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Abstract
Background
Oxygen is vital for healing wounds. It is intricately involved in numerous biological processes including cell proliferation, angiogenesis, and protein synthesis, which are required for restoration of tissue function and integrity. Adequate wound tissue oxygenation can trigger healing responses and favorably influence the outcomes of other treatment modalities.
The Problem
Chronic ischemic wounds fail to heal appropriately secondary to extreme hypoxia that leads to cellular demise. Wound tissue hypoxia is typically greater at the center of the wound. Accordingly, oxygen requirements of the regenerating tissue will vary.
Basic/Clinical Science Advances
As oxygen levels decrease within the wound, cell response mechanisms (hypoxia inducible factor [HIF]) trigger the transcription of genes that promote cell survival and angiogenesis. HIF stabilizers are currently being tested to determine wound healing potential. Clinically, topical oxygen therapy (TOT) has been proved as an effective therapeutic modality for chronic wounds. TOT is reputed to have several advantages over hyperbaric oxygen therapy. Namely, TOT has a lower risk of oxygen toxicity, it is less expensive and is relatively easy to apply to target areas.
Clinical Care Relevance
Wound tissue oxygen is necessary for appropriate wound healing; however, the relative complexity of the healing process requires a multifaceted approach for successful healing outcomes. A key component of this multifaceted approach should be specific oxygen dosing as a function of tissue hypoxia.
Conclusion
New treatment approaches that exploit cell hypoxia sensing and response mechanisms and that enable the precise application of oxygen therapy to hypoxic areas of regenerating tissue are very promising.
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Background
WOUND HEALING IS a dynamic and carefully orchestrated process involving blood cells, cytokines, parenchymal cells (i.e., fibroblasts), and extracellular matrix reorganization. In the normal wound, this interactive process ultimately restores dermal and epidermal functional integrity in a sequential and timely fashion.
A key moderator of normal wound healing is oxygen. Indeed, oxygen is a requirement for various processes in the healing of wounds including collagen deposition, epithiliazation, fibroplasia, angiogenesis, and resistance to infection. A limitation in the delivery of O2-richblood to the wound tissue, therefore, impedes physiologic healing.
The limitation of oxygen delivery to the wound is often multi-factorial; however, the end result is a hypoxic (oxygen deprived) wound microenvironment characterized by insufficient nutrient and oxygen delivery to the regenerating tissue. In this context, the state-of-wound tissue oxygenation is a major determinant of healing outcomes.1,2
Tissue confronted with an acute, mild-to-moderate hypoxic challenge typically adapts. Conversely, tissue confronted with chronic, severe hypoxia does not survive.1 The same holds true for elevated wound tissue oxygen partial pressures where a moderate hyperoxic challenge can stimulate the production of growth factors and the formation of new blood vessels, whereas extreme hyperoxia can induce mitochondrial apoptosis, growth arrest, and oxidative stress via the formation of reactive oxygen species (ROS). Thus, the inherent complexity of the healing process mandates the precise combination of hypoxic cellular signaling and antioxidant defense mechanisms with adequate tissue oxygenation.1
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Clinical Problem Addressed
Chronic skin wounds are wounds that have failed to proceed through an orderly and timely reparative process to produce anatomic and functional integrity. Approximately 7 million patients are affected by chronic wounds in the United States alone, and an estimated $25 billion dollars is spent annually on the treatment of such wounds. Unfortunately, these numbers continue to increase as a result of an aging patient population and the increased prevalence of diabetes, obesity, and atherosclerosis worldwide.3 To this end, concentrated scientific efforts have continued to focus on the biological mechanisms that underlie wound complications with the ultimate goal of finding the most effective therapeutic modalities for afflicted patients.
The major role oxygen plays in many of the essential wound healing processes has also attracted considerable clinical interest, and investigations addressing the treatment of wound tissue hypoxia have yielded compelling data.4–6 In addition, scientific studies targeting the oxygen response signaling pathways within the wound tissue milieu are continuing to enhance our understanding of the biological and chemical pathways involved in the hypoxia sensing and response systems. This is of particular importance for the exploitation of new treatments that target hypoxia-response mechanisms within the healing tissue, thus making them useful in the wound clinic when combined with appropriate tissue oxygenation.
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Relevant Basic Science Context
