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Abstract
There are 422 million diabetic people in the world. 25% of these individuals are diagnosed with diabetic foot ulcer (DFU). 20% of patients with DFU will suffer amputation of the lower limbs. Following amputation procedures, the mortality rate of patients is over 70% in 5 years. Diabetes has no cure and, therefore, treatment aims to prevent and treat its complications. Autologous platelet-rich plasma (PRP) has been shown to be a therapeutic tool for many types of disorders, including the treatment of DFU. This manuscript aims to carry out a review to provide more knowledge about the efficacy and safety of autologous PRP for wound closure in patients with DFU. The majority of studies included in this review state that PRP promotes improvement of DFU lesions by accelerating tissue healing processes. However, many studies have a small sample size and thus require larger sample range in order to improve robustness of data in the literature.
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Core Tip: Platelet-rich plasma (PRP) can be produced by the centrifugation of a patient's peripheral blood, separating the mixture into distinct layers containing plasma, platelets, leukocytes and erythrocytes. An elevated concentration of platelets above the basal value enables accelerated growth of bone and soft tissues with minimal side effects. Autologous PRP administration is a relatively new biotechnology undergoing expansion which continues to reveal optimistic results in the stimulation and enhanced healing of various sorts of tissue injuries.

INTRODUCTION
There are approximately 422 million diabetic people in the world, comprising 8.5% of the adult population[1]. According to the World Health Organization, the number of people with diabetes mellitus increased significantly over the last decades due to the growth of the global population, ageing and prevalence of diabetes in each age range as well as the exposure of individuals to risk factors of such chronic disease[2]. 
A common consequence of diabetes mellitus is the development of a wound that takes a great amount of time to heal. It arises from the combination of peripheral neuropathy, which results in the loss of peripheral sensibility as well as the changes in hemostatic and vascular systems. Thus, diabetic foot ulcer (DFU) occurs and are often characterized by a series of physiological alterations that may occur on the foot of a patient with non-treated diabetes. Infections or vasculopathies of the lower limbs are among the most common complications, promoting the development of persistent wounds and additional pedal infections, which may lead to extensive tissue necrosis[3].
In the United States, for instance, there are an estimated one million to 3.5 million adults with a history of DFU. Approximately 25% of diabetic adults will develop DFU, of which 20% end up amputated. The recurrence rate of such wounds is 40% in 1 year and 65% in 5 years. In addition, patients with DFU have 2.5 times higher risk of mortality in 5 years than diabetic patients without diabetic foot injuries, and in the presence of amputation, mortality is greater than 70%[4,5].
As there is still no actual cure for diabetes, the interventions aim at a greater control of glucose levels and reduction of the most diverse detrimental risks, offering the patient a better quality of life[6]. The treatment of DFU can comprise the antibiotic therapy, neuropathic drugs, anti-inflammatory drugs, debridement techniques, compressive therapy, hyperbaric oxygen therapy, topical oxygen therapy, negative pressure therapy, placenta-derived products, platelet and leukocyte-rich fibrin, recombinant growth factors and platelet-rich plasma (PRP). Since the disease presents multiple physiological and biochemical variations, there is no “gold standard” treatment[5,7].
PRP is an orthobiologic product defined by a high concentration of platelets, clotting factors and hematological components. These are transformed into a small volume of plasma with a concentration greater than the basal value. PRP has several bioactive proteins, including growth factors, cytokines and peptides, capable of eliciting regenerative properties. Thus, PRP is applied in many fields associated with regenerative medicine, envisioning the enhanced healing process[8].
The preparation of PRP can be achieved via manual or automatic means. The process is given in three stages: blood collection, centrifugation and platelet concentration. It is important to note that during the collection stage, the type of anticoagulant used may influence the final PRP product. In the manual method, blood is subjected to a centrifugation step, which creates a layer of plasma at the top, an intermediate portion referred to as the “buffy coat”, and a dense layer of erythrocytes at the bottom. Plasma and buffy coat can be collected and submitted to a second centrifugation round, achieving greater concentration from platelet sedimentation, thus giving rise to a product rich in both platelets and leukocytes, in this case. Due to the existence of differences in protocols and centrifugation parameters (varying according to G force and time), great variance among PRP products is seen in the literature. In the automatic method, however, there are commercial kits which, although time-saving, can be much more expensive than manual methods and do not always yield great quantities of platelets. Furthermore, PRP varies significantly according to individual hematological characteristics on a per-patient basis. The fact that there is a lot of heterogeneity and variance of PRP products in the literature makes the evaluation of its efficacy far more challenging[8-10].
The preparation of PRP can also have additional steps such as platelet activation, characterizing the final product as PRP gel. Platelet activation can be commonly achieved via the addition of thrombin or calcium to PRP, promoting the formation of a fibrin network and fast liberation of growth factors and cytokines. Different products and concentrations used for platelet activation also contribute to the heterogeneity of PRP. There is no consensus regarding the best platelet activator or even the most appropriate circumstances where PRP would benefit from the addition or exclusion of platelet activation[10,11].

