Very different is the story with statins. These drugs, when administered systemically, are endowed with adverse events and do not allow significant concentrations at the skin to be achieved. Hence, new formulations for optimized topical delivery are now receiving great attention.



Drugs that are already used in the treatment of diabetes could represent the more obvious pharmacological intervention. In this sense, probably the most interesting seem to be DPP4 inhibitors. They have provided good results in preclinical studies, either in vitro and in vivo in animal models of diabetes, and also in clinical trials. If their efficacy in wound healing comes out to be true, data, not only from clinical trials, but more importantly from post-marketing studies should provide us information on whether the prevalence of impaired wound healing and/or the appearance of diabetic foot ulcers is reduced in diabetic populations treated with DPP4 inhibitors. In addition, differently from other drugs examined here, DPP4 inhibitors have been tested only after systemic administration, but not in topical formulations that, if feasible, may reveal even more encouraging results. Probably the effects of DPP4 inhibitors are multifactorial and although GLP1 has been described to exert several properties aimed to repair injured tissue, a main role for SDF1α and HMGB1, other important substrates of DPP4, have also been claimed, very likely all contributing with diverse roles to the improvement of the healing response.



Finally, particularly promising appears the possibility to combine all these treatments with non-pharmacological innovative approaches, as already tested with metformin and lovastatin, to achieve improved results on the wound reparative events.







Author Contributions


All Authors collaborated in writing, reviewing, and editing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


The authors wish to acknowledge the support of Takeda Italia S.p.A.




Conflicts of Interest


The authors declare no conflict of interest including any kind of personal financial interest.




References


	



Maffi, P.; Secchi, A. The Burden of Diabetes: Emerging Data. Dev. Ophthalmol. 2017, 60, 1–5. [Google Scholar]

	



Dinh, T.; Elder, S.; Veves, A. Delayed wound healing in diabetes: Considering future treatments. Diabetes Manag. 2011, 1, 509–519. [Google Scholar] [CrossRef]

	



Greenhalgh, D.G. Wound healing and diabetes mellitus. Clin. Plast. Surg. 2003, 30, 37–45. [Google Scholar] [CrossRef]

	



Geraghty, T.; LaPorta, G. Current health and economic burden of chronic diabetic osteomyelitis. Expert Rev. Pharmacoecon. Outcomes Res. 2019, 19, 279–286. [Google Scholar] [CrossRef]

	



Zhang, P.; Lu, J.; Jing, Y.; Tang, S.; Zhu, D.; Bi, Y. Global epidemiology of diabetic foot ulceration: A systematic review and meta-analysis (dagger). Ann. Med. 2017, 49, 106–116. [Google Scholar] [CrossRef] [PubMed]

	



Boulton, A.J.; Vileikyte, L.; Ragnarson-Tennvall, G.; Apelqvist, J. The global burden of diabetic foot disease. Lancet 2005, 366, 1719–1724. [Google Scholar] [CrossRef]

	



Raghav, A.; Khan, Z.A.; Labala, R.K.; Ahmad, J.; Noor, S.; Mishra, B.K. Financial burden of diabetic foot ulcers to world: A progressive topic to discuss always. Ther. Adv. Endocrinol. Metab. 2018, 9, 29–31. [Google Scholar] [CrossRef] [PubMed]

	



Ragnarson Tennvall, G.; Apelqvist, J. Health-economic consequences of diabetic foot lesions. Clin. Infect. Dis. 2004, 39 (Suppl. 2), S132–S139. [Google Scholar] [CrossRef] [PubMed]

	



Schreml, S.; Berneburg, M. The global burden of diabetic wounds. Br. J. Dermatol. 2017, 176, 845–846. [Google Scholar] [CrossRef] [PubMed]

	



Eming, S.A.; Martin, P.; Tomic-Canic, M. Wound repair and regeneration: Mechanisms, signaling, and translation. Sci. Transl. Med. 2014, 6, 265sr6. [Google Scholar] [CrossRef] [PubMed]

	



Stadelmann, W.K.; Digenis, A.G.; Tobin, G.R. Physiology and healing dynamics of chronic cutaneous wounds. Am. J. Surg. 1998, 176 (Suppl. 2A), 26S–38S. [Google Scholar] [CrossRef]

	



Singer, A.J.; Clark, R.A. Cutaneous wound healing. N. Engl. J. Med. 1999, 341, 738–746. [Google Scholar] [CrossRef] [PubMed]

	



Falanga, V. Wound healing and its impairment in the diabetic foot. Lancet 2005, 366, 1736–1743. [Google Scholar] [CrossRef]

