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Although the word wound sounds like a simple injury to tissue, individual's health status and other inherent factors may make it very complicated. Hence, wound healing has gained major attention in the healthcare. The biology wound healing is precise and highly programmed, through phases of hemostasis, inflammation, proliferation and remodeling. Current options for wound healing which includes, use of anti-microbial agents, healing promoters along with application of herbal and natural products. However, there is no efficient evidence-based therapy available for specific chronic wounds that can result in definitive clinical outcomes. Under co-morbid conditions, chronic would poses numerous challenges. Use of Complementary and Alternative Medicines (CAMs) in health care sector is increasing and its applications in wound management remains like to “separate the diamonds from ore.” Attempts have been made to understand the wound at the molecular level, mainly through the analysis of signature genes and the influence of several synthetic and natural molecules on these. We have outlined a review of challenges in chronic wound healing and the role of CAMs in chronic wound management. The main focus is on the applications and limitations of currently available treatment options for a non-healing wound and the best possible alternates to consider. This information generates broader knowledge on challenges in chronic wound healing, which can be further addressed using multidisciplinary approach and combination therapies.
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GRAPHICAL ABSTRACT. Challenges in healing wound: role of complementary and alternative medicine.


INTRODUCTION

Use of natural medicine and principles for healing of one of the fundamental principles of traditional medicine. Although majority of them are not in mainstream due to lack of evidences, some of them have successfully entered clinical utility after gaining significance in different stages of research for inflammation, cancer and other chronic diseases. This is mainly due to unique ability of natural molecules to interact with different bio-molecules. Therefore, both understanding the critical cellular components altered during wound and progressions of wound as well as molecules to reverse/repair those changes are vital. In this direction, there is a huge potential for development of safe, sustainable and effective treatment module using alternate medicine from plant or other natural sources. This will help to scientifically promote several traditional medicines for healing different category of wounds.

The incidence and burden of wound is one of the major health care concerns, which accounts for more than more than 8.2 million people were suffered from wound in US and cost of care ranged from 28.1 to 96.8 billion$. The global wound care market size was valued at USD 18.4 billion in 2018 and is expected to grow at a compound annual growth rate (CAGR) of 3.9% from 2019 to 2026 (1). Chronic wounds are greatest burden to health care and account for expenditure of more than 25 billion US$ per year and affect over 6.5 million people in US alone (2). These cause burden through, prolonged hospitalization, loss of mobility, compromising quality of life, requirement of support and sometime increase the risk of nosocomial infection causing burden to health care workers and other patients visiting hospital (3). The recent pandemic is adding additional burden due to health care which is mainly due to limited access to healthcare facilities. Clinical challenges in wound treatment are many, clear understanding on molecular signatures is expected to provide better option for clinicians to select drug or treatment regime.

Literature on wound biology, healing and role of CAM in wound healing was searched in all science databases such as PubMed, Web of Sciences, Science direct and Google scholar. Information with authenticated references and sufficient data as evidence were considered for literature search. The period of literature collection was for last 45 years for treatment modules and others relevant to recent developments.



WOUND AND WOUND MICROBIOLOGY

A wound is defined as the breakage in the continuity of the skin. The structure of the skin is complex and wound biology is understood by knowing the factors influencing the local physiological environment. Many local conditions influence wound occurrence, persistence, and healing. The most common condition that is representative of a wound is microbial infection and inflammation. Exposed skin surface which comprises of subcutaneous tissue helps wide range of microorganisms to colonize on the substratum. The microflora of chronic wounds is far more complicated than previously appreciated, as they have complex structures and wide range populations (4). Both aerobic and anaerobic microorganisms are present in acute and chronic wounds. However, anaerobic microorganisms are often undiscovered due to various reasons as detailed elsewhere (5), and is not the focus of this article. Further, the prevalence of contamination by microorganisms also depends on a person's immunity or body-host defense. If the host immune response is compromised, involved tissue is devitalized by ischemic, hypoxic, or necrotic conditions that favor microbial growth (5).

Duerden (6) described in his study that the microbial wound contaminants can originate from three main sources: (i) the environment (exogenous microorganisms in the air or those introduced by traumatic injury), (ii) the surrounding skin (involving members of the normal skin microflora such as Staphylococcus epidermidis, micrococci, skin diphtheroid, and Propionibacterium), and (iii) endogenous sources involving mucous membranes (primarily the gastrointestinal, oropharyngeal, and genitourinary mucosae).



WOUND HEALING AND WOUND MOLECULAR BIOLOGY

Wound healing is a complex dynamic process involving several sequential steps, including induction of inflammatory process, regeneration of parenchyma tissue, migration and proliferation of parenchymal tissue cells, production of extracellular matrix proteins, remodeling of tissue and gaining wound strength (7). Healing of a wound involves different cell types, secreted growth factors, cytokines, the extracellular matrix and various enzymes. Various cells such as platelets, neutrophils, monocytes, macrophages, fibroblasts, keratinocytes, endothelial cells, epithelial cell and myofibroblasts are involved in wound healing process. Among all cells, fibroblasts have long been recognized as key cells in wound healing as they play a major role in all the three phases (3). There are various factors that affect the wound healing process such as microbial infection or biofilm formation. In addition to this, ischemia and reperfusion play an influential role in wounded skin. Thomas et al. (8) explained the molecular biology involved in ischemia and reperfusion that are major causes for the pathological condition in a wound. Ischemia-reperfusion injury is characterized by a sequence of biochemical and cellular events that causes cell damage extensively through pathways that lead to leukocyte and complement activation, oxidative stress, and microvasculature dysfunction.

Besides, many molecular factors that include growth factors and receptors (platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-ß); cytokines (fibroblast growth factor (FGF), tumor necrosis alpha (TNFα) and interleukin-1 (IL-1); enzymes (matrix metalloproteinases (MMPs), tissue inhibitors of MMPs, seperinase) often have multiple and overlapping functions in normal wound healing (9). In addition, Angiogenesis plays a critical role in wound healing. By developing capillary sprouts, that digest endothelial cells they invade the extracellular matrix (ECM) stroma after penetrating through the underlying vascular basement membrane, that later forms tube-like structures that continue to extend, branch, and form networks (10). Various angiogenic stimulators such as vascular endothelial growth factor (VEGF), TGF-ß, TNFα, PDGF, FGF, angiogenin and angiopoietin-1 are known to stimulate wound healing in various stages such as angiogenesis initiation, angiogenesis amplification, vascular proliferation, vascular stabilization and angiogenesis stabilization (10). An occurrence of wound follows the activation of these molecular factors, whereas a wound is persisted if the complex set of interactions between these molecules is devastated. Understanding the causes of altered expression of such molecular factors that lead to modified cellular function, will provide an insight into potential points for intervention.



WOUND HEALING IN ACUTE AND CHRONIC CONDITIONS

Wounds can be classified into two broad types, acute wounds, and chronic wounds. Acute wounds heal normally in a very orderly and efficient manner. They are characterized by four distinct, but overlapping phases: haemostasis, inflammation, proliferation and remodeling (11). These wounds progress through the normal stages of wound healing such as inflammation, proliferation and remodeling and show definite signs of healing within 2–4 weeks. In contrast, chronic wounds do not follow the sequential stages of healing (they often get “stalled” in one phase) and fail to show evidence of healing within 4 weeks (12).