OBJECTIVE
The aim of this study is to prove the efficacy and safety of PRP and its use for healing of wounds in patients with diabetic foot ulcers.

LITERATURE SEARCH
Information sources and search strategy
In the present study, we used search strategies that are described on Figure 1, which were conducted in the following databases: MEDLINE, COCHRANE, SCIELO and LILACS. The research was concluded in April 2021.

Eligibility criteria
Prospective Cohort Studies and Randomized Clinical Trials were included. Restrictions were made considering the year of publication; choosing articles with, at most, 21 years of publication. In regards to the language, we considered only articles in English, Spanish and Portuguese. Studies without access to the full text were excluded. A review was made aiming the evaluation of PRP application, analyzing if it is related to healing or an effective improvement of diabetic foot ulcers.

STUDIES CHARACTERISTICS
The studies of this review added a total of 296 patients with diabetic ulcers. The interventions include 149 patients subjected to the PRP treatment and, in comparison, 119 patients were subjected to standard treatments such as wound dressing and bandaging. Follow-up times vary from four to 20 wk. Characteristics of the selected studies are described in Table 1.

ETHIOPATHOGENESIS
Although complex, diabetic foot injuries appear to be attributed to nerve dysfunction and cell death mainly by means of oxidative stress and inflammation[12]. Insulin resistance and other key components of metabolic syndrome can significantly contribute to dysregulation of metabolic pathways[13]. Metabolic stress promotes an imbalance in mitochondrial redox, culminating in accumulation of mitochondrial and cytosolic reactive oxygen species[14]. Mitochondriopathies are generally responsible for damage and loss of energy in axonal structures, paving the way for neuropathy and subsequent foot ulcers[15]. Additionally, the polyol pathway hyperactivity is also another major contributor as it increases the turnover of cofactors NADPH and NAD+. This brings a significant decrease in the redox potency and regeneration of glutathione, elevated levels of advanced glycation end products and activation of diacylglycerol and protein kinase C isoforms[16]. Depletion of intracellular concentrations of glutathione is the principal cause of oxidative stress and accumulation of toxic by-products, being a major culprit in the development of many pathogenic processes[17].
Many authors believe that the main mechanism responsible for diabetic foot injuries is linked to damaged nerve endings. Irregular action potentials are produced by damaged nerve endings and may be incorrectly translated by the brain as pain or dysesthesia signals[16]. Altered ion channel expression in peripheral nerve fibers is also related to pedal nerve injury, hyperexcitability and neuropathic pain[18]. One study[19] found that calcium ion channels are also disrupted in diabetic conditions, increasing calcium influx in sensory neurons which promotes the rapid stimulation of substance P and glutamate release[19]. 
Microglial activation is another feature involved in the pathogenic progression of diabetes-mediated neurological disorders. Microglial cells are primarily associated with homeostasis, myelin sheath formation, protection and neuron support from both the peripheral and central nervous systems[20]. Microglial activation occurs after peripheral nerve injury and can last up to 3 mo. This triggers the secretion of many inflammatory mediators including chemokines, cytokines, and cytotoxic substances such as nitric oxide (NO) and free radicals, which shifts homeostasis towards a pro-inflammatory and catabolic microenvironment[19,21]. In patients with metabolic syndrome and diabetic complications, the state of chronic inflammation impedes the standard healing process and aggravates the inflammatory cascade[22-24].