	



Falanga, V. The chronic wound: Impaired healing and solutions in the context of wound bed preparation. Blood Cells Mol. Dis. 2004, 32, 88–94. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Marti, G.P.; Wei, X.; Zhang, X.; Zhang, H.; Liu, Y.V.; Nastai, M.; Semenza, G.L.; Harmon, J.W. Age-dependent impairment of HIF-1alpha expression in diabetic mice: Correction with electroporation-facilitated gene therapy increases wound healing, angiogenesis, and circulating angiogenic cells. J. Cell Physiol. 2008, 217, 319–327. [Google Scholar] [CrossRef] [PubMed]

	



Okonkwo, U.A.; DiPietro, L.A. Diabetes and Wound Angiogenesis. Int. J. Mol. Sci. 2017, 18, 1419. [Google Scholar] [CrossRef] [PubMed]

	



Hirschi, K.K.; D’Amore, P.A. Pericytes in the microvasculature. Cardiovasc. Res. 1996, 32, 687–698. [Google Scholar] [CrossRef]

	



Haukipuro, K.; Melkko, J.; Risteli, L.; Kairaluoma, M.; Risteli, J. Synthesis of type I collagen in healing wounds in humans. Ann. Surg. 1991, 213, 75–80. [Google Scholar] [CrossRef]

	



Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound repair and regeneration. Nature 2008, 453, 314–321. [Google Scholar] [CrossRef]

	



Han, G.; Ceilley, R. Chronic Wound Healing: A Review of Current Management and Treatments. Adv. Ther. 2017, 34, 599–610. [Google Scholar] [CrossRef]

	



Wetzler, C.; Kampfer, H.; Stallmeyer, B.; Pfeilschifter, J.; Frank, S. Large and sustained induction of chemokines during impaired wound healing in the genetically diabetic mouse: Prolonged persistence of neutrophils and macrophages during the late phase of repair. J. Invest. Dermatol. 2000, 115, 245–253. [Google Scholar] [CrossRef] [PubMed]

	



Brown, D.L.; Kane, C.D.; Chernausek, S.D.; Greenhalgh, D.G. Differential expression and localization of insulin-like growth factors I and II in cutaneous wounds of diabetic and nondiabetic mice. Am. J. Pathol. 1997, 151, 715–724. [Google Scholar] [PubMed]

	



Roberts, A.B. Transforming growth factor-beta: Activity and efficacy in animal models of wound healing. Wound Repair Regen. 1995, 3, 408–418. [Google Scholar] [CrossRef] [PubMed]

	



Semenza, G.L. HIF-1: Mediator of physiological and pathophysiological responses to hypoxia. J. Appl. Physiol. 2000, 88, 1474–1480. [Google Scholar] [CrossRef]

	



Khanna, S.; Biswas, S.; Shang, Y.; Collard, E.; Azad, A.; Kauh, C.; Bhasker, V.; Gordillo, G.M.; Sen, C.K.; Roy, S. Macrophage dysfunction impairs resolution of inflammation in the wounds of diabetic mice. PLoS ONE 2010, 5, e9539. [Google Scholar] [CrossRef]

	



Seitz, O.; Schürmann, C.; Hermes, N.; Müller, E.; Pfeilschifter, J.; Frank, S.; Goren, I. Wound healing in mice with high-fat diet- or ob gene-induced diabetes-obesity syndromes: A comparative study. Exp. Diabetes Res. 2010, 2010, 476969. [Google Scholar] [CrossRef]

	



Galiano, R.D.; Tepper, O.M.; Pelo, C.R.; Bhatt, K.A.; Callaghan, M.; Bastidas, N.; Bunting, S.; Steinmetz, H.G.; Gurtner, G.C. Topical vascular endothelial growth factor accelerates diabetic wound healing through increased angiogenesis and by mobilizing and recruiting bone marrow-derived cells. Am. J. Pathol. 2004, 164, 1935–1947. [Google Scholar] [CrossRef]

	



Drela, E.; Stankowska, K.; Kulwas, A.; Rosc, D. Endothelial progenitor cells in diabetic foot syndrome. Adv. Clin. Exp. Med. Off. Organ Wroc. Med. Univ. 2012, 21, 249–254. [Google Scholar]

	



Sangiorgi, S.; Manelli, A.; Reguzzoni, M.; Ronga, M.; Protasoni, M.; Dell’Orbo, C. The cutaneous microvascular architecture of human diabetic toe studied by corrosion casting and scanning electron microscopy analysis. Anat. Record 2010, 293, 1639–1645. [Google Scholar] [CrossRef]

