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Androgenetic alopecia (“AGA”) is the most prevalent type of progressive hair loss, causing tremendous psychological and social stress in patients. However, AGA treatment remains limited in scope. The pathogenesis of androgenetic alopecia is not completely understood but is known to involve a hair follicle miniaturization process in which terminal hair is transformed into thinner, softer vellus-like hair. This process is related to the dysregulation of the Wnt/β-catenin signaling pathway, which causes premature termination of the anagen growth phase in hair follicles. Historically used for wound healing, platelet rich plasma (“PRP”) has recently been at the forefront of potential AGA treatment. PRP is an autologous preparation of plasma that contains a high number of platelets and their associated growth factors such as EGF, IGF-1, and VEGF. These factors are known to individually play important roles in regulating hair follicle growth. However, the clinical effectiveness of PRP is often difficult to characterize and summarize as there are wide variabilities in the PRP preparation and administration protocols with no consensus on which protocol provides the best results. This study follows the previous review from our group in 2018 by Cervantes et al. to analyze and discuss recent clinical trials using PRP for the treatment of AGA. In contrast to our previous publication, we include recent clinical trials that assessed PRP in combination or in direct comparison with standard of care procedures for AGA such as topical minoxidil and/or oral finasteride. Overall, this study aims to provide an in-depth analysis of PRP in the treatment of AGA based on the evaluation of 17 recent clinical trials published between 2018 and October 2021. By closely examining the methodologies of each clinical trial included in our study, we additionally aim to provide an overall consensus on how PRP can be best utilized for the treatment of AGA.
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INTRODUCTION

Hair follicles cycle through three primary phases of catagen, telogen, and anagen: former two phases encompass hair follicle regression and shedding while the latter represents the formation and growth of new hair (Figure 1) (1). Hair growth is a highly regulated process that is directly dependent on the β-catenin signaling pathway, which is activated by Wnt ligands (2–4). Although there are 19 distinct Wnt genes within the human genome, some Wnt gene have been characterized to play different roles in hair follicle biology (5). The β-catenin signaling pathway exhibits crosstalk with receptors from other signaling pathways such as the estrogen receptor alpha (ERα), Retinoic Acid Receptor (RAR), and the androgen receptor (AR). Specifically, the crosstalk between the β-catenin pathway and the androgen signaling pathway represents a significant mechanism through which androgens such as DHT (dihydrotestosterone) can induce AGA (androgenetic alopecia), also known as male pattern baldness (Figure 2) (6).


[image: Figure 1]
FIGURE 1. Hair Follicle structures and phases of the hair cycle. Illustration depicting pertinent structures of the hair follicle as well as the effect of Wnt/β-catenin signaling on hair formation. During the late telogen/early anagen phase, molecular signals from the dermal papilla promote the migration and differentiation of bulge stem cells to form new matrix keratinocytes of the anagen bulb.
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FIGURE 2. Biochemistry of the Wnt/β-catenin signaling pathway and its crosstalk with androgen. (A) Constitutive phosphorylation of β-catenin by glycogen synthase kinase 3B (GSK-3B) and subsequent proteasomal degradation of β-catenin in the absence of Wnt ligand. (B) Binding of Wnt ligand to Frizzled and Low-Density Lipoprotein-Related Protein (LRP) and the resultant inactivation of GSK-3B and its phosphorylation of β-catenin, which is then translocated to the nucleus to initiate the transcription of target genes. (C) DHT-activated AR can recruit β-catenin as a coactivator to stimulate the expression of DKK1, a competitive antagonist of the Wnt/β-catenin signaling pathway. Crosstalk between DHT-activated AR and β-catenin thus leads to downregulation of β-catenin target genes.


Although the majority of people experience some form of hair loss in their life time, AGA represents the most prevalent type of progressive hair loss, causing tremendous psychological and social stress in patients (7, 8). Given that the pathogenesis of AGA is driven by potent androgens such as DHT, current standard of care treatments for AGA include finasteride, which inhibit the conversion of testosterone to DHT (9). Another standard of care treatment for AGA is minoxidil, which is hypothesized to promote the delivery of nutrients and oxygen to hair follicles, thereby shortening the telogen phase (10). However, these treatments remain limited in scope, and novel treatments that are more effective and act more quickly are needed for the treatment of AGA. Although initially studied for its potential in promoting wound healing, PRP (platelet rich plasma) has been extensively studied in many recent clinical trials for its potential to promote hair growth and to reverse the signs of AGA (11). PRP is prepared from whole blood by extracting and condensing the fraction of plasma that is rich in platelets (Figure 3). By doing so, PRP thereby contains a higher concentration of platelet-associated growth factors such as EGF, IGF-1, and VEGF, each has been characterized to play an important role in promoting and maintaining hair growth (Figure 4) (12).