PRP MECHANISM OF ACTION
The local release of growth factors and cytokines present in the platelet alpha granules accelerates and improves tissue repair, mimicking and aiding in the lesion restoration pattern. This effect is enhanced when associated with the fibrinolytic system. Fibrinolytic reactions fine-tune cell recruitment of certain cell populations, such as mesenchymal stem cells and other immunomodulatory agents. Such reactions also control proteolytic activity in the areas of healing and regenerative process of mesenchymal tissues such as bone, cartilage and muscle. The regeneration cascade is divided into 4 phases: hemostasis, inflammation, cell and matrix proliferation and lesion remodeling[25]. 

Hemostasis
Capillary leakage allows the recruitment of hemostatic factors and inflammatory mediators. Platelets adhere to exposed collagen and temporary extracellular matrix proteins, triggering the release of bioactive molecules present in alpha granules. Orban et al[26], to help platelets’ adherence, debrided the top of wounds and callosities, turning a chronic ulcer into an acute wound. This process transformed the ulcer into a fertile environment for the application of PRP and the development of an adequate inflammatory cascade. Platelets contain a wide variety of bioactive molecules, including growth factors, chemokines and cytokines, as well as pro-inflammatory mediators such as prostaglandins, prostacyclins, histamine, thromboxane, serotonin and bradykinin[25]. The exposed collagen connects and activates glycoprotein VI, which is present on platelets and megakaryocytes membrane. Another pathway is through G-protein-coupled receptors, activated by adenosine 5′-diphosphate, thromboxane A2, and thrombin[25-27].

Inflammation
Recruitment of neutrophils into the lesion occurs within one to two hours. Afterwards, approximately 48 to 72 h, macrophages reach the lesion and begin debridement and regulation of inflammation. These also participate in the recruitment of fibroblasts and endothelial cells. Lymphocytes are the last cells to reach the site of injury[25]. 

Cell and matrix proliferation
Cellular activity is predominant, being derived from pluripotent progenitor cells from adjacent tissues. During this phase, there is the occurrence of key events including the formation of an epithelial barrier, angiogenesis and strengthening of injured tissue. Fibroblasts and epithelial cells are affected by some variables such as macrophage activity as well as the secretion of chemotactic, mitogenic and angiogenic growth factors. These events allow cells to infiltrate the injury site, where fibroblasts then synthesize collagen and differentiate into myofibroblasts, specialized cells that promote and facilitate contraction, assisting in wound closure[25]. 

Remodeling
In this phase, maturation and remodeling occurs, with a balance between anabolic and catabolic reactions. Platelet-derived growth factor, transforming growth factor beta (TGF-β) and fibronectin stimulate fibroblast proliferation and migration in order to synthesize components of the temporary cell matrix. The maturation time at this stage depends on the size of the lesion, individual characteristics and specific regeneration characteristics of the injured tissue. Some health conditions such as ischemia, hypoxia, infection, etc. can interfere with regenerative processes and aggravate DFU[25]. 