	



Beer, H.D.; Longaker, M.T.; Werner, S. Reduced expression of PDGF and PDGF receptors during impaired wound healing. J. Investig. Dermatol. 1997, 109, 132–138. [Google Scholar] [CrossRef]

	



Balaji, S.; Han, N.; Moles, C.; Shaaban, A.F.; Bollyky, P.L.; Crombleholme, T.M.; Keswani, S.G. Angiopoietin-1 improves endothelial progenitor cell-dependent neovascularization in diabetic wounds. Surgery 2015, 158, 846–856. [Google Scholar] [CrossRef] [PubMed]

	



Lobmann, R.; Zemlin, C.; Motzkau, M.; Reschke, K.; Lehnert, H. Expression of matrix metalloproteinases and growth factors in diabetic foot wounds treated with a protease absorbent dressing. J. Diabetes Complicat. 2006, 20, 329–335. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Min, D.; Bolton, T.; Nubé, V.; Twigg, S.M.; Yue, D.K.; McLennan, S.V. Increased matrix metalloproteinase-9 predicts poor wound healing in diabetic foot ulcers. Diabetes Care 2009, 32, 117–119. [Google Scholar] [CrossRef]

	



Moura, L.I.; Dias, A.M.; Carvalho, E.; de Sousa, H.C. Recent advances on the development of wound dressings for diabetic foot ulcer treatment—A review. Acta Biomater. 2013, 9, 7093–7114. [Google Scholar] [CrossRef] [PubMed]

	



Gianino, E.; Miller, C.; Gilmore, J. Smart Wound Dressings for Diabetic Chronic Wounds. Bioengineering 2018, 5, 51. [Google Scholar] [CrossRef]

	



Dhivya, S.; Padma, V.V.; Santhini, E. Wound dressings—A review. Biomedicine 2015, 5, 22. [Google Scholar] [CrossRef]

	



Salazar, J.J.; Ennis, W.J.; Koh, T.J. Diabetes medications: Impact on inflammation and wound healing. J. Diabetes Complicat. 2016, 30, 746–752. [Google Scholar] [CrossRef]

	



Barrientos, S.; Stojadinovic, O.; Golinko, M.S.; Brem, H.; Tomic-Canic, M. Growth factors and cytokines in wound healing. Wound Repair Regen. 2008, 16, 585–601. [Google Scholar] [CrossRef]

	



Martí-Carvajal, A.J.; Gluud, C.; Nicola, S.; Simancas-Racines, D.; Reveiz, L.; Oliva, P.; Cedeño-Taborda, J. Growth factors for treating diabetic foot ulcers. Cochrane Database Syst. Rev. 2015. [Google Scholar] [CrossRef]

	



Fang, R.C.; Galiano, R.D. A review of becaplermin gel in the treatment of diabetic neuropathic foot ulcers. Biologics 2008, 2, 1–12. [Google Scholar]

	



Gainza, G.; Villullas, S.; Pedraz, J.L.; Hernandez, R.M.; Igartua, M. Advances in drug delivery systems (DDSs) to release growth factors for wound healing and skin regeneration. Nanomedicine 2015, 11, 1551–1573. [Google Scholar] [CrossRef] [PubMed]

	



Laiva, A.L.; O’Brien, F.J.; Keogh, M.B. Innovations in gene and growth factor delivery systems for diabetic wound healing. J. Tissue Eng. Regen. Med. 2018, 12, e296–e312. [Google Scholar] [CrossRef] [PubMed]

	



Isakson, M.; de Blacam, C.; Whelan, D.; McArdle, A.; Clover, A.J. Mesenchymal Stem Cells and Cutaneous Wound Healing: Current Evidence and Future Potential. Stem Cells Int. 2015, 2015, 831095. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Gang, X.; Sun, C.; Wang, G. Mesenchymal Stem Cells Improve Healing of Diabetic Foot Ulcer. J. Diabetes Res. 2017, 2017, 9328347. [Google Scholar] [CrossRef] [PubMed]

	



Lu, D.; Chen, B.; Liang, Z.; Deng, W.; Jiang, Y.; Li, S.; Xu, J.; Wu, Q.; Zhang, Z.; Xie, B.; et al. Comparison of bone marrow mesenchymal stem cells with bone marrow-derived mononuclear cells for treatment of diabetic critical limb ischemia and foot ulcer: A double-blind, randomized, controlled trial. Diabetes Res. Clin. Pract. 2011, 92, 26–36. [Google Scholar] [CrossRef]