During normal physiological processes such as wound healing (as in case of acute wounds), inflammatory cells are recruited to the site of injury and help in tissue repair through secretion of cytokines and growth factors that promote tissue remodeling and angiogenesis. Angiogenesis is impaired in all chronic wounds leading to further tissue damage resulting in chronic hypoxia and impaired micronutrient delivery. Vasculopathies associated with diabetes include abnormal blood vessel formation (e.g., retinopathy, nephropathy), decreased angiogenesis and accelerated atherosclerosis leading to coronary artery disease, peripheral vascular disease, and cerebrovascular disease (13). Of all the angiogenic stimulators, VEGF plays a crucial role in wound healing. Many studies have shown that diabetic chronic wounds have deficient VEGF and application of VEGF stimulates healing of chronic wounds in animal models (14, 15). On the other hand, chronic venous stasis ulcer patients have an elevated levels of VEGF in their circulation (16). Since many factors regulate wound angiogenesis, it is important to understand various cellular and molecular events in angiogenesis that are dysregulated in non-healing chronic wounds.

In normal wound healing, inflammation subsides once the tissue repair is completed. In contrast, the regulation of inflammatory cells and cytokines are circumvented during neoplastic progression which has resulted in the characterization of tumors as wounds that never heal (17, 18). Chronic inflammation, a hallmark of the non-healing wound, may ultimately predispose these wound sites to potential malignant change (19). Thus, in the case of chronic wounds, it is obvious that attempting to understand and determine the underlying cause of failure to progress in a timely fashion through the wound healing stages is the key to turn a chronic wound into a healing wound, and also divert it from neoplastic progression.



BIOLOGICAL FACTORS IN NON-HEALING CHRONIC WOUNDS

Many factors can impair the healing process. Specific biological markers characterize the non-healing of chronic wounds. Both local and systemic factors contribute to delayed healing. Local factors include the presence of tissue maceration, foreign bodies, biofilm, hypoxia, ischemia, and wound infection. Systemic factors include diabetes, advanced age, malnutrition, and other chronic organ diseases. However, it is impossible to completely remove or reduce the impact of these factors even by good clinical practice. In addition to local and systemic factors that impair healing, reduced tissue growth factors, increased proteolytic enzymes such as matrix metalloproteinases that degrade extracellular matrix, increased inflammatory mediators such as over-abundant neutrophil infiltration (as in case of pressure ulcers), and the presence of senescent cells could be potential biomarkers for chronic wounds (11).

Non-healing chronic wounds are also characterized by myofibroblasts activity that persists and drives tissue alterations, which is particularly evident in hypertrophic scars developing after burn injury and in the fibrotic phase of scleroderma (3, 20). Myofibroblasts-generated contractions are also typical for fibrosis, affecting vital organs such as the liver, heart, lung and kidney (21). The hypertrophic scar is characterized by hypervascularization, aberrant deposition of ECM molecules and overabundant collagen accumulation (22). It is the chronic wound such as long-time exposure to toxic chemicals including carcinogens that produces damaging effect on the functionality of chemo-surveillance. Wound healing may proceed in a relatively unimpeded manner for many patients with cancer, due to malnutrition, nature and effects of the oncologic disease process and its treatment methods (23). A recent study by Liau et al. (24) reported that cancer due to non-healing chronic wound is common phenomenon. Thus, the best strategy to win the war on cancer is to restore the functionality of chemo-surveillance, increase nutritive food uptake and prevent the loss of wound healing metabolites that ultimately results in enhanced wound healing (24). Dysregulations in cell-intrinsic and extrinsic metabolism also affect the wound healing process leading to non-healing chronic wounds (25). Understanding deregulated and defective cellular mechanism may allow the development of therapeutic approaches to activate latent regenerative capacities and enforce a cadre of endogenous repair mechanisms. Thus, knowledge of various biological factors involved in chronic wounds is essential to develop specific therapeutic drugs. However, more research needs to be carried out that substantially supports the translatability of findings in experimental models to human wound scenarios.



CLINICAL PRESENTATION AND CHALLENGES IN CHRONIC WOUNDS

Chronic wounds represent a major health care burden including financial expenses and have a devastating impact on morbidity. In India, public healthcare funding has been reported at 5% of the annual gross domestic product, with more than 80% of healthcare costs met from out-of-pocket payments (26). These do not reflect the economic loss, frustration, and impaired quality of life experienced by chronic wound patients. Thus, they remain a major clinical challenge in long-term care impacting the quality of life for patients and health care costs (27, 28).

Chronic wounds are often characterized by pathologic responses resulting in fibrosis and non-healing chronic ulcers. This clinical condition is a result of undiagnosed or untreated wounds. The major clinical signs and symptoms of a patient with a chronic wound are pain, erythema, edema, heat, purulence with high wound bioburden (29). Furthermore, signs and symptoms specific to secondary wounds often observed in proliferative phase include: (1) wound breakdown (2) serous drainage with concurrent inflammation, (3) foul odor (4) pocketing at the base of the wound (5) discoloration of granulation tissue, (6) friable granulation tissue, (7) delayed healing (30). However, these signs and symptoms need to further be validated for effective chronic wound management and treatment. A study conducted by Sue et al. (30)to validate the clinical symptoms of the chronic wound showed signs specific to secondary wounds were better biomarkers of chronic wound infection than the classical signs with a mean sensitivity of 0.62 and 0.38, respectively. Besides, increasing pain and wound breakdown were both sufficient indicators with the specificity of 100%. These signs and symptoms can in turn be correlated to conditions that represent its physiological environment. Thus, it is understood that chronic wounds face a challenging environment that triggers the wound to a non-healing condition (Figure 1). It is utmost necessary to understand in depth the underlying mechanisms involved in its pathologic conditions. This is possible by identifying the clinically relevant biological markers that are key factors for the chronicity of a wound. Thus, by identifying a biomarker and targeting the same (as a prognostic, diagnostic, or treatment option) would potentially help in reversing the status of chronic wounds (Table 1).
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FIGURE 1. Schematic representation of challenges in chronic wound environment.



Table 1. Clinically relevant biological markers to be targeted to reverse the status of chronic wounds.
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Chronic wound often characterized by infection/ biofilm elevates the production of inflammatory and proinflammatory cytokines that result in an increased production of matrix metalloproteases and a reduction in their inhibitors. The prolonged inflammation results in destruction of extracellular matrix and fibroblast production. Due to inhibition of fibroblast production, the collagen fibers necessary for wound remodeling are scarcely produced. The chronic wound associated fibroblasts show fibroblast senescence. Chronic wound environment impairs angiogenesis and stalls epithelialization. These characteristics represent chronic wound environment that cause delayed healing.

It has been estimated that ~1% of the population will develop leg ulceration in the course of their lifetime (31, 32). Indian studies on the epidemiology of chronic wound estimated the prevalence at the rate of 4.5/1,000 population (33). Untreated or inadequately treated acute traumatic wounds are a frequent cause of these chronic wounds. Wound associated with chronic diseases such as diabetes and cancer pose a greater challenge to treat and manage, which is mainly due to molecular complexity.

It is understood that diabetes affects wound healing through the decreased inflammatory responses, loss of protective sensations due to neuropathy, the development of ischemia, and increased risk of infection (34, 35). Besides, chronic non-healing pressure ulcers are serious and exhibit frequent occurrence (as in the case of spinal cord injury) among the immobile and debilitated patients (11). Based on this information, to identify the factors responsible for delayed wound repair, it is essential to understand wound healing activity at the molecular level. Thus, current research for treating chronic wounds focuses on understanding the underlying molecular mechanisms in clinically different wounds and at various stages of their progression and healing.