[image: Figure 3]
FIGURE 3. PRP preparation. Illustration depicting the preparation of PRP and showing the separation of key blood components such as platelet poor plasma (PPP), buffy coat, and red blood cells (RBCs) based on centrifugation techniques.



[image: Figure 4]
FIGURE 4. Overview of PRP-associated growth factors and chemokines as well as their effects on hair follicle biology. (1) EGF promotes bulge stem cell renewal by retarding their differentiation; additionally, EGF protects the hair follicle from excessive T-cell mediated inflammation. (2) CCL2 promotes the establishment of hair follicle-specific innate immunity as well as stimulates the recruitment and differentiation of M1 macrophages that promote hair growth. (3) IGF-1 and (4) FGF both directly upregulates Wnt/β-catenin signaling in the bulge stem cells to promote migration differentiation. Additionally, FGF stimulates Wnt/β-catenin signaling in dermal papilla to promote hair growth. (5) VEGF stimulates angiogenesis within the hair follicle microenvironment to ensure adequate nutritional delivery.


In this review, we begin by introducing the molecular mechanisms behind the pathogenesis of androgen-driven hair loss. Special emphasis is placed on the discussing the Wnt/β-catenin signaling pathway, the biology of androgen signaling, and how the two pathways converge. We then provide a brief introduction to hematology, leading into a deeper discussion on how PRP is extracted and produced as well as the clinical implications that come with different methodologies of PRP production. We also briefly discuss how the growth factors found within PRP impact hair follicle biology. Most importantly, we provide an in-depth analysis of all clinical trials published between 2018 and October 2021 that studied PRP as a treatment for AGA. Lastly, we provide a general consensus on how PRP can be best used for treating AGA and provide our observations regarding the clinical contexts in which PRP may be most effective.



HAIR FOLLICLE BIOLOGY AND HAIR GROWTH PHYSIOLOGY


Hair Follicle Structure, Components, and Growth Cycle

Hair is one of the primary characteristics of mammals and exerts many important physiological functions. Terminal hair, which is found on the scalp, is the subject of extensive research in dermatology because its abundance and health directly impacts the psychological well-being of many in our society (13). To generate hair strands, each hair follicle cycles through three primary phases: catagen, telogen, and anagen (Figure 1) (1). During the catagen phase, the hair follicle regresses via apoptosis and sheds the old hair. After lying dormant during the telogen phase, the hair follicle re-enters the anagen growth phase to re-initiate the formation of new hair. This process is carefully coordinated by the interactions between the ectoderm- and mesoderm-derived cells within each hair follicle and have previously been reviewed (2, 3).

Two distinct parts exist within each hair follicle: the upper portion that does not regress during the hair cycle, and the lower portion which undergoes regression and remodeling during each cycle. The anatomy of the upper portion includes the infundibulum, the opening of the hair canal to the skin, at the top; the sebaceous gland just below the infundibulum; the isthmus, where the arrector pili muscle inserts into the hair outer root sheath; and the bulge region, which contains hair follicle stem cells and is just above the junction between the upper and lower portions of the hair follicle (2). The lower cycling portion includes two key components: the anagen bulb and the dermal papilla (2). During each hair cycle, stem cells from the bulge region migrate toward the anagen bulb at the deepest level of the lower portion and give rise to activated matrix keratinocytes that colonize the matrix area, which later forms the hair shaft and parts of the root sheaths of hair (Figure 1) (2). In contrast to these cells of the ectodermal lineage, the dermal papilla is a cluster of mesodermal fibroblasts that exist below the matrix keratinocytes and form the core of the anagen bulb. Migration of the aforementioned epithelial stem cells that give rise to the activated matrix keratinocytes depend on molecular signals from the dermal papilla (3). Indeed, the size and shape of the hair strand depend on the number of dermal papilla cells within the anagen bulb. Insufficient accumulation of dermal papilla cells within the anagen bulb would fail to stimulate new hair generation regardless of keratinocyte numbers (14). The Wnt/β-catenin pathway is the primary signaling pathway through which dermal papilla dictates hair bulb size and hair shaft diameter (Figure 1) (15).