	



Kirana, S.; Stratmann, B.; Prante, C.; Prohaska, W.; Koerperich, H.; Lammers, D.; Gastens, M.H.; Quast, T.; Negrean, M.; Stirban, O.A.; et al. Autologous stem cell therapy in the treatment of limb ischaemia induced chronic tissue ulcers of diabetic foot patients. Int. J. Clin. Pract. 2012, 66, 384–393. [Google Scholar] [CrossRef]

	



Gorecka, J.; Kostiuk, V.; Fereydooni, A.; Gonzalez, L.; Luo, J.; Dash, B.; Isaji, T.; Ono, S.; Liu, S.; Lee, S.R.; et al. The potential and limitations of induced pluripotent stem cells to achieve wound healing. Stem Cell Res Ther. 2019, 10, 87. [Google Scholar] [CrossRef]

	



Ashcroft, G.S.; Dodsworth, J.; van Boxtel, E.; Tarnuzzer, R.W.; Horan, M.A.; Schultz, G.S.; Ferguson, M.W. Estrogen accelerates cutaneous wound healing associated with an increase in TGF-beta1 levels. Nat. Med. 1997, 3, 1209–1215. [Google Scholar] [CrossRef]

	



Zhuge, Y.; Regueiro, M.M.; Tian, R.; Li, Y.; Xia, X.; Vazquez-Padron, R.; Elliot, S.; Thaller, S.R.; Liu, Z.J.; Velazquez, O.C. The effect of estrogen on diabetic wound healing is mediated through increasing the function of various bone marrow-derived progenitor cells. J. Vasc. Surg. 2018, 68, 127S–135S. [Google Scholar] [CrossRef]

	



Merlo, S.; Frasca, G.; Canonico, P.L.; Sortino, M.A. Differential involvement of estrogen receptor alpha and estrogen receptor beta in the healing promoting effect of estrogen in human keratinocytes. J. Endocrinol. 2009, 200, 189–197. [Google Scholar] [CrossRef]

	



Eo, H.; Lee, H.J.; Lim, Y. Ameliorative effect of dietary genistein on diabetes induced hyper-inflammation and oxidative stress during early stage of wound healing in alloxan induced diabetic mice. Biochem. Biophys. Res. Commun. 2016, 478, 1021–1027. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Z.; Liu, Y.; Yang, Y.; Tang, J.; Cheng, B. Topical 1% propranolol cream promotes cutaneous wound healing in spontaneously diabetic mice. Wound Repair Regen. 2017, 25, 389–397. [Google Scholar] [CrossRef] [PubMed]

	



Zandifar, E.; Sohrabi Beheshti, S.; Zandifar, A.; Haghjooy Javanmard, S. The effect of captopril on impaired wound healing in experimental diabetes. Int. J. Endocrinol. 2012, 2012, 785247. [Google Scholar] [CrossRef] [PubMed]

	



Valachova, K.; Svik, K.; Biro, C.; Soltes, L. Skin wound healing with composite biomembranes loaded by tiopronin or captopril. J. Biotechnol. 2020, 310, 49–53. [Google Scholar] [CrossRef] [PubMed]

	



Kavalipati, N.; Shah, J.; Ramakrishan, A.; Vasnawala, H. Pleiotropic effects of statins. Indian J. Endocrinol. Metab. 2015, 19, 554–562. [Google Scholar] [PubMed]

	



Dimmeler, S.; Aicher, A.; Vasa, M.; Mildner-Rihm, C.; Adler, K.; Tiemann, M.; Rütten, H.; Fichtlscherer, S.; Martin, H.; Zeiher, A.M. HMG-CoA reductase inhibitors (statins) increase endothelial progenitor cells via the PI 3-kinase/Akt pathway. J. Clin. Investig. 2001, 108, 391–397. [Google Scholar] [CrossRef]

	



Bitto, A.; Minutoli, L.; Altavilla, D.; Polito, F.; Fiumara, T.; Marini, H.; Galeano, M.; Calò, M.; Cascio, P.L.; Bonaiuto, M.; et al. Simvastatin enhances VEGF production and ameliorates impaired wound healing in experimental diabetes. Pharmacol. Res. 2008, 57, 159–169. [Google Scholar] [CrossRef]

	



Farsaei, S.; Khalili, H.; Farboud, E.S. Potential role of statins on wound healing: Review of the literature. Int. Wound J. 2012, 9, 238–247. [Google Scholar] [CrossRef]

	