In the chronic wound microenvironment, there inevitably exists a substantial imbalance between the supply of oxygen and the high energy demand of the healing tissue. From a molecular standpoint, the key factors that propagate this imbalance include the following: (1) the increased utilization of oxygen by the hypermetabolic regenerating tissue, (2) the sustained and increased production of ROS by phagocytes (respiratory burst), and (3) reduction-oxidation (redox) signaling.1
Redox signaling and ROS generation is a process reliant on the NADPH oxidase (NOX) family of enzymes. The redox signals produced serve critical roles within the wound bed: (1) they provide the phagocytic immune cells with potent disinfecting capabilities, (2) in physiologic concentrations, they function as signaling molecules that mediate various responses, including cell proliferation, migration, differentiation, gene expression, and vascular tone.7,8
Although NOX-dependent O2 consumption is vital for appropriate redox signaling within the wound, it is important to understand that the optimal production of redox signals is imperative, as excessive ROS production can rapidly contribute to a hypoxic wound environment and cell death. Accordingly, the severely hypoxic wound environment will lack the essential O2 necessary for crucial redox signaling and appropriate wound healing.1 To mitigate the effects of the hypoxic environment, many cells use the hypoxia inducible factor (HIF) cascade, which activates multiple genes involved in cell proliferation, angiogenesis, and glucose metabolism.
HIF-1 is a protein composed of two subunits: HIF-1α and HIF-1β. The latter is constitutively expressed within the cell, whereas the former contains the-α subunit tightly regulated by O2 dependent enzymes referred to as prolyl hydroxylase domain enzymes (PHDs). Under normoxic (oxygen replete) conditions, the PHDs inactivate the HIF-1α subunit. Conversely, hypoxic conditions inactivate the PHDs; stabilization of the HIF-1α subunit ensues, thus allowing for the formation of the HIF-1α/HIF-1β protein complex, which then translocates into the nucleus. The HIF protein complex can then bind to hypoxia responsive elements within the promoter regions of various genes that are turned on in a hypoxic environment.9
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Experimental Model or Material: Advantages and Limitations
There have been extensive basic science and clinical studies investigating the pathophysiology of wound healing. Basic science research has utilized several animal models of acute wounding to understand the underlying principles and mechanisms involved in the healing of acute wounds, ischemic wounds, and hypoxic wounds. Nonetheless, it is apparent that principles demonstrated in acute wounds can apply to chronic wounds as well.
Acute wounds provide a very precise model that can be standardized. This permits the precise manipulation of certain experimental parameters, which facilitates the investigation of specific biochemical pathways and cell interactions within the healing wound. In addition, the outcome of acute wounds can be studied over a relatively short period of time. Thus, data can be gathered with relative efficiency.
Chronic wounds, on the other hand, typically vary in size, duration, location, and etiology. They are difficult to reproduce in the laboratory, which makes standardization problematic. Moreover, chronic wounds take at least several months to heal, thus making data collection more protracted. For this reason, studies dealing with chronic wounds are typically outcome studies that utilize systemic oxygen therapy, TOT, and wound oxygen measurement modalities (e.g., HBOT, TOT, transcutaneous oximetry, electronic paramagnetic resonance oximetry), to investigate patient outcomes.
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Discussion of Findings and Relevant Literature
Wound healing is an angiogenesis dependent process reliant on blood vessels to deliver nutrients and oxygen to the regenerating tissue. The formation of new blood vessels (neovascularization) in the wound proceeds in two ways under the influence of angiogenic stimuli, such as vascular endothelial growth factor (VEGF)—the most potent factor for neovascularization: (1) angiogenesis, the process of new vessel sprouting from existing vessels and residing endothelial cells (ECs); (2) vasculogenesis, the recruitment and differentiation of circulating endothelial progenitor cells (EPCs) to form new vessels.5,10
Accordingly, the efficacy of oxygen therapy in the healing wound is, in part, mediated by the enhancement of the angiogenic response. Numerous in vivo studies have demonstrated increased VEGF expression in wounds treated with systemic oxygen therapy (HBOT), and in vitro studies have shown increased levels of VEGF mRNA in cultured cells involved in the healing process.5,11,12 Interestingly, the increased VEGF expression in wounds treated with HBOT appears to be mediated, in part, by the stabilization of HIF, which subsequently promotes the transcription of the VEGF gene.10,13 It is important to note that there have been conflicting data with regard to HBOT, HIF, and wound healing. HBOT may affect HIF-1 expression depending on tissue type and the type of wound; that is, HIF-1 levels may differ in the acute healing phase compared with the late healing phase, or in ischemic wound healing.10,14