Regulation of the Hair Cycle Depends on Wnt/β-Catenin Signaling

The biochemistry of the canonical Wnt/β-catenin signaling pathway has been previously reviewed (4). Briefly, β-catenin is constitutively phosphorylated by glycogen synthase kinase 3B (GSK-3B) and targeted for proteasomal degradation in the absence of the Wnt ligand (Figure 2A). Once the Wnt ligand binds Frizzled, a G-protein Coupled Receptor, and the Low-Density Lipoprotein-Related Protein (LRP); GSK-3B becomes inactivated and ceases to phosphorylate β-catenin. Upon translocation into the nucleus, β-catenin is recruited to chromatin with the transcription factors T-cell Factor/Lymphoid Enhancer Factor (TCF/LEF) and initiates transcriptional activation of genes (Figure 2B).

The role of β-catenin in regulating hair follicle formation was uncovered in 1998 when the ectopic expression of a degradation-resistant truncated β-catenin in mice keratinocytes promoted de novo hair follicle morphogenesis (16). This was followed soon after by another study which found that β-catenin signaling in chicken skin regulates the development of feather buds (17). Skin-specific ablation of β-catenin in mice abrogates the formation and development of hair, as keratinocytes that originate from the stem cell population of the hair follicle bulge lose the ability to form hair (18). Furthermore, transient activation of the β-catenin pathway in keratinocytes can induce progression from the telogen to the anagen phase, leading to active hair growth (19). Wnt/β-catenin signaling is therefore indispensable for the formation of hair follicles as well as the promotion of hair growth.

Later studies sought to elucidate the cell type-specific roles of Wnt/β-catenin signaling within the hair follicle. It was discovered that β-catenin deletion in dermal papilla cells within fully formed hair follicles reduced the proliferation of stem cells that give rise to the matrix keratinocytes within the anagen bulb. This led to thinner and shorter hair as well as premature anagen termination/catagen induction (20). Additionally, the absence of β-catenin signaling in dermal papilla cells abrogated the regeneration of hair follicles (20). Unsurprisingly, the continuous ectopic expression of β-catenin in the dermis produced larger hair follicles and accelerated the differentiation of hair follicle components (21). Additionally, it was found that epidermal Wnt ligands were required for β-catenin signaling in dermal papilla cells (21). The result was corroborated by another study showing that the ablation of Wnt ligand secretion specifically within the epidermal compartment of the hair follicle during telogen inhibited the anagen induction and resulted in hair cycle arrest (22). This is attributed to the downregulation of β-catenin signaling in both dermal papilla cells as well as in the matrix keratinocytes (22), thereby showing that epidermal Wnt ligands are required for activating β-catenin in both components of the cycling hair follicle.

There are 19 different Wnt genes within the human genome, each encoding a unique protein (5). Different Wnt ligands have different effects on hair growth. Injection of Wnt1a-enriched media into depilated mouse skin promoted the progression of hair follicles from telogen to anagen by upregulating genes essential for hair growth (23). Wnt3a treatment can maintain anagen phase growth-inducing activities of dermal papilla cells (24). Furthermore, implantation of Wnt3a-activated dermal papilla cells onto mice skin induced a more robust hair growth than control cells without prior Wnt3a activation (25). Wnt10b overexpression within the hair follicle increased the size of the hair follicles but also promoted the telogen to anagen progression of hair follicles in vivo (26). Indeed, treatment of individual isolated hair follicles with Wnt10b promoted an even faster rate of hair elongation than treatment with Wnt3a (27). On the other hand, Wnt5a was shown to prolong the telogen phase of hair follicles and attenuate hair growth (28).