Asai, J.; Takenaka, H.; Hirakawa, S.; Sakabe, J.I.; Hagura, A.; Kishimoto, S.; Maruyama, K.; Kajiya, K.; Kinoshita, S.; Tokura, Y.; et al. Topical simvastatin accelerates wound healing in diabetes by enhancing angiogenesis and lymphangiogenesis. Am. J. Pathol. 2012, 181, 2217–2224. [Google Scholar] [CrossRef]

	



Sawaya, A.P.; Jozic, I.; Stone, R.C.; Pastar, I.; Egger, A.N.; Stojadinovic, O.; Glinos, G.D.; Kirsner, R.S.; Tomic-Canic, M. Mevastatin promotes healing by targeting caveolin-1 to restore EGFR signaling. JCI Insight 2019, 4. [Google Scholar] [CrossRef]

	



Sawaya, A.P.; Pastar, I.; Stojadinovic, O.; Lazovic, S.; Davis, S.C.; Gil, J.; Kirsner, R.S.; Tomic-Canic, M. Topical mevastatin promotes wound healing by inhibiting the transcription factor c-Myc via the glucocorticoid receptor and the long non-coding RNA Gas5. J. Biol. Chem. 2018, 293, 1439–1449. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Zhu, J.; Hai, B.; Zhang, W.; Wang, H.; Leng, H.; Xu, Y.; Song, C. Single Intraosseous Injection of Simvastatin Promotes Endothelial Progenitor Cell Mobilization, Neovascularization, and Wound Healing in Diabetic Rats. Plast. Reconstr. Surg. 2020, 145, 433–443. [Google Scholar] [CrossRef]

	



Yang, Y.; Yin, D.; Wang, F.; Hou, Z.; Fang, Z. In situ eNOS/NO up-regulation—A simple and effective therapeutic strategy for diabetic skin ulcer. Sci. Rep. 2016, 6, 30326. [Google Scholar] [CrossRef] [PubMed]

	



Keppel Hesselink, J.M. Phenytoin repositioned in wound healing: Clinical experience spanning 60 years. Drug Discov. Today. 2018, 23, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Talas, G.; Brown, R.A.; McGrouther, D.A. Role of phenytoin in wound healing—a wound pharmacology perspective. Biochem. Pharmacol. 1999, 57, 1085–1094. [Google Scholar] [PubMed]

	



Moy, L.S.; Tan, E.M.; Holness, R.; Uitto, J. Phenytoin modulates connective tissue metabolism and cell proliferation in human skin fibroblast cultures. Arch. Dermatol. 1985, 121, 79–83. [Google Scholar] [CrossRef]

	



Bhatia, A.; Prakash, S. Topical phenytoin for wound healing. Dermatol. Online J. 2004, 10, 5. [Google Scholar]

	



Vijayasingham, S.M.; Dykes, P.J.; Marks, R. Phenytoin has little effect on in-vitro models of wound healing. Br. J. Dermatol. 1991, 125, 136–139. [Google Scholar] [CrossRef]

	



Patil, M.M.; Sahoo, J.; Kamalanathan, S.; Pillai, V. Phenytoin Induced Osteopathy-Too Common to be Neglected. J. Clin. Diagn. Res. 2015, 9, OD11. [Google Scholar] [CrossRef]

	



Pereira, C.A.; Alchorne Ade, O. Assessment of the effect of phenytoin on cutaneous healing from excision of melanocytic nevi on the face and on the back. BMC Dermatol. 2010, 10, 7. [Google Scholar] [CrossRef]

	



Bansal, N.K. Comparison of topical phenytoin with normal saline in the treatment of chronic trophic ulcers in leprosy. Int. J. Dermatol. 1993, 32, 210–213. [Google Scholar] [CrossRef] [PubMed]

	



Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577–1585. [Google Scholar] [CrossRef] [PubMed]

	



Anabtawi, A.; Miles, J.M. Metformin: Nonglycemic Effects and Potential Novel Indications. Endocr. Pract. 2016, 22, 999–1007. [Google Scholar] [CrossRef]

	



Chen, L.L.; Liao, Y.F.; Zeng, T.S.; Yu, F.; Li, H.Q.; Feng, Y. Effects of metformin plus gliclazide compared with metformin alone on circulating endothelial progenitor cell in type 2 diabetic patients. Endocrine 2010, 38, 266–275. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.T.; Chen, H.M.; Chiu, C.H.; Liang, Y.J. AMP-activated protein kinase activators in diabetic ulcers: From animal studies to Phase II drugs under investigation. Expert Opin. Investig. Drugs. 2014, 23, 1253–1265. [Google Scholar] [CrossRef]