COMPLICATIONS DURING TREATMENT OF CHRONIC WOUNDS

Most of the chronic wounds are characterized by bacterial contamination and further biofilm formation which creates complications during the treatment. In addition to elevated inflammatory cells and the production of pro-inflammatory cytokines (as discussed earlier), a bacterial infection is very common. Bacterial infection in wounds depends on the organisms present, their virulence rate, and their resistance to host. Hence, it is utmost critical to detect which organism is responsible for the infection to treat with a specific antibiotic. However, the use of antiseptics, topical, and oral antibiotics can increase the risk of future antimicrobial resistance such as Methicillin-resistant Staphylococcus aureus (MRSA) and requires further assessment (36). Systemic infections are usually treated using systemic antibiotics. However, once there is a control in bacterial balance, the use of topical antibiotics should be discontinued, as prolonged courses of antibiotics may hamper wound healing and lead to antimicrobial resistance (37).

Another study assessed wound pH of the wound bed to track the wound healing progress. Though there was some evidence to differentiate between a healing and a non-healing wound using pH as a biological tracker, treatment options using knowledge on wound environmental pH need to still be explored (38).

Studies (in vitro, preclinical, and clinical) on chronic wound diagnosis and treatment have substantially increased in the past decade. However, very shreds of evidence show the conductance of quality randomized controlled trials. Laser therapy and phototherapy fail to statistically improve chronic ulcer healing (39). Additionally, the development of wound diagnostic instruments is still in its infancy. A sophisticated analytical instrument such as Magnetic resonance imaging is not suitable for routine clinical purposes. There are wide varieties of treatment options available and are currently in use (Figure 2).
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FIGURE 2. Schematic representation of currently available therapies and scope for future treatment options.


Novel approaches using emerging technologies could help in wound care. Cytokines and growth factors that play a very important role in wound healing can be modulated as required in the case of chronic wounds. By doing this, the imbalanced production of cytokines and growth factors can be controlled to normal. Gene therapy may allow genes or gene-derived messengers that possess wound healing properties to be delivered specifically at the wound site at directed time points, desired dose, and during a specific phase of healing (40–42). Skin and composite equivalents derived from embryonic stem cells in addition to application of bone marrow-derived stem cells may serve as possible options in near future (43).

Future developments could also target recombinant enzymes and hormones that help in wound repair. However, besides their uses and advantages, currently available treatment methods (including both medical and surgical) face a lot of limitations such as short residence time, low efficacy, high toxicity, high costs and high risk of infection as discussed in Table 2. This is because chronic wounds remain unresponsive to conventional wound care treatments such as topical agents, wound dressings, and skin grafts. These drawbacks have necessitated the need to focus and explore more on the role of CAMs in the treatment of non-healing chronic wounds, which could potentially provide reliable solutions in the near future.


Table 2. Comprehensive details on different kinds of treatment options currently in use for wounds with their uses and limitations.
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ROLE OF COMPLEMENTARY AND ALTERNATIVE MEDICINES IN WOUND TREATMENT

Alternative medicine is any healing practice “that does not fall within the realm of conventional medicine.” The terms 'complementary medicine' or 'alternative medicine' is used interchangeably with traditional medicine in some countries (68). It follows the traditional knowledge of ancient people or communities that they have been practicing for many years. As there was no modern or scientifically approved medicine in pre-historic times, CAMs were the only available option that was used universally to treat many diseases including wounds.

It is estimated that 30–50% of the general adult population of industrialized nations use one or the other forms of CAM, of which its use is more common among females, young adults/middle-aged individuals, members of higher socioeconomic classes, and highly educated people (69, 70). Internationally, studies on cancer patients documented a prevalence rate of 7–83% for the use of CAMs (70, 71).

Diseases have always been a great topic of concern in human society and human beings have been continuously involved in developing all sorts of possible treatment options to address the ailment. Recent publications reveal that doctors do not consistently record CAM at patient charts (72). A study that involved a patient with prostate cancer found a high usage of CAMs which had not been identified by conventional medication history taking (73). This suggests that the prevalence of CAM use among patients admitted to the hospital is high, but documentation of usage is low. This necessitates the need to record the history of CAM use by health professionals.

CAMs such as Natural Products including plant-derived extracts (phytochemicals) and Naturally Derived Substances have gained major research interest. Natural products and Naturally Derived Substances have long been used in wound healing because they possess anti-inflammatory, antioxidant, angiogenic, and cell synthesis-modulating properties. Alternative medical systems such as naturopathy and Ayurveda utilize herbal medications as an important part of therapy. Herbal medicines include any part of the plant, herbs, herbal materials or combinations, herbal extracts, and purified herbal products that contain an active ingredient called phytochemical. In India, Ayurvedic medicine has used wide variety of herbs including turmeric possibly as early as 1900 BC (74). There are a lot of studies and evidence that are supportive of the use of natural products and Naturally Derived Substances in wound care. Due to this reason, CAMs are currently gaining major attention by most of the researchers because of its promising results on patients and in wound care.

Phytochemicals and naturally derived substances have gained an advantage due to their composition of a plethora of chemicals that may enhance wound healing in many different ways. Using plants with medicinal properties to treat wounds have been found useful in fighting against infection and accelerate wound healing (75). A recent study conducted by Nigussie et al., described Lawsonia inermis and Azadirachta indica were the most studied plant species for wound healing, and the most common in vivo techniques used for the anti-inflammatory and the wound healing assays were carrageenan-induced paw edema, and excision and incision wound models, respectively (76). CAM is not only used for treating non-oncologic cutaneous problems but is also used in the prevention and treatment of malignant diseases (77). Detailed role of phytochemicals /naturally derived substances in wound healing studies with their uses, applications, mechanism of action, and outcome demonstrated in a particular study is discussed in Table 3. At the same time, the presence of numerous chemicals in an extract can limit the ability of the researcher to conclude the specific action of the individual chemical and their mechanism of action (101). However, their complex molecular structure and composition may increase the risk of irritant or allergic side effects. Thus, both patient and practitioner need to be cautioned of potential side effects.


Table 3. Comprehensive details on role of phytocompounds /naturally derived substances in wound healing studies.
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A study conducted by Raja (101) has shown that plant and naturally derived substances have a synergistic effect for wound healing. However, even in this study, side effects such as irritation and allergic hypersensitivities were noted (101). A recent study showed that neem leaf extract can be used as an alternate to normal saline and neem leaves extract irrigation for foot ulcers is considered to be very safe as it did not cause any complication systematically (99). Further, phytochemicals and naturally derived substances may possess greater risk of contamination with infectious agents. Thus, proper sterilization and timely microbial testing are necessary before their use. In this direction, collaborative research combining allopathic medicine with Ayurveda and naturopathy will provide a better understanding of how to mitigate the above-said limitations of natural products. This can further be integrated using a combined approach in wound treatment. In one of our studies, we have shown that phytochemical (constituting 44% w/w) especially tannins and other polyphenols in rind of Pomegranate (Punica granatum) can significantly heal the excision wound in experimental animals. Content of hydroxyproline, microscopic observation and physical appearance of wound are used as key markers to assess the benefit of pomegranate peel extract which was applied on would in the form of water-soluble gel (102). Our earlier reports also describe the use of various plant species and nano phytocompounds for various wound healing activities (103). One of the recent systematic review and meta-analysis on use of CAM in common skin diseases such as acne, atopic dermatitis and psoriasis reported that, there is insufficient evidence to support the efficacy and the recommendation of CAM for common skin diseases (104). However, as discussed earlier there are many ongoing studies that are reported in literature on the use of CAM in wound healing and their applications. This suggests that CAM has a potential future in chronic wound management.