THE ROLE OF ANDROGENS IN ANDROGENETIC ALOPECIA


Androgens, Androgen Receptor, and Androgenetic Alopecia

Weak androgens, such as dehydroepiandrosterone (DHEA), are converted to testosterone at peripheral tissues (29). Testosterone is then further converted to dihydrotestosterone (DHT), which is a more potent form of androgen, via 5-alpha reductase (30, 31). In the hair follicle, DHEA is converted to potent forms of androgen specifically in sebocytes, fibroblasts, and dermal papilla cells (32, 33). Additionally, 5-alpha reductase expression is higher in the dermal papilla cells than in epithelial cells (34), suggesting that dermal papilla cells are a major source of DHT in hair follicles. Interestingly, the androgen receptor (AR) is also expressed in dermal papilla cells but is not detected in keratinocytes (35, 36). Aromatase, which breaks down DHT, is highly expressed in the outer root sheath of hair follicles during the anagen phase and in sebaceous glands (37).

As the name implies, androgens are the primary mediator of androgenetic alopecia (29). Androgens stimulate premature termination of the anagen growth phase in hair follicles and progressively reduces the duration of the anagen phase (38, 39). Grossly, androgens promote the miniaturization of hair follicles, transforming terminal hair into thinner and softer vellus-like hair (40). Although the level of 5-alpha reductase expression was reported to be similar between the dermal papilla cells isolated from balding and non-balding spots on the same patient (34), dermal papilla cells from balding follicles express higher levels of AR than those from non-balding follicles (41). Further evidence implicating androgen as a primary mediator of alopecia lies within the difference in hair loss presentation between men and women (42). Not only do female frontal hair follicles express AR at a level 40% lower than do male frontal hair follicles, the aromatase expression in female frontal hair follicles is also six times greater than in male frontal hair follicles (42). Patients with deficient 5-alpha reductase do not exhibit male-patterned baldness (43, 44). Most importantly, the 5-alpha reductase inhibitor finasteride demonstrates significant clinical efficacy in reducing or even reversing androgenetic alopecia (45).



Androgens Interrupt β-Catenin Signaling to Cause Androgenetic Alopecia

Functional interactions between AR and the β-catenin pathway were previously characterized in prostate cancer. AR physically interacts with β-catenin and uses β-catenin as a co-factor to amplify the transcription of AR target genes in prostate cancer, thereby competitively inhibiting TCF/LEF-mediated transcription of β-catenin target genes (Figure 2C) (6, 46). Colon cancer cells that ectopically expressed AR also repressed β-catenin gene expression upon treatment with DHT (47), showing that the AR-β-catenin functional interaction can be found in other cellular contexts (48). In fact, β-catenin has been shown to promote and regulate the ligand-dependent transcriptional activities of other nuclear receptors such as the Retinoic Acid Receptor (RAR) and the Estrogen Receptor Alpha (ERα) (49, 50).

Dickkopf-related protein 1 (DKK1) is a physiological inhibitor of the Wnt/β-catenin pathway that is expressed more highly in balding than in non-balding portions of the scalp (51). DKK1 expression correlates with a significant reduction in anagen phase hair follicles within the scalps of patients with androgenetic alopecia (52). DHT treatment increased the expression of DKK1 in dermal papilla cells, which induces apoptosis in follicular keratinocytes (Figure 2C) (51). In an experiment where patient-derived dermal papilla cells were co-cultured with keratinocytes, treatment of the dermal papilla cells with DHT inhibited Wnt3a-induced proliferation of keratinocytes (53). Even the supernatant from DHT-treated dermal papilla cells was able to inhibit the differentiation of hair follicle stem cells, thereby showing that DHT stimulates dermal papilla cells to inhibit hair growth and follicular differentiation (54). Given that β-catenin physically interacts with AR in dermal papilla cells and that testosterone treatment of hair bulbs inhibited β-catenin target gene expression (53, 55), it can be assumed that DHT drives androgenetic alopecia at least partially by interrupting the hair follicle β-catenin signaling pathway. This is corroborated by data from recent microarray gene expression data showing that Wnt/β-catenin signaling pathway genes were noticeably downregulated in the bald frontal scalps compared to the haired occipital scalps of five men with androgenetic alopecia (56).