	



Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence that metformin exerts its anti-diabetic effects through inhibition of complex 1 of the mitochondrial respiratory chain. Biochem. J. 2000, 348 Pt 3, 607–614. [Google Scholar] [CrossRef]

	



Zoncu, R.; Efeyan, A.; Sabatini, D.M. mTOR: From growth signal integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol. 2011, 12, 21–35. [Google Scholar] [CrossRef]

	



Ursini, F.; Russo, E.; Pellino, G.; D’Angelo, S.; Chiaravalloti, A.; De Sarro, G.; Manfredini, R.; De Giorgio, R. Metformin and Autoimmunity: A “New Deal” of an Old Drug. Front. Immunol. 2018, 9, 1236. [Google Scholar] [CrossRef]

	



Wang, T.; Zhao, J.; Zhang, J.; Mei, J.; Shao, M.; Pan, Y.; Yang, W.; Jiang, Y.; Liu, F.; Jia, W. Heparan sulfate inhibits inflammation and improves wound healing by downregulating the NLR family pyrin domain containing 3 (NLRP3) inflammasome in diabetic rats. J. Diabetes 2018, 10, 556–563. [Google Scholar] [CrossRef]

	



Qing, L.; Fu, J.; Wu, P.; Zhou, Z.; Yu, F.; Tang, J. Metformin induces the M2 macrophage polarization to accelerate the wound healing via regulating AMPK/mTOR/NLRP3 inflammasome singling pathway. Am. J. Transl. Res. 2019, 11, 655–668. [Google Scholar]

	



Han, X.; Tao, Y.; Deng, Y.; Yu, J.; Sun, Y.; Jiang, G. Metformin accelerates wound healing in type 2 diabetic db/db mice. Mol. Med. Rep. 2017, 16, 8691–8698. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, P.; Sui, B.D.; Liu, N.; Lv, Y.J.; Zheng, C.X.; Lu, Y.B.; Huang, W.T.; Zhou, C.H.; Chen, J.; Pang, D.L.; et al. Anti-aging pharmacology in cutaneous wound healing: Effects of metformin, resveratrol, and rapamycin by local application. Aging Cell 2017, 16, 1083–1093. [Google Scholar] [CrossRef] [PubMed]

	



Tawfeek, H.M.; Abou-Taleb, D.A.E.; Badary, D.M.; Ibrahim, M.; Abdellatif, A.A.H. Pharmaceutical, clinical, and immunohistochemical studies of metformin hydrochloride topical hydrogel for wound healing application. Arch. Dermatol. Res. 2020, 312, 113–121. [Google Scholar] [CrossRef] [PubMed]

	



El Gazaerly, H.; Elbardisey, D.M.; Eltokhy, H.M.; Teaama, D. Effect of transforming growth factor Beta 1 on wound healing in induced diabetic rats. Int. J. Health Sci. 2013, 7, 160–172. [Google Scholar] [CrossRef]

	



Bagheri, M.; Mostafavinia, A.; Abdollahifar, M.A.; Amini, A.; Ghoreishi, S.K.; Chien, S.; Hamblin, M.R.; Bayat, S.; Bayat, M. Combined effects of metformin and photobiomodulation improve the proliferation phase of wound healing in type 2 diabetic rats. Biomed. Pharmacother. 2020, 123, 109776. [Google Scholar] [CrossRef]

	



Drucker, D.J. The biology of incretin hormones. Cell Metab. 2006, 3, 153–165. [Google Scholar] [CrossRef]

	



Boonacker, E.; Van Noorden, C.J. The multifunctional or moonlighting protein CD26/DPPIV. Eur. J. Cell Biol. 2003, 82, 53–73. [Google Scholar] [CrossRef]

	



Marathe, P.H.; Gao, H.X.; Close, K.L. American Diabetes Association Standards of Medical Care in Diabetes 2017. J. Diabetes 2017, 9, 320–324. [Google Scholar] [CrossRef]

	



Ku, H.C.; Liang, Y.J. Incretin-based therapy for diabetic ulcers: From bench to bedside. Expert Opin. Investig. Drugs 2018, 27, 989–996. [Google Scholar] [CrossRef] [PubMed]

	



Sortino, M.A.; Sinagra, T.; Canonico, P.L. Linagliptin: A thorough Characterization beyond Its Clinical Efficacy. Front. Endocrinol. 2013, 4, 16. [Google Scholar] [CrossRef]

	