CONCLUSIONS AND FUTURE DIRECTIONS

The use of phytochemicals and naturally derived substances is an exciting and clever innovation for chronic wound healing. CAM is a promising approach to improvising clinical and medical challenges faced by non-healing chronic wounds. However, it is the responsibility of a researcher to practically consider special factors to determine if the phytochemicals are an effective wound healing agent or not (Figure 3). Unfortunately, one of the major barriers to effective treatment of the wound seems to be the lack of deeper knowledge shown by many clinicians and general practitioners for this subject. CAMs are subject to the risk of contamination, side effects, and non-specificity in treatment due to the complex structure of phytochemicals and naturally derived substances in the extract. But these limitations do not deter the fact that CAMs are promising in challenging non-healing wounds. It is well-known that natural molecules possess anti-inflammatory, antioxidant, angiogenic, and cell synthesis-modulating components that are crucial biological functions necessary for wound healing. In addition to this, the use of natural products and naturally derived substances are considered safe compared to synthetic molecules and can be much cheaper than conventional therapies. Due to the escalating cost of health care especially in chronic wound management, the use of CAMs to treat these wounds would be economical. As they have multiple advantages over synthetic molecules, there is a spur in the use of natural molecules in wound healing research. However, more randomized clinical trials need to be carried out to provide concrete evidence to support the utilization of CAMs in management of chronic wounds. And, more research is needed to understand their mechanisms of action.


[image: Figure 3]
FIGURE 3. Schematic representation showing considerations to determine the efficiency of a phytochemical as a potential wound healing agent.




AUTHOR CONTRIBUTIONS

KC conceptualized the idea and wrote initial outline of the manuscript. PM wrote the entire manuscript. MC, AR, and PW critically reviewed the manuscript and provided suggestions. All authors have read, revised, and approved publication of the manuscript.



ACKNOWLEDGMENTS

PM would like to acknowledge the support of Principal, Ramaiah Institute of Technology, MSRIT Post, Bengaluru and the Principal and Dean, Ramaiah Medical College and Hospitals, MSRIT Post, Bengaluru for providing support for clinical and laboratory studies. Authors would like to acknowledge the support of software Bio Render for creation of figures and illustration used the manuscript.



REFERENCES

 1. Sen CK. Human wounds and its burden: an updated compendium of estimates. Adv Wound Care. (2019) 8:39–48. doi: 10.1089/wound.2019.0946

 2. Chen L, Cheng L, Gao W, Chen D, Wang C, Ran X. Telemedicine in chronic wound management: systematic review and meta-analysis. JMIR Mhealth Uhealth. (2020) 8:e15574. doi: 10.2196/15574

 3. Monika P, Waiker PV, Chandraprabha MN, Rangarajan A, Murthy KNC. Myofibroblast progeny in wound biology and wound healing studies. Wound Repair Regen. (2021) 29:531–47. doi: 10.1111/wrr.12937

 4. Martin JM, Zenilman JM, Lazarus GS. Molecular microbiology: new dimensions for cutaneous biology and wound healing. J Invest Dermatol. (2010) 130:38–48. doi: 10.1038/jid.2009.221

 5. Bowler PG, Duerden BI, Armstrong DG. Wound microbiology and associated approaches to wound management. Clin Microbiol Rev. (2001) 14:244–69. doi: 10.1128/CMR.14.2.244-269.2001

 6. Duerden BI. Virulence factors in anaerobes. Clin Infect Dis. (1994) 18:S253–9. doi: 10.1093/clinids/18.Supplement_4.S253

 7. Harding KG, Morris HL, Patel GK. Healing chronic wounds. BMJ. (2002) 324:160–3. doi: 10.1136/bmj.324.7330.160

 8. Mustoe, Thomas A, O'Shaughnessy K, Kloeters O. Chronic wound pathogenesis and current treatment strategies: a unifying hypothesis. Plast Reconstr Surg. (2006) 117:35S−41. doi: 10.1097/01.prs.0000225431.63010.1b

 9. Blakytny R, Jude EB. Altered molecular mechanisms of diabetic foot ulcers. Int J Low Extrem Wounds. (2009) 8:95–104. doi: 10.1177/1534734609337151

 10. Honnegowda TM, Kumar P, Udupa EGP, Kumar S, Kumar U, Rao P. Role of angiogenesis and angiogenic factors in acute and chronic wound healing. Plast Aesthetic Res. (2015) 2:243–9. doi: 10.4103/2347-9264.165438

 11. Diegelmann R. Wound healing: an overview of acute, fibrotic and delayed healing. Front Biosci. (2004) 9:283–9. doi: 10.2741/1184

 12. Swezey L. The difference between acute and chronic wounds (2019)

 13. Martin A, Komada MR, Sane DC. Abnormal angiogenesis in diabetes mellitus. Med Res Rev. (2003) 23:117–45. doi: 10.1002/med.10024

 14. Howdieshell TR, Callaway D, Webb WL, Gaines MD, Procter CD, Sathyanarayana, et al. Antibody neutralization of vascular endothelial growth factor inhibits wound granulation tissue formation. J Surg Res. (2001) 96:173–82. doi: 10.1006/jsre.2001.6089

 15. Johnson KE, Wilgus TA. Vascular endothelial growth factor and angiogenesis in the regulation of cutaneous wound repair. Av Wound Care. (2014) 3:647–61. doi: 10.1089/wound.2013.0517

 16. Shoab SS, Scurr JH, Coleridge-Smith PD. Plasma VEGF as a marker of therapy in patients with chronic venous disease treated with oral micronised flavonoid fraction – a pilot study. Eur J Vasc Endovasc Surg. (1999) 18:334–8. doi: 10.1053/ejvs.1999.0890

 17. Flier JS, Underhill LH, Dvorak HF. Tumors: wounds that do not heal. N Engl J Med. (1986) 315:1650–9. doi: 10.1056/NEJM198612253152606

 18. Liao D, Luo Y, Markowitz D, Xiang R, Reisfeld RA. Cancer associated fibroblasts promote tumor growth and metastasis by modulating the tumor immune microenvironment in a 4T1 murine breast cancer model. PLoS ONE. (2009) 4:e7965. doi: 10.1371/journal.pone.0007965

 19. Menke NB, Ward KR, Witten TM, Bonchev DG, Diegelmann RF. Impaired wound healing. Clin Dermatol. (2007) 25:19–25. doi: 10.1016/j.clindermatol.2006.12.005

 20. Sarrazy V, Billet F, Micallef L, Coulomb B, Desmoulière A. Mechanisms of pathological scarring: role of myofibroblasts and current developments. Wound Repair Regen. (2011) 19:s10–5. doi: 10.1111/j.1524-475X.2011.00708.x

 21. Marconi GD, Fonticoli L, Rajan TS, Pierdomenico SD, Trubiani O, Pizzicannella J, et al. Epithelial-Mesenchymal Transition (EMT): the type-2 EMT in wound healing, tissue regeneration and organ fibrosis. Cells. (2021) 10:1587. doi: 10.3390/cells10071587

 22. Zhao D, Wang Y, Du C, Shan S, Zhang Y, Du Z, et al. Honokiol alleviates hypertrophic scar by targeting transforming growth factor-β/smad2/3 signaling pathway. Front Pharmacol. (2017) 8:206. doi: 10.3389/fphar.2017.00206

 23. Payne WG, Naidu DK, Wheeler CK, Barkoe D, Mentis M, Salas RE, et al. Wound healing in patients with cancer. Eplasty. (2008) 8:1–11.