HEMATOLOGIC FOUNDATIONS OF PRP


Introduction to Platelet Biology

Platelets, the key components of platelet rich plasma, are anuclear discoid cell fragments derived from the cytoplasm of megakaryocytes. They are about two micrometers in size and have a circulating lifespan of 7–10 days at concentrations of 150 to 400 x 103 /micrometer (57). Their primary function in hemostasis and thrombosis is well-documented and understood, including the processes of platelet adhesion, activation, aggregation, and secretion. Normally, platelets circulate through the vasculature, surveying for any signs of endothelial damage, and resisting adherence to the endothelial lining through the anti-adhesive properties of the intact endothelium (58). However, upon vascular injury, platelets rapidly adhere to exposed subendothelial extracellular matrix containing various platelet receptor ligands. These ligands include collagen, von Willebrand factor (vWF), laminin, fibronectin, and thrombospondin. vWF is a large glycoprotein present within the plasma, the Weibel-Palade bodies of endothelial cells, the α-granules of platelets, and the subendothelial matrix. Once activated by endothelial injury, vWF in the endothelium exposes its binding site for GPIbα, a receptor present on circulating platelets. The fleeting associations between vWF within the vasculature and GPIbα on platelets allows for platelets to “roll” onto the area of vascular injury in close association with the exposed subendothelial matrix. During this process, other platelet receptors become activated which propagates further platelet activation and ultimately results in the platelet firmly adhering to the site of injury via multiple interactions, including interactions with collagen (59, 60). Specifically, interactions with collagen produce the most robust in vivo platelet activation in comparison to interactions with other factors. Once the platelet is activated, integrin αIIbβ3 receptors on the surface of platelets are upregulated and bind adhesive glycoprotein ligands, thereby recruiting additional platelets. Finally, the binding of fibrinogen to αIIbβ3 results in platelet aggregation through the crosslinking of integrin receptors on two different platelets by fibrinogen (59).

Secretion involves the release of platelet granule contents from activated platelets. The three major secretory organelles within platelets are dense granules, lysosomes, and α-granules. The dense granules are the smallest of the platelet granules and mostly contain small, non-protein molecules called adenine nucleotides in the forms of ATP and ADP. They also serve as the storage granules for serotonin, pyrophosphate, and calcium. ADP is a platelet agonist that acts as a recruitment signal for other platelets to travel to the site of vascular injury. Serotonin in platelets has a similar agonist function, but to a much lesser degree than ADP (61–63). Lysosomes are the second type of platelet granule. Lysosomes are intermediately sized granules that contain a range of digestive enzymes which become active under acidic conditions. These include glycosidases, proteases, and cationic proteins with bactericidal activity (62). Lastly, α-granules are the largest and most prevalent secretory granules found in platelets. They contain glycoproteins, growth factors, chemokines, immune mediators, and clotting factors including fibrinogen, vWF, platelet factor IV, platelet basic protein, GPIb, GPIIbIIIa, thrombospondin, multimerin, P-selectin, Glut-3, platelet derived growth factor (PDGF), vascular endothelial growth factor (VEGF), transforming growth factor β (TGF-β), insulin like growth factor (IGF), endothelial cell growth factor (ECGF), and epidermal growth factor (EGF) (62, 64). The compounds found in α-granules are involved in various biologic functions including clotting, cell growth, cell adhesion, angiogenesis, cell differentiation, and immune defense. Most importantly, they serve as the basis for the use of platelet rich plasma in the treatment of androgenetic alopecia.



Production and Use of PRP in Clinical Settings

Platelet rich plasma (PRP) is defined as an autologous preparation of plasma that contains platelet concentrations above the baseline found in whole blood. The working definition of the therapeutic concentration of PRP is around 1,000,000 platelets/microliter in a 5-ml volume of plasma. Furthermore, PRP contains a 3-to-5-fold increase in the concentration of growth factors when compared to whole blood (12, 65). It is important to note, however, that a wide variety of variables, including the preparation, storage, and activation of PRP affect its biological activity and results, which may explain discrepant results from previous studies (66). PRP is made from a double centrifugation process of anticoagulated whole blood. The first centrifugation produces 3 layers; the bottom layer is composed of mostly red blood cells, while the two top layers (including the upper layer and thin, middle “buffy coat” layer) contain mostly white blood cells and platelets. The upper layer and superficial buffy coat are then extracted and centrifuged once more. This produces 2 layers: an upper layer, known as platelet poor plasma, and a bottom pellet layer containing the platelet rich plasma (67). However, there are variations to this technique (Figure 3), including a single centrifugation process, which may affect the therapeutic effects of PRP.