EFFECTS OF PRP
PRP is much more than a mere source of growth factors. This therapeutic tool holds the capacity to effectively modulate the deleterious effects of prolonged tissue inflammation by controlling the exacerbated inflammatory state and establishing a pro-anabolic stimulus. PRP has the potential to regulate tissue turnover thanks to the release of growth factors located in platelet alpha granules, which also promotes pain relief. Thus, its main function is to interrupt the predominant inflammatory and catabolic state in the wound microenvironment, restoring equilibrium and a shift towards a more anti-inflammatory state[25]. 
Evidence suggests that activation of PRP by thrombin increases the release of many biomolecules such as hepatocyte growth factor, tumor necrosis factor-alpha, TGF-β1, vascular endothelial growth factor and epidermal growth factor. Some studies show that PRP does not only promote an increase in mRNA levels of collagen type II and aggrecan but also reduces their inhibition by the pro-inflammatory cytokine interleukin-1beta[25]. 
Another biological feature of PRP is the reduction of high levels of NO. According to some authors[25], NO can, in many circumstances, cause inhibitory effects on collagen synthesis and induce chondrocyte apoptosis. There also seems to be an increase in the synthesis of matrix metalloproteinases, which promotes a shift towards catabolic reactions. 
Parrish and Roides[28] previously described an interaction between platelets and neutrophils in great detail. In their investigation, the researchers explained that arachidonic acid released by activated platelets is absorbed by neutrophils and converted into leukotrienes and prostaglandins, which are both inflammatory molecules. Interestingly, the interaction between platelets and neutrophils allows the conversion of leukotriene into lipoxin, a potent anti-inflammatory protein capable of limiting neutrophil activation, which prevents diapedesis and improves the responses of the last stages of the inflammatory cascade. The cytokines and growth factors present in PRP contribute to anabolic reactions by modulating the inflammatory state in injured tissues[25,28].
The fibrinolytic system, which is regulated by plasmin, has a fair share of relevance in the healing cascade due. It controls many key components of the cascade including cell migration, bioavailability of growth factors and regulation of other protease systems present in inflammation and tissue regeneration. PRP nevertheless became a feasible therapeutic tool for regenerative medicine and even aesthetics due to its low cost, rapidity and uncomplicated isolation. This orthobiologic material does not trigger major side effects and has high healing potential due to its robust immunomodulatory and paracrine effects. Furthermore, PRP allows the reduction of inflammation via cytokine secretion, increasing the healing potential, regeneration, reepithelization and angiogenic activity of injured tissues and reduces the possibility of infection by eliciting defensive mechanisms against bacteria, which are often major aggressors of DFU[8]. Considering all the properties of platelets and PRP as a whole, the latter stimulates a wide set of natural biologic responses for healing and regeneration of injured tissues[29].

