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With the global prevalence of type 2 diabetes mellitus steeply rising, instances of chronic, hard-healing, or non-healing

diabetic wounds and ulcers are predicted to increase. The growing understanding of healing and regenerative

mechanisms has elucidated critical regulators of this process, including key cellular and humoral components. Despite

this, the management and successful treatment of diabetic wounds represents a significant therapeutic challenge. 
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1. Introduction

The global impact of diabetes, including type 2 diabetes mellitus (T2DM), is severe, costing over 760 billion dollars—

constituting 10% of adults’ annual health expenditure. More importantly, diabetes is projected to affect over 700 million

individuals by 2045 (7.8% of the global population) . In 2019 alone, more than 4 million adults died from direct and

associated complications of diabetes. This prevalence and burden clearly outline diabetes and its associated

complications as pressing global concerns.

Diabetic patients develop wounds characterized by impaired healing, prolonged inflammation, and reduced epithelization

kinetics. Notably, 15% of patients suffering from T2DM develop ulcers localized on the lower limbs, referred to as diabetic

foot ulcers (DFUs). DFUs represent the most severe form of diabetic wounds which may lead to lower limb amputation or

death . In fact, DFUs precede 84% of all diabetes-related lower limb amputations. Therefore, there exists a substantial

need to elucidate the pathological processes causing ulceration, and which affect wound healing in diabetics.

Wound healing is defined as a natural physiological process occurring as the reaction to structural damage of tissues,

including skin. These mechanisms involve sophisticated complimentary interactions between different cell types, acting

through networks of soluble mediators, including cytokines, chemokines, growth factors, and metabolites. Wound healing

consists of four subsequent and overlapping phases: hemostasis, inflammation, proliferation (re-epithelization), and

remodeling (scar maturation).

Interestingly, diabetic hyperglycemia contributes to a variety of systemic complications, causing an array of local

pathologies manifesting within the wound microenvironment, including chronic inflammation, dysregulated angiogenesis,

hypoxia-induced oxidative stress, neuropathy, advanced glycation end-products, and impaired neuropeptide signaling .

2. Wound Healing Starts with Homeostasis

Immediately after wounding, degranulation of mast cells induces capillary permeability, in addition to vasodilation,

increasing bleeding and allowing the influx of immune cells. Furthermore, the coagulation system is activated, and a scab

is formed of provisional components . Simultaneously, activated keratinocytes, fibroblasts, and platelets release soluble

mediators: (a) growth factors, such as platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and vascular

endothelial growth factor (VEGF); (b) chemokines, including IL-8 (CXCL-8) and CXCL-2; (c) danger-associated molecular

patterns (DAMPs) such as histones, genomic DNA, adenosine 5′-triphosphate (ATP), high mobility group box protein 1

(HMGB1); and (d) cytokines; namely, thymic stromal lymphopoietin (TSLP), IL-33, and IL-25 . Notably, all of the

above-mentioned inflammatory mediators act as danger signals. Consequently, they trigger the infiltration of patrolling

inflammatory cells and the induction of local immune responses (inflammation phase) and subsequent proliferative

induction of tissue-resident cells.
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3. Wound Inflammation Orchestrates Healing and Regeneration

A strong inflammatory cascade, initiated during hemostasis, now commences to clean the wound of debris, damaged

cells, and microbes. The inflammatory phase is characterized by (a) an influx of inflammatory cells including neutrophils,

monocytes/macrophages, mast cells, and T cells; (b) the accumulation of inflammatory mediators such as cytokines,

chemokines, and lipid mediators; and c) the release of extracellular matrix degradation enzymes such as matrix

metalloproteases (MMPs) and collagenases; causing swelling, heat, and pain (Figure 1) .

Figure 1. Overview of Normal vs. Impaired Wound Healing. (A): The first phase of wound healing is hemostasis. Platelets

form a clot at the site of injury, and chemoattractants are released, recruiting key inflammatory cells. Next, inflammation

takes charge, with infiltrating neutrophils and mast cells releasing pro-inflammatory cytokines and inducing strong

sanitizing effects. This is accompanied by neutrophil extracellular trap (NETosis) induction, which assists in capturing and

destroying invading pathogens. Tissue-resident macrophages react to pathogen- and damage-associated molecular

patterns (PAMPs & DAMPs), activating. Later a provisional matrix comprised of fibronectin and other provisional

extracellular matrix (ECM) components forms from the clot. (B): Impaired wounds see an upregulated influx of neutrophils

and mast cells, leading to an overactive inflammatory response, causing collateral damage and extending the

inflammatory phase to the detriment of subsequent phases. (C): Following resolution of strong inflammation, the

proliferative phase begins. Crucially, endothelial progenitor cells are stimulated by growth factors to induce angiogenesis.

This angiogenesis allows for wound-resident cells to be supplied with oxygen and nutrients, facilitating their function.

Infiltrating monocytes differentiate into M1 and M2 macrophage subsets. M1 macrophages maintain a strong inflammatory

profile, but are counterbalanced by pro-regenerative M2 macrophages which release anti-inflammatory cytokines, growth

factors, and proteases which replace the provisional ECM with collagens, assisted by properly functioning fibroblasts. This

process results in thick granular tissue and full keratinocyte coverage. (D): Impaired wounds result in poor angiogenesis

and, in the case of T2DM, glycated proteins. This hypoxic environment induces oxidative stress, driving inflammatory M1

macrophage polarization and impairment of fibroblasts, resulting in poor ECM reorganization and a persistent

inflammatory environment. (E): Remodeling is carried out by macrophages, fibroblasts, and myofibroblasts re-organizing

the provisional ECM into a coherent scar structure primarily by means of matrix metalloproteinases (MMPs) and their

inhibitors (TIMPs), resulting in tissue with strong tensile strength and functionality. (F): Impaired wound-resident cells

remain ineffective and pro-inflammatory. Collagen reorganization resolves poorly, resulting in weak, non-functional skin

that is apt to re-injure and potentially ulcerate, perpetually inflamed.