In addition to the localized induction of angiogenesis, HBOT has been shown to stimulate vasculogenesis by enhancing the production of bone marrow endothelial nitric oxide synthase (BMeNOS); BMeNOS produces nitric oxide (NO). NO subsequently enhances the mobilization of EPCs, which home to the wound and contribute to the formation of neovessels.15 Further, HBOT is involved in fibroblast activation, the up-regulation of growth factors, the reduction of the inflammatory response, and wound disinfection.6It is these data that that lend support to the utilization of HBOT as an adjunctive care measure for diabetic lower extremity ulcers.16
HBOT remains a well-established, adjunctive treatment for diabetic lower extremity wounds refractory to standard care practices. The majority of the recent clinical outcome studies continue to provide strong and convincing evidence that adjunctive HBOT, in the setting of diabetes, decreases the risk of major amputation and markedly improves wound healing outcomes.6,16 However, the effect of HBOT on chronic wounds associated with other pathologies (arterial ulcers, pressure ulcers, and venous ulcers) requires further rigorous randomized trials to appropriately validate outcomes.6
Another promising therapy that enhances the oxygenation of cutaneous wounds is TOT. TOT is an O2 gas emulsion applied to the superficial wound tissue. Published data strongly suggest that TOT can generate a sustained increase in tissue oxygen levels; it can also enhance the angiogenic response in chronic human wounds by inducing VEGF production.5 Major advantages of TOT appear to be its independence of the wound microcirculation, its lower cost compared with systemic oxygen therapy, the lower risk of oxygen toxicity, and its relative simplicity of application and portability. Indeed, several clinical and animal studies have yielded promising results.4,17,18
The most recently reviewed is a prospective, controlled study that assessed diabetic foot ulcer healing outcomes in an outpatient setting. The TOT treatment group showed a significantly better healing outcome (85%) compared with the control group (45%) receiving standard wound care dressings. Improved outcomes were observed despite the larger, mean base-line wound area in the treatment group (4.1 vs. 1.4 cm2).4 Although the study was not randomized or double blinded, the significant differences in outcomes certainly contribute convincing evidence that TOT is an effective treatment option for problem wounds in which hypoxia of the superficial wound tissue impedes the healing process.
As previously outlined, HIF is an integral part of the cell hypoxia sensing and response mechanism that promotes cell survival via the induction of numerous genes. In the context of wound healing, HIF-1 transcriptional target products have been shown to enhance angiogenesis by regulating EC survival, migration and proliferation, vascular smooth muscle cell migration and proliferation, and by mobilizing circulating endothelial progenitor/stem cells to the periphery. HIF-1 has also been suggested to positively influence re-epithiliazation in the healing wound by increasing keratinocyte migration. Further contributions to wound healing have been documented in several diabetic and ischemic wound healing models, which have associated improvements in wound healing with sustained HIF-1 levels.19 Although numerous questions remain unanswered regarding specific molecular interactions, therapeutic agents that target HIF-1 appear promising.
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Innovation
The heterogeneous redox environment of the healing wound presents varying tissue oxygen requirements. It can also be expected that more hypoxic wound tissue has greater concentrations of ROS secondary to cell death and the release of pro-inflammatory cytokines. As a result, the cellular antioxidant defense mechanisms are often overwhelmed. Recently, nanoparticles have shown promise in the area of wound healing with regard to the sustained delivery of antioxidants.
Fullerenes are carbon-based nanospheres with potent anti-inflammatory properties. In addition, fullerenes have large surface areas that make chemical and physical conjugation with small macromolecules relatively facile. In one recent study, several fullerene derivatives supported cell migration, induced wound closure in human skin explants, and greatly accelerated in vivo wound healing rates in mice.20Administration of the fullerenes is systemic; therefore, biocompatibility, clearance, and toxicology are some of the many issues that need to be addressed in future studies for biomedical applications. In addition, distribution to ischemic wounds maybe limited as a result of decreased perfusion to these areas. However, nanotechnology remains an interesting and promising therapeutic option for hypoxic wounds.
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Summary Illustration