 24. Langdon RJ, Yousefi PD, Relton CL, Suderman MJ. Wound healing, evolution of cancer and war on cancer. Int Res J Oncol. (2021) 4:13–20. doi: 10.1186/s13148-021-01191-6

 25. Eming SA, Murray PJ, Pearce EJ. Metabolic orchestration of the wound healing response. Cell Metab. (2021) 33:1726–43. doi: 10.1016/j.cmet.2021.07.017

 26. Prinja S, Bahuguna P, Pinto AD, Sharma A, Bharaj G, Kumar V, et al. The cost of universal health care in India: a model based estimate. PLoS ONE. (2012) 7:e30362. doi: 10.1371/journal.pone.0030362

 27. Allaman RM. The impact of pressure ulcers on health care costs and mortality - PubMed. Adv Wound Care. (1988) 11:2.

 28. Ruedrich ED, Henzel MK, Hausman BS, Bogie KM. Reference gene identification for reverse transcription-quantitative polymerase chain reaction analysis in an ischemic wound-healing model. J Biomol Tech. (2013) 24:181–6. doi: 10.7171/jbt.13-2404-003

 29. Stotts NA, Hunt TK. Managing bacterial colonization and infection. Clin Geriatr Med. (1997) 13:565–73. doi: 10.1016/S0749-0690(18)30160-5

 30. Gardner SE, Frantz RA, Doebbeling BN. The validity of the clinical signs and symptoms used to identify localized chronic wound infection. Wound Repair Regen. (2001) 9:178–86. doi: 10.1046/j.1524-475x.2001.00178.x

 31. Martin GM. Frontiers of aging. Science. (2001) 294:13. doi: 10.1126/science.294.5540.13

 32. Strausberg J, Lehmann N, Kröger K, Maier I, Schneider H. NW Changes in secondary care may explain increasing pressure ulcer rates in an University Clinic in Germany. Wound Manag. (2007) 5:194–8.

 33. Shukla VK, Ansari MA, Gupta SK. Wound healing research: a perspective from India. Int J Low Extrem Wounds. (2005) 4:7–8. doi: 10.1177/1534734604273660

 34. Falanga V. Wound healing and its impairment in the diabetic foot. Lancet. (2005) 366:1736–43. doi: 10.1016/S0140-6736(05)67700-8

 35. Brem H, Sheehan P, Boulton AJM. Protocol for treatment of diabetic foot ulcers. Am J Surg. (2004) 187:S1–10. doi: 10.1016/S0002-9610(03)00299-X

 36. Dow G, Browne A, Sibbald RG. Infection in chronic wounds: controversies in diagnosis and treatment. Ostomy Wound Manag. 23. (1999) 45:23.

 37. Robson MC, Barbul A. Guidelines for the best care of chronic wounds. Wound Repair Regen. (2006) 14:647–48.

 38. Gethin G. The significance of surface pH in chronic wounds. Wounds UK. (2007) 3:52–6.

 39. Robson MC, Barbul A. Guidelines for the best care of chronic wounds. Wound repair Regen. (2006) 14:647–8. doi: 10.1111/j.1524-475X.2006.00173.x

 40. Ferreira DW, Ulecia-Morón C, Alvarado-Vázquez PA, Cunnane K, Moracho-Vilriales C, Grosick RL, et al. CD163 overexpression using a macrophage-directed gene therapy approach improves wound healing in ex vivo and in vivo human skin models. Immunobiology. (2020) 225:151862. doi: 10.1016/j.imbio.2019.10.011

 41. Han JH, Han S, Jeong IS, Cheon SH, Kim S. Minicircle-based GCP-2 ex vivo gene therapy enhanced the reepithelialization and angiogenic capacity. J Tissue Eng Regen Med. (2020) 14:829–39. doi: 10.1002/term.3049

 42. Hirsch T, Spielmann M, Velander P, Zuhaili B, Bleiziffer O, Fossum M, et al. Insulin-like growth factor-1 gene therapy and cell transplantation in diabetic wounds. J Gene Med. (2008) 10:1247–52. doi: 10.1002/jgm.1251

 43. Stoff A, Rivera AA, Sanjib Banerjee N, Moore ST, Michael Numnum T, Espinosa-de-los-Monteros A, et al. Promotion of incisional wound repair by human mesenchymal stem cell transplantation. Exp Dermatol. (2009) 18:362–9. doi: 10.1111/j.1600-0625.2008.00792.x

 44. Misra A, Nanchahal J. Use of gauze soaked in povidone iodine for dressing acute open wounds. Plast Reconstr Surg. (2003) 111:2105–7. doi: 10.1097/01.PRS.0000057076.71217.B2

 45. Farstvedt E, Stashak TS, Othic A. Update on topical wound medications. Clin Tech Equine Pract. (2004) 3:164–72. doi: 10.1053/j.ctep.2004.08.003

 46. Hudspith J, Rayatt S. First aid and treatment of minor burns. BMJ. (2004) 328:1487–9. doi: 10.1136/bmj.328.7454.1487

 47. Liao ZJ, Huan JN, Lv GZ, Shou YM, Wang ZY. [Multi-center clinical study of the effect of silver nitrate ointment on the partial-thickness burn wounds]. Zhonghua Shao Shang Za Zhi. (2006) 22:359–61.

 48. Monograph BP. Cotton conforming bandage BPC homeostasis. J Invest Dermatol. (1988) 118:372–9.

 49. Chang KW, Alsagoff S, Ong KT, Sim PH. Pressure ulcers–randomised controlled trial comparing hydrocolloid and saline gauze dressings. Med J Malaysia. (1998) 53:428–31.

 50. Hoekstra MJ, Hermans MH, Richters CD, Dutrieux RP. A histological comparison of acute inflammatory responses with a hydrofibre or tulle gauze dressing. J Wound Care. (2002) 11:113–7. doi: 10.12968/jowc.2002.11.3.26384

 51. Debra JB. CO Wound healing: technological innovations and market overview. Technol Catal Int Corp. (1998) 2:1–85.

 52. Thomas S, Loveless P, Hay NP. Comparative review of the properties of six semipermeable film dressings. Pharm J. (1988) 240:785–7.