APPLICATION OF PRP IN DIABETIC FOOT ULCER
In the current review, the majority of studies aimed to evaluate the efficacy, safety and healing potential of PRP in the treatment of DFU. The studies consider outcomes such as wound healing, ulcer healing time, reepithelization rate and presence of adverse effects. It was observed that many authors used different terms to refer to PRP throughout the work; as an example, in the study led by Li et al[30], the authors used the nomenclature “autologous platelet-rich gel” but described it, in their preparation, as obtaining PRP. Thus, such variability in terms has generated confusion[30].
The results obtained by Ahmed et al[31] are consistent with the statement that PRP has the property of reducing the possibility of infection[8]. All of the included studies state that PRP improves DFU or accelerates the healing process of such lesions, being consistent with the high healing power described by Samadi et al[8].
Ahmed et al[31] demonstrated that PRP is easy and safe to utilize in DFU, as well as Singh et al[32] and Li et al[30], who did not observe any adverse effects associated with the administration of PRP gel. Driver et al[33] found a minimum number of adverse effects and none of them serious. Tsai et al[34] mentioned neither the presence nor the absence of adverse reactions. Such statements are endorsed by the assertion that PRP is safe and easy[8,30-32].
Ahmed et al[31] observed a significantly slower rate of healing using PRP at the end of the 8th wk. The authors reported that this can be explained by the extremely high concentration of growth factors that lead to negative regulation of receptors due to biphasic effects. However, further studies including a larger group of patients are needed to support this observation. In addition, the authors suggested that PRP shall be used for 8 wk to accelerate the rate of healing, and then use the conventional dressing until complete healing is achieved. Moreover, the infection rate was lower in the group that received PRP, which may indicate that PRP also plays additional antimicrobial roles, as previously mentioned[31].
In their meta-analysis, Villela and Santos[35] concluded that evidence indicates favorable outcomes with the use of PRP in DFU. However, the authors stated that such conclusion depends on the association with a multidisciplinary treatment program, since this was present in all of the studies analyzed, indicating that future studies must evaluate the quality of life and cost-benefit outcomes of the treatment. Such relationship with multidisciplinary treatment was only reported by Driver et al[33], implicating the possible prevention of amputations, which directly influences the patient's quality of life. Furthermore, it must be emphasized that there is less accessibility to PRP compared to other conventional therapies, which was also stated in this review[35]. 
For Pino-Sedeño et al[36], PRP therapy positively impacts wound healing and is a safe option for the treatment of chronic ulcers in diabetic foot. In addition, the authors indicated the need for an interdisciplinary approach for the proper management of DFU; they cited the need for care such as the use of appropriate footwear to prevent recurrence of ulcers[36].
The conclusion of the systematic review by Hirase et al[37] was also consistent with the one obtained in this study, since it was found that the application of PRP in DFU resulted in higher cure rates and complication rates lower than those found in patients under conventional treatment[37]. 
Ahmed et al[31] and Li et al[30] described fewer complications in the group using PRP than in the control group. Driver et al[33], Singh et al[32] and Tsai et al[34] did not observe significant complications in the intervention group. As for the recurrence of ulcers, Driver et al[33] reported one recurrence in the intervention group and none in the control group, and Li et al[30] reported six recurrences in each group; the other authors did not report recurrence of ulcers during the study period. Hu et al[38] concluded that PRP can be an effective therapy for the treatment of DFU and is not associated with a significant increase in risk for adverse effects[30,32,33]. 
Among the biases and limitations of the use of PRP, there is its preparation. In all studies analyzed in this review, autologous PRP products were used. The type of anticoagulant used was dextrose citrate by Singh et al[32], while Li et al[30] decided to use an anticoagulant with a pH at a value of 8. The other studies reported no specifications regarding which anticoagulant was used. In terms of centrifugation, in the studies led by Tsai et al[34] and Driver et al[33], a single centrifugation was performed, whilst Singh et al[32], Li et al[30] and Ahmed et al[31] resorted to double centrifugation, all varying in the type of centrifuge as well as time and centrifugation force. Finally, concerning activation, studies used thrombin and/or calcium, varying the origin of thrombin (bovine or homologous) and the presentation of calcium (calcium chloride or gluconate)[30-34].
Another bias found is the way in which PRP is applied, patient follow-up, and decision of association with other therapies, which varied between studies. As for the preparation of the wound, in Singh et al[32], debridement was described; in Ahmed et al[31], the wound was cleaned; in Li et al[30] , topical washing, cleaning, drainage and debridement of callous and necrotic tissue were performed; in Tsai et al[34], cleaning and debridement of the ulcer was described; finally, in Driver et al[33], initial excision/debridement, measurements (culture and vascular tests) and assessment of the wound baseline and application of saline control gel on the wound were described. As for the application of PRP, in Singh et al[32], the use was injectable, once a week; in Ahmed et al[31], use was topical, twice a week; in Li et al[30] , the use was topical; in Tsai et al[34], the use was injectable; finally, in Driver et al[33], the use was topical, twice a week, with intervals between 3 d and 4 d, for 12 wk. Singh et al[32] combined PRP with antibiotic therapy and diabetes control with an oral hypoglycemic agent; Ahmed et al[31] combined glycemic control; in Li et al[30], insulin therapy, anti-infection, nerve-trophic therapies and improvement of the circulation were associated with PRP, and in addition to nutritional support and anti-symptomatic treatments, antihypertensive drugs and lipid regulators were also administered to patients with hypertension and dyslipidemia, respectively, finalizing with dressing changes. In the investigation led by Tsai et al[34], platelet-poor plasma, fibrin-rich plasma, negative pressure treatment to control excessive tissue exudate and hyperbaric oxygen therapy were also included in order to keep the wound infection-free; lastly, Driver et al[33] used a foam dressing in combination with PRP, with the non-absorptive layer on the contact dressing (on the PRP gel) and the external absorptive layer to drain the excessive exudate. A cream was placed on the intact skin around the wound to form a barrier[29-33,37].
The low number of controlled studies included in the review and the variability of study samples also pose a limitation. Most of the studies had a small sample size, requiring larger sample coverage in order to generate more robust data. In the study led by Singh et al[32], the sample consisted of 55 patients of various ages, accounting for variables such as average age of 53.76 (± 10.38); sex, with 34 male and 21 female patients; and place of residence, with 31 patients residing in the rural area and 24 from the urban district. Ahmed et al[31] recruited 56 patients, 38 men and 18 women with an average age of 49.8 years in the control group and 43.2 years in the intervention group; risk factors included were hypertension, previous acute myocardial infection, hyperlipidemia and tobacco consumption. Li et al[30] set the sample size at 117 patients, the largest one in this review. It included patients with a mean age of 63.8 years, with 48 patients having foot ulcers, six in the leg, four in the hip, two in the hand, one on the neck and one on the popliteal fossa. Tsai et al[34] had a sample size of 28 patients, with the average age of the diabetic control group being 64.8 (± 10.7) years, while in the intervention group, the average age was 62.9 (± 10.5) years. Finally, in Driver et al[33], the sample consisted of 72 patients, including patients with type 1 and type 2 diabetes, aged between 18 and 95, with ulcers lasting at least 4 wk[30-32,34,36].
PRP has been shown to be an effective and safe option for DFU, as observed in the results of the studies analyzed, making it an attractive therapy. However, in Brazil, the Federal Council of Medicine (CFM) allowed the use of PRP only on an experimental basis until the present moment. For these reasons, the practical applicability of PRP has yet to be fully elucidated. Nevertheless, the regulatory process was accepted by The Brazilian Health Regulatory Agency due to the clinical indications suggested in the various medical areas listed in the literature. Another important point is the lack of standardization in the preparation, administration and follow-up of PRP. Stipulating a standard is necessary in order to facilitate reproducibility and comparison of studies. Thus, standardized studies concerning the effectiveness and safety of PRP are of utmost importance for reliability in the results so that this tool becomes part of the therapeutic arsenal of complicated disorders, especially DFU.