Hattori, Y.; Jojima, T.; Tomizawa, A.; Satoh, H.; Hattori, S.; Kasai, K.; Hayashi, T. A glucagon-like peptide-1 (GLP-1) analogue, liraglutide, upregulates nitric oxide production and exerts anti-inflammatory action in endothelial cells. Diabetologia 2010, 53, 2256–2263. [Google Scholar] [CrossRef] [PubMed]

	



Erdogdu, O.; Nathanson, D.; Sjoholm, A.; Nystrom, T.; Zhang, Q. Exendin-4 stimulates proliferation of human coronary artery endothelial cells through eNOS-, PKA- and PI3K/Akt-dependent pathways and requires GLP-1 receptor. Mol. Cell. Endocrinol. 2010, 325, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Morimoto, C.; Schlossman, S.F. The structure and function of CD26 in the T-cell immune response. Immunol. Rev. 1998, 161, 55–70. [Google Scholar] [CrossRef] [PubMed]

	



Ohnuma, K.; Yamochi, T.; Uchiyama, M.; Nishibashi, K.; Iwata, S.; Hosono, O.; Kawasaki, H.; Tanaka, H.; Dang, N.H.; Morimoto, C. CD26 mediates dissociation of Tollip and IRAK-1 from caveolin-1 and induces upregulation of CD86 on antigen-presenting cells. Mol. Cell. Biol. 2005, 25, 7743–7757. [Google Scholar] [CrossRef] [PubMed]

	



Baticic Pucar, L.; Pernjak Pugel, E.; Detel, D.; Varljen, J. Involvement of DPP IV/CD26 in cutaneous wound healing process in mice. Wound Repair Regen. 2017, 25, 25–40. [Google Scholar] [CrossRef] [PubMed]

	



Schürmann, C.; Linke, A.; Engelmann-Pilger, K.; Steinmetz, C.; Mark, M.; Pfeilschifter, J.; Klein, T.; Frank, S. The dipeptidyl peptidase-4 inhibitor linagliptin attenuates inflammation and accelerates epithelialization in wounds of diabetic ob/ob mice. J. Pharmacol. Exp. Ther. 2012, 342, 71–80. [Google Scholar] [CrossRef]

	



Sinagra, T.; Merlo, S.; Spampinato, S.F.; Pasquale, R.D.; Sortino, M.A. High mobility group box 1 contributes to wound healing induced by inhibition of dipeptidylpeptidase 4 in cultured keratinocytes. Front. Pharmacol. 2015, 6, 126. [Google Scholar] [CrossRef]

	



Straino, S.; Di Carlo, A.; Mangoni, A.; De Mori, R.; Guerra, L.; Maurelli, R.; Panacchia, L.; Di Giacomo, F.; Palumbo, R.; Di Campli, C.; et al. High-mobility group box 1 protein in human and murine skin: Involvement in wound healing. J. Investig. Dermatol. 2008, 128, 1545–1553. [Google Scholar] [CrossRef]

	



Ranzato, E.; Patrone, M.; Pedrazzi, M.; Burlando, B. HMGb1 promotes scratch wound closure of HaCaT keratinocytes via ERK1/2 activation. Mol. Cell. Biochem. 2009, 332, 199–205. [Google Scholar] [CrossRef]

	



Ranzato, E.; Patrone, M.; Pedrazzi, M.; Burlando, B. Hmgb1 promotes wound healing of 3T3 mouse fibroblasts via RAGE-dependent ERK1/2 activation. Cell Biochem. Biophys. 2010, 57, 9–17. [Google Scholar] [CrossRef]

	



Long, M.; Cai, L.; Li, W.; Zhang, L.; Guo, S.; Zhang, R.; Zheng, Y.; Liu, X.; Wang, M.; Zhou, X.; et al. DPP-4 Inhibitors Improve Diabetic Wound Healing via Direct and Indirect Promotion of Epithelial-Mesenchymal Transition and Reduction of Scarring. Diabetes 2018, 67, 518–531. [Google Scholar] [CrossRef] [PubMed]

	



Gallagher, K.A.; Liu, Z.J.; Xiao, M.; Chen, H.; Goldstein, L.J.; Buerk, D.G.; Nedeau, A.; Thom, S.R.; Velazquez, O.C. Diabetic impairments in NO-mediated endothelial progenitor cell mobilization and homing are reversed by hyperoxia and SDF-1 alpha. J. Clin. Investig. 2007, 117, 1249–1259. [Google Scholar] [CrossRef] [PubMed]

	