It is widely recognized that localized, properly controlled inflammation acts as a trigger for the proliferative and remodeling

phases . On the other hand, the uncontrolled or prolonged inflammatory responses frequently observed in diabetic

wounds lead to the impairment of subsequent phases of the wound healing process, or are implicated as a contributor to

ulceration . Local inflammation is strictly associated with neutrophil infiltration and activation. Interestingly,

neutrophils are absent in unwounded skin and their trafficking to the wound area is induced and controlled by tissue-

resident T cells, mast cells, and macrophages . In fact, neutrophils represent an important source of proteases

(including elastase, cathepsin G, and urokinase-type plasminogen activator—that support re-epithelialization) ;

reactive oxygen and nitrogen species, cytokines (including IL-1β, tumor necrosis factor (TNF), IL-6, IL-12p40, and

transforming growth factor β (TGF-β)), and chemokines (including CCL2, CCL3, CCL5, CXCL1, and CXCL2) .

Moreover, generally high neutrophil counts within the wound, and the consequently increased neutrophil-to-lymphocyte
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ratio is recognized as a hallmark of impaired wound healing observed in T2DM-affected individuals . Interestingly,

T2DM is known to induce neutrophil extracellular trap induction (NETosis), a phenomenon which may be responsible for

delayed wound healing, given that disruption of neutrophil ability to undergo NETosis led to accelerated wound closure in

previous studies (Figure 1) . This continual activation of neutrophils and induction of NETosis results in the induction

of yet more inflammation by way of mitochondrial DNA and histone H4  in contrast with the normal process of

inflammatory resolution by way of neutrophilic apoptotic body phagocytosis . This uptake of neutrophil-derived

apoptotic bodies’ by infiltrating monocytes/macrophages helps resolve the inflammatory phase in a self-perpetuating

manner by limiting inflammatory cell infiltration and shifting the production of eicosanoids from pro-inflammatory to anti-

inflammatory mediators . Unfortunately, however, in diabetic wounds the inflammatory phase is significantly

prolonged by the disruption of mechanisms which both control the influx of neutrophils as well as regulate their

inflammatory processes . Interestingly, it seems that the cause of many observed dysregulations of the

inflammatory phase is not directly associated with localized high glucose levels but rather the epigenetic polarization of

innate immune cell pro-inflammatory function prior to wound infiltration, as in progenitor cell modification due to T2DM-

related systemic complications such as hyperglycemia . This polarization of innate immune cells towards pro-

inflammatory phenotypes is additionally supported by systemic inflammatory effects observed in diabetic patients and

animal models . However, to date, mechanisms controlling the epigenetic regulation of neutrophils and

monocytes/macrophages in diabetic individuals remain elusive.

Monocyte migration to injured skin is controlled by chemokines derived by mast cells, keratinocytes, and fibroblasts acting

through CCR2, CCR5, and mainly monocyte chemotactic protein 1 (MCP-1) . Notably, due to pleiotropic biological

activities, monocytes and macrophages are recognized as central players in the resolution and regulation of the

inflammatory, proliferative, and remodeling phases of wound healing . Unlike normal wound-infiltrating macrophages

differentiating into classically-activated (inflammatory) M1 and alternatively-activated (reparative/regulatory) M2

macrophages, T2DM-affected macrophages strongly polarize into the inflammatory M1 phenotype . Classically

activated macrophages possess high phagocytic properties and are efficient in their production of pro-inflammatory

cytokines—namely IL-1α, IL-1β, IL-6, TNF, and IL-12—contributing to and extending the inflammation phase, increasing

neutrophilic infiltration, and prolonging low-grade inflammation which is characteristic of chronic DFUs .

Consequently, a lower absolute number of M2 macrophages and a higher M1:M2 macrophage ratio within the wound

reduces secretory levels of growth factors PDGF, FGF, and VEGF, as well as anti-inflammatory cytokines including IL-10,

TGF-α and TGF-β—all of which are responsible for the induction of the proliferative phase and effective regulation of

inflammation, respectively . Moreover, monocytes/macrophages act as antigen-presenting cells, linking the innate

and adaptive immune responses . Despite this, to date, the role of mutual interactions between macrophages and T

cells in wound healing has yet to be fully elucidated.

It is well established that skin resident T cells play an essential role in the maintenance and regulation of local skin

inflammation in the course of wound healing. In fact, Th17 cells were shown to promote neutrophilic infiltration, and high

levels of IL-17A were shown to reduce wound repair . On the other hand, regulatory T cells (Tregs) are considered

essential regulators of inflammation and constitute a significant source of IL-10 . Importantly, depletion of Tregs

significantly reduces wound closure . It is tempting to speculate that the systemic inflammation observed in diabetic

patients limits the migration of Tregs and increases the infiltration of Th17 cells in the diabetic wound and thus represents

one of the mechanisms of increased neutrophilic inflammation and a prolonged inflammatory phase. Notably, the healing

process of diabetic wounds may be accelerated by topical retinoic acid, thereby inducing T cell plasticity and

differentiation of Th17 cells towards Tregs . This confirms the crucial role of T cells in the regulation of the inflammatory

phase of diabetic wound healing.

Taken together, the prolonged inflammation phase observed in diabetic wounds that impairs wound closure and

remodeling originates not only from high levels of localized pro-inflammatory mediators, but also from deficiencies in anti-

inflammatory cytokines derived by regulatory cells, including M2 macrophages and Tregs. Despite this observation, the

regulation of this process needs attention in future research.
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