 53. Marcia RES, Castro MCR. New dressings, including tissue engineered living skin. Clin Dermatol. (2002) 20:715–23. doi: 10.1016/S0738-081X(02)00298-5

 54. Ueno H, Mori T, Fujinaga T. Topical formulations and wound healing applications of chitosan. Adv Drug Deliv Rev. (2001) 52:105–15. doi: 10.1016/S0169-409X(01)00189-2

 55. Voinchet V, Vasseur P, Kern J. Efficacy and safety of hyaluronic acid in the management of acute wounds. Am J Clin Dermatol. (2006) 7:7:353–7. doi: 10.2165/00128071-200607060-00003

 56. Stewart J. Next generation products for wound management. Surg Mater Test Lab Wales UK Worldw Wounds. (2002) 1–13.

 57. Pruitt BA, Levine NS. Characteristics and uses of biologic dressings and skin substitutes. Arch Surg. (1984) 119:312–22. doi: 10.1001/archsurg.1984.01390150050013

 58. Komarcević A. The modern approach to wound treatment. Med Pregl. (2000) 53:363–8.

 59. Park SN, Kim JK, Suh H. Evaluation of antibiotic-loaded collagen-hyaluronic acid matrix as a skin substitute. Biomaterials. (2004) 25:3689–98. doi: 10.1016/j.biomaterials.2003.10.072

 60. Khan MN, Davies CG. Advances in the management of leg ulcers - the potential role of growth factors. Int Wound J. (2006) 3:113–22. doi: 10.1111/j.1742-4801.2006.00211.x

 61. Patrick BN, Rivey MP, Allington DR. Acute renal failure associated with vancomycin- and tobramycin-laden cement in total hip arthroplasty. Ann Pharmacother. (2006) 40:2037–42. doi: 10.1345/aph.1H173

 62. Chu HQ, Xiong H, Zhou XQ, Han F, Wu ZG, Zhang P, et al. Aminoglycoside ototoxicity in three murine strains and effec. Chin Med J. (2006) 119:980–5. doi: 10.1097/00029330-200606020-00003

 63. Kietzmann M, Braun M. Effekte der Zinkoxid/Lebertran-Salbe Zincojecol® auf das Wundheilungsgeschehen im Tiermodell. Dtsch Tierarztl Wochenschr. (2006) 113:331–4.

 64. Flanigan KH. Nutritional aspects of wound healing. Adv Wound Care. (1997) 10:48–52.

 65. Ehrlich HP, Tarver H, Hunt TK. Effects of vitamin A and glucocorticoids upon inflammation and collagen synthesis. Ann Surg. (1973) 177:222–7. doi: 10.1097/00000658-197302000-00017

 66. Katti DS, Robinson KW, Ko FK, Laurencin CT. Bioresorbable nanofiber-based systems for wound healing and drug delivery: optimization of fabrication parameters. J Biomed Mater Res Part B Appl Biomater. (2004) 70:286–96. doi: 10.1002/jbm.b.30041

 67. Tsou TL, Tang ST, Huang YC, Wu JR, Young JJ WH. Poly(2-hydroxyethyl methacrylate) wound dressing containing ciprofloxacin and its drug release studies. J Mater Sci Mater Med. (2005) 16:95–100. doi: 10.1007/s10856-005-5954-2

 68. Dorai AA. Wound care with traditional, complementary and alternative medicine. Indian J Plast Surg. (2012) 45:418–24. doi: 10.4103/0970-0358.101331

 69. Eisenberg DM, Davis RB, Ettner SL, Appel S, Wilkey S, Van Rompay M, et al. Trends in alternative medicine use in the United States, 1990-1997: Results of a follow-up national survey. J Am Med Assoc. (1998) 280:1569–75. doi: 10.1001/jama.280.18.1569

 70. Sparber A, Wootton JC. Surveys of complementary and alternative medicine: part II. Use of alternative and complementary cancer therapies. J Altern Complement Med. (2001) 7:281–7. doi: 10.1089/107555301300328179

 71. Ernst E, Cassileth BR. The prevalence of complementary/alternative medicine in cancer: a systematic review. Cancer. (1998) 83:777–82.

 72. Cohen RJ, Ek K, Pan CX. Complementary and alternative medicine (CAM) use by older adults: a comparison of self-report and physician chart documentation. J Gerontol Ser A Biol Sci Med Sci. (2002) 57:223–27. doi: 10.1093/gerona/57.4.M223

 73. Jones HA, Metz JM, Devine P, Hahn SM, Whittington R. Rates of unconventional medical therapy use in patients with prostate cancer: standard history versus directed questions. Urology. (2002) 59:272–6. doi: 10.1016/S0090-4295(01)01491-1

 74. Aggarwal BB, Sundaram C, Malani N, Ichikawa H. Curcumin: The Indian Solid Gold. In: Aggarwal BB, Surh YJ, Shishodia S, editors. The Molecular Targets and Therapeutic Uses of Curcumin in Health and Disease. Adv Exp Med Biol. Springer, Boston, MA: Springer New York LLC (2007) 595. doi: 10.1007/978-0-387-46401-5_1

 75. Di Fabio G, Romanucci V, Di Marino C, Pisanti A, Zarrelli A, Gymnema sylvestre R. Br. an Indian medicinal herb: traditional uses, chemical composition, and biological activity. Curr Pharm Biotechnol. (2015) 16:506–16. doi: 10.2174/138920101606150407112903

 76. Nigussie D, Makonnen E, Tufa TB, Brewster M, Legesse BA, Fekadu A, et al. Systematic review of Ethiopian medicinal plants used for their anti-inflammatory and wound healing activities. J Ethnopharmacol. (2021) 276:114179. doi: 10.1016/j.jep.2021.114179

 77. Zafar F, Lio P. Complementary and alternative medicine and dermatooncology. In: Dermato-Oncology Study Guide. Cham: Springer. p. 359–89. doi: 10.1007/978-3-030-53437-0_12

 78. Reichrath J, Lehmann B, Carlberg C, Varani J, Zouboulis CC. Vitamins as hormones. Horm Metab Res. (2007) 39:71–84. doi: 10.1055/s-2007-958715

 79. Lin TS, Abd Latiff A, Abd Hamid NA, Wan Ngah WZB, Mazlan M. Evaluation of topical tocopherol cream on cutaneous wound healing in streptozotocin-induced diabetic rats. Evid Based Compl Altern Med. (2012) 2012:491027. doi: 10.1155/2012/491027

 80. Bhargavi S, Kumar A, Babu R. Ancient and modern view of wound healing: therapeutic treatments. Res J Pharm Biol Chem Sci. (2011) 2:474–93.

 81. Savini I, Catani MV, Rossi A, Duranti G, Melino G, Avigliano L. Characterization of keratinocyte differentiation induced by ascorbic acid: protein kinase C involvement and vitamin C homeostasis. J Invest Dermatol. (2002) 118:372–9. doi: 10.1046/j.0022-202x.2001.01624.x

 82. Nesterova YV, Povetieva TN, Suslov NI, Zhdanov VV, Hrichkova TY, Udut EV, et al. Regeneratory characteristics of complex extract and isolated diterpene alkaloids of aconitum baikalense. Bull Exp Biol Med. (2012) 152:439–43. doi: 10.1007/s10517-012-1548-4

 83. Pasalar P, Sharifi R, Rastegar H, Kamalinejad M, Dehpour AR, Mohammad Tavangar S, et al. Effect of topical application of Silymarin (Silybum marianum) on excision wound healing in albino rats. Acta Med Iran. (2012) 50:583–8.