CONCLUSION
Since the use of PRP in Brazil is only allowed by the CFM on an experimental basis, the practical applicability of this therapy becomes limited at this time. In this review, PRP demonstrated efficacy and safety in the treatment of diabetic foot ulcers. To increase the reliability of the results obtained and stimulate the regulation of PRP, the production of new studies is highly encouraged, with larger sample size, standardization in the preparation and application of PRP as well as in the patient follow-up and exclusion criteria in order to reduce the risk of bias.
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Figure 1 Literature search strategy.

Table 1 Characteristic of the selected studies
	Ref.
	Study design
	Intervention
	Control
	Follow-up
	Outcome

	Driver et al[33], 2006
	RCT
	PRP
	Saline gel
	12 wk
	UHT; ARE; AE

	Li et al[30], 2015
	RCT
	PRP
	Gauze with Vaseline
	12 wk
	UHT; ARE; R

	Ahmed et al[31], 2017
	PC
	PRP
	AD + SS + IP
	12 wk
	UHT; ARE; PI; LLA

	Singh et al[32], 2018
	PC
	PRP
	ST
	28 d
	UHT; CH; AAE

	Tsai et al[34], 2019
	RCT
	PRP
	Advanced dressings
	12 wk
	UHT; ARE; PI; LLA


AAE: Absence of adverse effects; AD: Antiseptic dressing; AE: Adverse events; ARE: Average rate of epithelium; CH: Complete healing; LLA: Lower limb amputation; PC: Prospective cohort; PI: Presence of infection; R: Recurrences; RCT: Randomized controlled trial; SS: Saline solution; ST: Standard treatment with glucose level control, infection control, remission of high blood pressure and dressing; UHT: Ulcer healing time.
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