One of the main attractions associated with the use of PRP in clinical settings is its safety; as a product of autologous blood, it eliminates the risk of transmissible diseases and adverse reactions. This factor makes PRP applicable to a wide range of patients; however its cost remains a limiting factor in its widespread use. Moreover, it is hypothesized that PRP offers an advantage over treatment with exogenous cytokines; PRP releases growth factors from platelets in their native form and in an appropriate biological ratio. This is not the case with high dose, single-factor therapy of recombinant growth factor treatment (68).

PRP has been primarily used in the fields of hematology, maxillofacial surgery, periodontics (69), orthopedics, and sports medicine (70). More recently, there has been interest in the role of PRP in dermatology for wound healing, skin rejuvenation, fat graft survival, and androgenetic alopecia, which is the focus of this paper (71, 72). The mechanism of action of PRP in all of these fields is based on the processes of platelet activation and secretion. Most PRP protocols call for in-vitro activation of the PRP preparation before injection, usually through the addition of thrombin, calcium chloride, a combination of the two, or type I collagen. However, some physicians advocate for the injection of inactivated PRP to allow for spontaneous, native collagen-induced in situ platelet activation. The method of activation may also influence the rate at which the platelets in PRP release their growth-factors, ranging from immediate release to more extended release. Once activated, platelets usually begin secreting their growth factors immediately, a process known as degranulation, releasing almost 100% of their growth factors within an hour (65). Platelets may continue to release some growth factors throughout the rest of their lifespan, typically 7–10 days. This begets questions surrounding the optimal timeline of PRP injection, and may be a procedural variable along which future PRP injection protocols can be standardized. As mentioned previously, there is a wide variability in the PRP preparation and administration protocols with no consensus on which protocol provides the best results (68, 73).




PRP GROWTH FACTORS AND CHEMOKINES IMPLICATED IN HAIR FOLLICLE BIOLOGY

Some of the growth factors and chemokines within PRP such as EGF, VEGF, CCL2, IGF, and FGF have been found to play important roles in regulating hair follicle growth (Figure 4) (12). Of these growth factors, EGF is perhaps one of the most studied. Embryonic mice lacking EGFR expression display defective hair follicle formation (74–76). However, other studies found that elevated EGFR signaling in developing mouse skin inhibited the induction of hair follicles by downregulating genes important for hair follicle lineage commitment (77). Although EGFR inhibition promoted normal hair follicle formation, hair cycle induction in fully formed hair follicles was significantly attenuated (78). To make sense of these seemingly contradictory results, it has been proposed that EGFR functions to delay differentiation and lineage commitment in hair follicles in order to maintain keratinocytes in a proliferative state (2, 3). Indeed, recent findings suggest that EGFR signaling restrains Wnt/β-catenin signaling within developing hair follicles to carefully coordinate proper hair follicle formation (79).

Interestingly, EGFR-null hair follicles transplanted onto nude mice that do not normally form a coat of hair are consumed by an inflammatory reaction within 10 weeks of transplantation (80). Closer examination of the underlying molecular process found that EGFR inhibition significantly elevated the expression of lymphocyte-recruiting chemokines that induced skin inflammation and lead to hair follicle degeneration (81). Additionally, EGF produced by T-reg cells counteracted androgen-suppressed hair growth by modulating the expression of genes such as β-catenin that are implicated in hair follicle growth (82). Therefore, in addition to coordinating proper hair follicle formation, EGFR signaling also serves to protect hair follicles from immune-mediated destruction.

Nevertheless, many studies have demonstrated the important benefits of proper immune system involvement in coordinating hair regeneration. CCL2, a chemokine found in PRP, is produced by keratinocytes in the isthmus of hair follicles to regulate the renewal of Langerhans cells, which are epidermal dendritic cells important for innate immunity within the hair follicle microenvironment (83). Stressed hair follicle keratinocytes also produce CCL2 to recruit M1 Macrophage around hair follicles to promote hair regeneration by stimulating telogen to anagen phase transition (84). Macrophages recruited by CCL2 are found to secrete factors such as VEGF, IGF1, and FGF2/FGF10 (all of which are contained within PRP) to mediate hair follicle regeneration and the growth of hair (85).