 84. Aliabadi A, Yousefi A, Mahjoor A, Farahmand M. Evaluation of wound healing activity of silymarin (Silybum marianum) in streptozotocin induced experimental diabetes in rats. J Anim Vet Adv. (2011) 10:3287–92. doi: 10.3923/javaa.2011.3287.3292

 85. Madhan B, Subramanian V, Rao JR, Nair BU, Ramasami T. Stabilization of collagen using plant polyphenol: role of catechin. Int J Biol Macromol. (2005) 37:47–53. doi: 10.1016/j.ijbiomac.2005.08.005

 86. Chaudhari M, Mengi S. Evaluation of phytoconstituents ofTerminalia arjuna for wound healing activity in rats. Phyther Res. (2006) 20:799–805. doi: 10.1002/ptr.1857

 87. Natarajan V, Krithica N, Madhan B, Sehgal PK. Preparation and properties of tannic acid cross-linked collagen scaffold and its application in wound healing. J Biomed Mater Res Part B Appl Biomater. (2013) 101B:560–7. doi: 10.1002/jbm.b.32856

 88. Villegas FL. (+)-epi-α-bisabolol is the wound-healing principle of Peperomia galioides : investigation of the in vivo wound healing activity of related terpenoides. J Nat Prod. (2001) 64:1357–9. doi: 10.1021/np0102859

 89. Shukla A, Rasik AM, Jain GK, Shankar R, Kulshrestha DK, Dhawan BN. In vitro and in vivo wound healing activity of asiaticoside isolated from Centella asiatica. J Ethnopharmacol. (1999) 65:1–11. doi: 10.1016/S0378-8741(98)00141-X

 90. Moon EJ, Lee YM, Lee OH, Lee MJ, Lee SK, Chung MH, et al. A novel angiogenic factor derived from Aloe vera gel: β-sitosterol, a plant sterol. Angiogenesis. (1999) 3:117–23. doi: 10.1023/A:1009058232389

 91. Cho JW, Cho SY, Lee SR, Lee KS. Onion extract and quercetin induce matrix metalloproteinase-1 in vitro and in vivo. Int J Mol Med. (2010) 25:347–52. doi: 10.3892/ijmm_00000351

 92. Schmidt JM, Greenspoon JS. Aloe vera dermal wound gel is associated with a delay in wound healing. Obstet Gynecol. (1991) 78:115–7.

 93. Davis SC, Perez R. Cosmeceuticals and natural products: wound healing. Clin Dermatol. (2009) 27:502–6. doi: 10.1016/j.clindermatol.2009.05.015

 94. Gupta S, Singh O, Bhagel P, Moses S, Shukla S, Mathur R. Honey dressing versus silver sulfadiazene dressing for wound healing in burn patients: a retrospective study. J Cutan Aesthet Surg. (2011) 4:183. doi: 10.4103/0974-2077.91249

 95. Rodzaian WS, Dorai AA, Halim AS. Treatment of partial thickness burn wounds using tualang honey, hydrofibre and silver dressings: a pilot study. J ApiProduct ApiMedical Sci. (2011) 3:54–8. doi: 10.3896/IBRA.4.03.1.09

 96. Jull AB, Cullum N, Dumville JC, Westby MJ, Deshpande S, Walker N. Honey as a topical treatment for wounds. Cochrane Database Syst Rev. (2015) 3:CD005083. doi: 10.1002/14651858.CD005083.pub4

 97. Cooper RA, Molan PC, Harding KG. The sensitivity to honey of Gram-positive cocci of clinical significance isolated from wounds. J Appl Microbiol. (2002) 93:857–63. doi: 10.1046/j.1365-2672.2002.01761.x

 98. Subrahmanyam M, Sahapure A, Nagane N. Effects of topical application of honey on burn wound healing. Ann Burns Fire Disasters. (2001) 15:143–5.

 99. Jayalakshmi MS, Thenmozhi P, Vijayaraghavan R. Plant leaves extract irrigation on wound healing in diabetic foot ulcers. Evid Based Compl Altern Med. (2021) 2021:9924725. doi: 10.1155/2021/9924725

 100. Gore MA, Akolekar D. Evaluation of banana leaf dressing for partial thickness burn wounds. Burns. (2003) 29:487–92. doi: 10.1016/S0305-4179(03)00050-0

 101. Sivamani RK, Ma BR, Wehrli LN, Maverakis E. Phytochemicals and naturally derived substances for wound healing. Adv Wound Care. (2012) 1:213–7. doi: 10.1089/wound.2011.0330

 102. Murthy KNC, Reddy KV, Veigas JM, Murthy UD. Study on wound healing activity of Punica granatum peel. J Med Food. (2004) 7:256–9. doi: 10.1089/1096620041224111

 103. Monika P, Chandraprabha MN. Phytonanotechnology for Enhanced Wound Healing Activity. Cham: Springer (2020). doi: 10.1007/978-3-030-41464-1_5

 104. Jones VA, Patel PM, Wilson C, Wang H, Ashack KA. Complementary and alternative medicine treatments for common skin diseases: a systematic review and meta-analysis. JAAD Int. (2021) 2:76–93. doi: 10.1016/j.jdin.2020.11.001

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Monika, Chandraprabha, Rangarajan, Waiker and Chidambara Murthy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-791899-t001.jpg
Biomarker
Protein levels

Proteinase levels

Tissue bacterial levels

Genes

Growth factors

Cytokine levels

pH

Hypoxia

Poor nutrition

Characteristics in chronic wound

A decrease in total protein content

Elevated metalloproteinases levels,
especially MMP 2, 7 and 9

High tissue levels of a diverse range of
bacteria. Bacteria release enzymes that
reduce growth factors and produce MMPs
that degrade the extracellular mattix.
Increased inflammatory response is
observed

Significant differences in the expression of
adiverse collection of genes (can be up
reguiated or down regulated)

Reduction in growth factor levels
necessary for healing

Increased proinfiammatory cytokine levels

Rate of wound healing was found to be
lower at elevated alkaline pH as compared
to wounds having pH close to neutral

Partial Oxygen Pressure of <30 mmHg. It
impedes fibroblast prolferation and
collagen production affecting wound
healing by allowing certain negative
entities, such as bacteria, to flourish.
Wounds are characterized by prolonged
inflammatory phase of healing. Decreased
fibroblast formation s observed as long as
the patient remains in a catabolic state
due to poor nutrition.

Method of analysis

Bradford protein assay

Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS PAGE), Human
MMP diagnosis kit

Microbiological tests

Real-Time quantitative reverse
Transcription Polymerase Chain Reaction
(GRT PCR), Microarray

Enzyme-linked immunosorbent assay
(ELISA)

Column chromatography

Glass top electrode

Pulse oximeter, laser doppler flow, skin
perfusion pressure and ankle brachial
index

Nutition analysis and analysis of daily food
intake

Possible solutions

Increase dietary protein intake

Increase the levels of tissue inhibitors of
MMPs

Levels of bacterial counts can be
decreased by continuous removal of the
exudates, thus reducing inflammation

Target specific genes for regulation using
natural or synthetic products

Increase fibroblast production and
prolfferation which in turn release
necessary growth factors

Vitamin D treatment and elemental diet
can reduce the proinflammatory cytokine
levels

Lowering the pH to more acidic
environment using pH modulating topical
agents

Vacuum-assisted closure (negative
pressure wound therapy), Compression
bandages or compression garments

Improving patient’s diet by providing
nutritious food intake or dietary
supplements





OPS/images/fnut-08-791899-t002.jpg
Category of dressing

Traditional dressings.