Fadini, G.P.; Boscaro, E.; Albiero, M.; Menegazzo, L.; Frison, V.; De Kreutzenberg, S.; Agostini, C.; Tiengo, A.; Avogaro, A. The oral dipeptidyl peptidase-4 inhibitor sitagliptin increases circulating endothelial progenitor cells in patients with type 2 diabetes: Possible role of stromal-derived factor-1alpha. Diabetes Care 2010, 33, 1607–1609. [Google Scholar] [CrossRef] [PubMed]

	



Roan, J.N.; Cheng, H.N.; Young, C.C.; Lee, C.J.; Yeh, M.L.; Luo, C.Y.; Tsai, Y.S.; Lam, C.F. Exendin-4, a glucagon-like peptide-1 analogue, accelerates diabetic wound healing. J. Surg. Res. 2017, 208, 93–103. [Google Scholar] [CrossRef]

	



Seo, E.; Lim, J.S.; Jun, J.B.; Choi, W.; Hong, I.S.; Jun, H.S. Exendin-4 in combination with adipose-derived stem cells promotes angiogenesis and improves diabetic wound healing. J. Transl. Med. 2017, 15, 35. [Google Scholar] [CrossRef]

	



Bacci, S.; Laurino, A.; Manni, M.E.; Landucci, E.; Musilli, C.; De Siena, G.; Mocali, A.; Raimondi, L. The pro-healing effect of exendin-4 on wounds produced by abrasion in normoglycemic mice. Eur. J. Pharmacol. 2015, 764, 346–352. [Google Scholar] [CrossRef]

	



Whittam, A.J.; Maan, Z.N.; Duscher, D.; Barrera, J.A.; Hu, M.S.; Fischer, L.H.; Khong, S.; Kwon, S.H.; Wong, V.W.; Walmsley, G.G.; et al. Small molecule inhibition of dipeptidyl peptidase-4 enhances bone marrow progenitor cell function and angiogenesis in diabetic wounds. Transl. Res. J. Lab. Clin. Med. 2019, 205, 51–63. [Google Scholar] [CrossRef]

	



Marfella, R.; Sasso, F.C.; Rizzo, M.R.; Paolisso, P.; Barbieri, M.; Padovano, V.; Carbonara, O.; Gualdiero, P.; Petronella, P.; Ferraraccio, F.; et al. Dipeptidyl peptidase 4 inhibition may facilitate healing of chronic foot ulcers in patients with type 2 diabetes. Exp. Diabetes Res. 2012, 2012, 892706. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 13 00060 g001 550] 





Figure 1. The series of events that occur in sequence during physiological (left side, green) and diabetic (right side, red) wound healing. 
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Table 1. Chemical formulas and structures of the four classes of drugs analyzed here, that display good efficacy in the treatment of impaired wound healing.
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	Name
	Chemical Formula
	Chemical Structure





	Statins
	C24H36O5
	 [image: Pharmaceuticals 13 00060 i001]



	Phenytoin
	C15H11N2NaO2
	 [image: Pharmaceuticals 13 00060 i002]



	Metformin
	C4H11N5
	 [image: Pharmaceuticals 13 00060 i003]



	DPP-4 inhibitors
	C16H15F6N5O
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Table 2. List of drugs that display reparative effects in impaired wound healing.
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	Drugs
	Effect on Wound Healing
	Evidence from

Human Studies
	Administration





	DPP-4 inhibitors
	anti-inflammatory,

anti-oxidant

endothelial cell precursors proliferation-> angiogenesis

fibroblast and keratinocyte migration

wound remodeling
	Improved healing of wounds and chronic foot ulcers in patients with diabetes [101,108].
	systemic



	metformin
	anti-inflammatory,

anti-oxidant

endothelial cell precursors proliferation-> angiogenesis

collagen deposition

ECM organization
	Improved healing in traumatic wound or ulcers [82].
	topical



	phenytoin
	antibacterial,

fibroblast proliferation-> granulation tissue

increased VEGF release -> angiogenesis
	Improved healing in a variety of wounds. Several randomized clinical trials available but methodologically poor. Reviewed in [64].
	topical



	statins
	anti-inflammatory,

angiogenesis
	Mevastatin reverses several altered molecular pathways in ex vivo specimens derived from non healing edge of foot ulcers from diabetic patients [60,61].
	topical



	β-blockers
	angiogenesis,

proliferation of keratinocytes

ECM organization
	Only data in animals
	topical



	ACE-inhibitor
	anti-oxidative
	Only data in animals
	topical



	Estrogen (ERβ)
	angiogenesis,

proliferation of keratinocytes
	Only data in animals
	topical/systemic
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