Indeed, other growth factors such as IGF-1, GFG, and VEGF have also been shown to play significant roles in hair biology. In an experiment co-culturing outer root sheath cells and beard dermal papilla cells, IGF-1 secreted from beard dermal papilla cells was found to promote follicular epithelial cell growth (86). Additionally, IGF and EGF co-treatment stimulated the transition of hair follicles from the telogen to anagen phase, thereby enhancing the proliferation of outer root sheath and dermal papilla (87). FGF can also promote the induction of the anagen phase in hair follicles by stimulating the β-catenin signaling pathway (88). This correlates with earlier studies showing that the downregulation of FGF receptors significantly reduced mouse hair follicle density (89). Lastly, overexpression of VEGF by outer root sheath keratinocytes induced increased vascularization around hair follicles, which accelerated hair regrowth after depilation and increased the size of hair follicles as well as the thickness of the hair shaft (90). This was corroborated by another alopecia study showing that VEGF topical gel application for 15 days increased hair density as well as the diameter of hair shafts (91).

However, application of 100% VEGF led to significant hematological alterations as well as elevated liver enzymes (91). This shows that topical application of concentrated exogenous growth factors can produce unwanted deleterious effects, thereby highlighting the benefit of using an endogenously obtained source of growth factors such as PRP. Additionally, based on studies discussed above, hair follicle growth is dependent on the careful coordination of many growth signaling pathways. The use of PRP to treat androgenetic alopecia is hypothesized to be superior to using an artificial mixture of exogenous chemokines and growth factors because the combination of growth factors and chemokines within PRP is balanced at physiological ratio, thereby echoing our above-mentioned point.



OVERVIEW OF RECENT CLINICAL TRIALS USING PRP FOR THE TREATMENT OF AGA


Methodology

This study follows the previous review from our group in 2018 by Cervantes et al. to analyze and discuss recent clinical trials using PRP for the treatment of AGA. A search on PubMed/MEDLINE in October 2021 using the keywords “Platelet-rich plasma AND alopecia AND hair loss” identified 23 clinical trials performed between the years 2018 and 2021. We also included trials that assessed the efficacy of PRP in comparison or in combination with standard of care procedures for AGA such as topical minoxidil and oral finasteride. We excluded four trials that evaluated alopecia areata as well as one that examined female pattern hair loss. Additionally, we excluded the 2020 study by Butt et al. and the 2020 study by Kapoor et al. Specifically, the conclusions drawn by the authors were not consistent with the data provided within the studies. Overall, seventeen clinical trials in phases II to IV were reviewed by three authors and were summarized in Supplementary Tables 1–3. Clinical trial numbers are also provided for the studies that were performed in the U.S. and/or registered on ClinicalTrials.gov. Of the seventeen studies, excluding the two by Kapoor et al. and Butt et al. fifteen were evaluated and discussed within this narrative review (92–108).



PRP Is an Effective Treatment for AGA

Optimizing the use of PRP for treating AGA requires further examination of the effects of PRP administration protocols on clinical outcomes. Additionally, the proposed mechanisms of action of PRP and the clinical relevance of PRP activation need to be further investigated. Hausauer et al. sought to evaluate the effects of PRP treatment protocols in the treatment of AGA in a randomized, blinded clinical trial (NCT02999737) that involved 30 men with stage II-V AGA (Norwood-Hamilton Scale) and 10 women with stage I-III AGA (Ludwig Scale) (92). The patients were split into 2 PRP protocol groups: group 1 (20 patients) received 3 monthly PRP treatments with a booster 3 months later while group 2 (20 patients) received a total of 2 PRP treatments spaced 3 months apart. Both groups received subdermal PRP aliquot injections. One patient in group 2 was lost to follow up therefore results were reported on 39 patients. Hair count and caliber, in addition to overall severity ratings, were assessed using global photography and dermoscopy at 3 and 6 months after the first PRP injection. The results of this study showed that at 3 months, only group 1 showed a statistically significant increase in hair count while group 2 did not yield a significant increase in hair count until 6 months after the first injection when compared to baseline. Furthermore, group 1 produced significantly better results than group 2 in terms of absolute and percent change between the groups. Mean hair caliber was increased similarly in both groups at 3 and 6 months. The results of this study show that more frequent PRP treatment leads to improved temporal and quantitative clinical effects, with 3 monthly PRP treatments plus a booster yielding faster and better results than 2 individual PRP treatments at 3-month intervals.