The figure opposite demonstrates the key cellular processes mediated by oxygen and its derivatives during the process of wound healing. Oxygen is required for adenosine tri-phosphate synthesis within the mitochondria for oxidative metabolism; it is also essential for collagen synthesis and protein synthesis. Oxygen serves as a substrate for all NOX enzymes, which are a major source of ROS. The production of ROS during wound healing is critical for cell signaling, angiogenesis, and wound disinfection. The primary product of NOX catalysis is the superoxide anion.
[image: figure fig-2]
Superoxide anion is the incomplete reduction byproduct of oxygen; specifically, it is oxygen with an additional, unpaired electron. Superoxide anion is the precursor for hydrogen peroxide, which has been shown to affect numerous key aspects of wound healing including cell proliferation, cell migration, and angiogenesis.
NO is produced by the nitric oxide synthase (NOS) family of enzymes, which require oxygen for the oxidation of the amino acid L-arginine to NO and citrulline. NO plays a critical role in the regulation of vascular tone and angiogenesis. Mobilization of EPCs from within the bone marrow is greatly enhanced by NO. Once mobilized from their bone marrow niche, EPCs home to the wound and incorporate into neovessels at ischemic sites. HBOT greatly enhances bone marrow NOS activity, thereby promoting the mobilization of EPCs from the bone marrow. Further, HBOT can increase levels of VEGF within the wound. VEGF is the central regulator of angiogenesis and vasculogenesis in the wound bed.
Take-Home Message
Basic science advances
· The distribution of oxygen within a wound relies on adequate blood delivery, which is greatest at the wound margins. Therefore, the oxygen requirement of regenerating tissue within a given wound can greatly vary.
· Hypoxic cells within the wound utilize HIF. HIF is considered a major coordinator of cell response to hypoxia. It can induce the production of angiogenic cytokines and growth factors for neovessel formation. HIF also induces many other genes involved in cell survival.
· Diminished HIF-1 levels and activity have been documented in conditions of impaired wound healing, such as wound healing in aged and diabetic mice.
Clinical science advances
· Medications that stabilize HIF-1 are currently being studied in animal models to determine potential benefits for inflammatory and ischemic diseases.
· Oxygen therapy improves healing outcomes in acute and chronic wounds.
· TOT continues to show promise for problem wounds, and it may be advantageous to use in the outpatient setting due to decreased systemic side effects and cost, and due to the relative simplicity of application when compared with hyperbaric oxygen therapy (HBOT).
Relevance to clinical care
· In chronic ischemic and diabetic wounds, oxygen therapy continues to improve healing outcomes. New therapeutic modalities and the continuing scientific, biomedical, and technological advancements will help the clinician prescribe a specific oxygen dose for each patient based on the redox environment of the wound.
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Caution, Critical Remarks, and Recommendations
Systemic oxygen therapy (HBOT) and TOT have continued to demonstrate their efficacy for problem wounds refractory to standard care practices. As with any treatment, however, patient selection is of extreme importance to achieve success. If treatment goals are to augment the wound oxygen tension of the superficial tissue, then TOT should be expected to help. On the other hand, the systemic effects of HBOT are expected to raise systemic tissue pO2 to supraphysiological levels, which may assist in the treatment of concomitant problems (e.g., osteomyelitis). However, the elevation of systemic tissue oxygen levels makes oxygen toxicity a very real possibility. Although the majority of wound patients may not show overt signs of oxygen toxicity, clinicians prescribing HBOT should understand that the ability to handle oxidative stress is dependent on the expression of antioxidant proteins. Considering that many chronic wound patients are predisposed to malnutrition, which can result in a global reduction of protein synthesis, HBOT may not be suitable for some patients.1
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Future Development of Interest
Optimal wound oxygen therapy will require the precise application of oxygen treatment to hypoxic wound areas while sparing the adequately oxygenated wound tissue from the detrimental effects of hyperoxia. Technological advances in real-time oxygen sensing may soon enable the clinician to do so. However, it is vital that a multifaceted approach be undertaken, as oxygen therapy alone cannot remedy the multiple and complex limitations of the healing wound. Indeed, further studies to delineate these complex interactions will surely be necessary to identify and augment the key limitations of a given wound.
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Abbreviations and Acronyms
	BMeNOS
	bone marrow endothelial nitric oxide synthase

	EC
	endothelial cell

	EPCs
	endothelial progenitor cells

	HBOT
	hyperbaric oxygen therapy

	HIF
	hypoxia inducible factor

	NO
	nitric oxide

	NOS
	nitric oxide synthase

	NOX
	NADPH oxidase

	PHDs
	prolyl hydroxylase domain enzymes

	ROS
	reactive oxygen species

	TOT
	topical oxygen therapy

	VEGF
	vascular endothelial growth factor
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