Modern dressings

Medicated dressings

Controlled drug delivery dressings

Available treatment

Topical liquid
formulations (povidone
iodine)

Topical liquid
formulations (saline
solutions)

Semi-solid preparations
(silver sulphadazine
cream and silver nitrate
ointment)

Solid materials (cotton
wool, natural or
synthetic bandages
and gauzes)

Gauze dressings

Hydrocollid dressings

Film dressings (nylon)

Foam dressings

Biological dressings

Tissue engineered skin
substitutes

Growth factors

Antimicrobials

Supplements (vitamins.
and mineral
supplements)

Polymeric drug delivery
dressings

Uses in medical & surgical
purposes

Used in initial stages of wound
healing for reducing bacterial
load;

Debriding and de-sloughing
agents

Wound cleansing agent;
Inigate dry wounds

Treat bacterial infection

Used as primary or secondary
dressings

Antibacterial agent

Used for ight to moderately
exuding wounds and dry to
moist wounds
They are flexibi
Provides moist healing
environment; Promote autolytic
debridement; Protect the wound
from bacterial invasion and
mechanical trauma

Meaintains moist environment
around the wound;

Provides thermal insulation and
highly absorbent

Forms part of the natural tissue
matrix and are biodegradable

Used for delivery of bioactive
materials such as growth factors
and genetic materials to a wound
Promotes wound healing through
stimulation of angiogenesis and
cellular prolferation

Treat infections:

Facilitate normal physiological
wound healing

Serve as vehicles for the release
and delivery of drugs to wound
sites

Limitations

Short residence times on the wound
site, especially where there is
measurable degree of suppuration
(exuding) of wound fluid

Not very effective at remaining on the
wound area as they rapidly absorb
fluid, lose thei theological
characteristics and become mobile.
‘They are dry and cannot provide a
moist environment

Bacterial protection is lost when the
outer surface of the dressing
becomes moistened by wound
exudates;

Gauze dressings tend to become
more adherent to wounds as fluid
production diminishes and are painful
to remove causing patient discomfort
Fibers are deposited in the wound
and often have to be removed during
dressing change

Limited ability to absorb sufficient
quantities of wound exudates which
resuls in the accumulation of excess
exudates beneath the dressing;

Tend to wrinkle on removal from their
packs;

oo thin to be packed into deep or
cavity wounds and only suitable for
relatively shallow wounds

Not suitable for dry epithefializing
wounds or dry scars

More research needs to be carried
out using standard wound dressing
for comparison

It cannot replace lost skin;

High costs, risk of infection carry over
and antigenicity

Choice of suitable and appropriate
dressing is challenging for effective
release and action at the wound site
High antibiotic doses result in toxic
reactions such s the cumulative cell
and organ toxicity

Limitations based on delivery of
supplements to wounds from
dressings is sparsely reported in the
literature

Erosion of the polymer matrix
following water diffusion and sweling
in other dosage forms

Reference

(44, 45)

(“s)

(6, 47)

(48)

(49)

(50)

(61,52)

(63)

(64,55)

(66, 57)

(68-60)

(61,62)

(63-65)

(66, 67)





OPS/images/fnut-08-791899-g003.gif
sy "Effect in Clintcal trtals





OPS/images/fnut-08-791899-g004.gif





OPS/images/fnut-08-791899-t003.jpg
Name of Type of formulation

Phytocompound/
Naturally derived

substance

Vitarmin A Topical and systemic
Vitamin £ Oral and topical
Vitamin C Plant extract
Alkaloids Topical

Silymarin (polyphenol)  Topical cintments

Pure
Phytocompound/extract

Flavonoids

Tannins (phenolic Topical cintments

compound)
Terpenoids Topical
B-sitosterol Extract
Kaempferol and Extract
quercetin (flavonoid)

Aloe Topical gel
vera

Cocoa Topical
Honey Topical
Neem Extract
Banana leaf Leaves

Uses and
applications in
wound healing

Anti-inflammatory
property;
Necessary for
growth,
differentiation, and
maintenance of
epithelial tissues
Used for
resurfacing of the
skin

Modulators of
angiogenesis &
collagen
production;
critically important
for tensil strength
of awound

Anti-inflammatory
effects

Antioxidant
properties

Antioxidant,
anti-allergic,
anti-carcinogenic,
anti-viral and
anti-inflammatory
agents

Act as astringents

Modulators of
cytokines and
growth factors

Plant-derived
angiogenic factor

Promising
compounds for
scar reduction;
Regulators of
extracellular matrix
Treat various
ailments of the
skin because of its
antimicrobial and
anti-inflammatory
properties.

Treat various
ailments of the
skin

Anti-inflammatory,
antioxidant,
antimicrobial, and
osmotic properties

Irigating agent

Dressings for
partial thickness
burn wounds and
donor sites.

Possible mechanism  Type of study or

of action wound model used
Influences Preclinical and ciinical
morphogenesis,

epithelial cell

proliferation and
differentiation in time
and dose dependent
manner

Modulate cellular Diabetic rats
signaling, gene
expression

Act through induction /1 vitro
of protein-kinase-C-
dependent pathway
that activates protein-1
DNA binding activity;
hydroxylation of lysine
and proline during the
synthesis of collagen
Stimulate the growth of
colonies from fibroblast

precursors

In vitro and in vivo

Help to prevent
oxidative damage,
increase
epithelialization of
wounds

Involve hydrogen
bonding and
hydrophobic
interactions

Streptozotocin-induced
experimental diabetic
rats

In vitro

Astiingent property is
responsible for wound
contraction and
increased rate of
epithelialization at the
granulation formation
and scar remolding
phases

Increase in cell
migration; increased
collagen synthesis and
tensile strength of
wound tissues

In vitro and preclinical

Diabetic animals and
clinical

Stimulates
neovascularization and
motiity of human
umbilical vein
endothelial cells
Inhibition of fibroblast
activities

In vitro (chick embryo)

In vitro and in vivo

Stimulate the release of Clinical studies
several growth factors

Improves. Porcine model
re-epithelialization
‘Wound healing effects ~ Clinical studies

are due to its.
antibacterial action,
high acidity, osmotic
effect, anti-oxidant, and
hydrogen peroxide
content

Human diabeic foot
ulcer patients
Human

Increase in wound
closure

Enhances
re-epithelialization

Outcome

Prevents and treats
infectious as well as
inflammatory skin
diseases

Increased wound
contraction

Stimulated growth of
keratinocytes

Promotes early phases
of wound healing (<7
days)ina
dose-dependent
manner

Reduced inflammation
in the wound that
promoted the healing
process

Collagen fibers treated

Reference

(78)

(79)

(80,81)

(©2)

(83, 84)

(©8)

with catechin are stable

Significant effect in
wound closure and
wound healing rate

Enhanced rate of
wound healing

Showed potent
angiogenic activity

Reduced scar
formation

Aoe vera appeared to
be helpful in acute
wounds, but more
controlled clinical
studies will be needed
to better assess its role
in chronic wounds

Improved wound
healing, but limited
studies have claimed
the above results

Manuka honey showed
higher activity against
MRSA and
vancomycin-resistant
Enterococcus;
MEDIHONEY a Manuka
honey-derived product
received FDA approval
for the treatment of
wounds; Honey was
not found to benefit
chronic venous leg
ulcers; Lack of
statistical evidence to
prove the use of honey
in superficial and partal
thickness bum wounds
Enhanced wound
healing

Enhanced wound
healing in
unrandomized,
controlled studies and
no allergic or intant
reactions were
observed

(86,87)

88,89)

(90)

©1)

©2)

(©3)

(94-98)

(©99)

(100)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Challenges in Healing Wound: Role of Complementary and Alternative Medicine



		Introduction



		Wound and Wound Microbiology



		Wound Healing and Wound Molecular Biology



		Wound Healing in Acute and Chronic Conditions



		Biological Factors in Non-Healing Chronic Wounds



		Clinical Presentation and Challenges in Chronic Wounds



		Complications During Treatment of Chronic Wounds



		Role of Complementary and Alternative Medicines in Wound Treatment



		Conclusions and Future Directions



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Challenges in Healing Wound: Role
of Complementary and Alternative
Medicine





OPS/images/fnut-08-791899-g001.gif





OPS/images/fnut-08-791899-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