Rodrigues et al. investigated the proposed mechanism of action of PRP by looking into the relationship between PRP platelet concentration, the levels of growth factors, and the resultant hair growth (93). In this double-blind controlled study, 26 patients with vertex profile-based stage III AGA (Norwood-Hamilton scale) were split into 2 groups: group 1 (15 patients) received a total of 4 PRP treatments at 15-day intervals while group 2 (11 patients) received saline solution injections in a similar manner. Number of hairs, hair density, percentage of anagen and telogen hair, and percentage of vellus and terminal hair were assessed using dermoscopy. PRP preparations contained a 5-fold increase in the median number of platelets when compared to peripheral blood and were activated with autologous serum. Nonetheless, no correlation was found between platelet count and hair growth (p = 0.123 for hair count, p = 0.086 for hair density, p = 0.171 for percentage of anagen and telogen hairs, and p = 0.174 for percentage of vellus and terminal hairs). In addition, even though EGF and PDGF revealed a significant correlation with platelet number in PRP, there was no correlation found between these growth factors and hair count, hair density, percentage of anagen and telogen hairs, or percentage of vellus and terminal hairs. Similar results were obtained for VEGF. However, clinical evaluation of the PRP group showed a significant increase in hair count and density 3 months after the last injection. Although percentage of anagen hairs was significantly increased during treatment, this was not maintained by 3 months after the last injection. Similarly, the significant decrease in percent of telogen hairs after treatment was not sustained during the follow up. The results also showed that there was no significant improvement in the terminal to vellus hair ratio in either treatment group (p = 0.955 for PRP group and p = 0.206 for control group). Although the authors concluded that the use of PRP is efficacious in the treatment of AGA, the role of growth factors in the hair-promoting mechanisms of PRP requires further investigation.

Gentile et al. performed a retrospective, randomized, blinded study to evaluate the effects of PRP activation on hair growth (94). The study consisted of 63 men with grade I-V AGA (Norwood-Hamilton scale) and 27 females with grade I-III AGA (Ludwig scale) who were split into two groups: group 1 (57 patients) were treated with NA-PRP (non-activated PRP) while group 2 (33 patients) were treated with A-PRP (autologous activated PRP). Of these 90 patients, 3 were excluded and 1 was rejected with results being reported on 86 patients. Placebo was injected into appropriate control areas that did not encompass the entirety of half a scalp. Each group received 3 treatments spaced apart by 30 days on average. Trichospic evaluation showed an improvement in mean hair density of 23.3 ± 3 hairs/cm2 in group 1 and 13 ± 3 hairs/cm2 in group 2, 58 weeks after the last injection. These results were also statistically significant when compared to control. This study also investigated the use of micro-needling with A-PRP injection. The combination of micro-needling and A-PRP appears to have a favorable effect on hair growth with follow-up in progress. In addition, microscopic and immunohistochemistry evaluation of both NA-PRP and A-PRP-treated scalps showed a significantly increase in the number of follicles, Ki67+ basal keratinocytes, and follicular bulge cells when compared to baseline. Furthermore, both treatment groups were associated with increased vascularization of hair follicles and increased epidermal thickness of the scalp. This study demonstrates that both activated and non-activated PRP are effective in treating AGA. Importantly, the improved hair growth seen with non-activated PRP suggests that in-vivo activation of PRP activation may be more effective than in-vitro PRP activation.

A 2019 randomized clinical trial by Bayat et al. investigated the effectiveness of PRP in the treatment of AGA in men (95). 19 patients with grade III-V AGA (Norwood-Hamilton scale) were injected subcutaneously with PRP in three sessions at 4-week intervals. Improvement was quantified via digital photography and dermoscopy photos, through which the number of hair follicles and the average hair thickness per unit area were assessed by a dermatologist. In addition, clinical transformation was evaluated by two independent observers. The results showed a statistically significant increase in average hair thickness by week 4, which was maintained until 3 months after the last injection. Interestingly, the increase in hair thickness occurred predominantly after the first injection, and no significant increases in hair thickness occurred between week 8 and 3 months after the first injection. Furthermore, although the number of hair follicles significantly increased by weeks 4, 8, and 3 months after the last injection; no additional increases in hair follicle numbers were observed between week 8 and 3 months after treatment. Importantly, evaluation by observers revealed a statistically significant perceived clinical improvement. This small clinical trial demonstrates yet again the efficacy of PRP in the treatment of AGA yet calls for additional studies with larger sample sizes and longer follow up periods to better evaluate the long-term effects of PRP.

The effectiveness of PRP in the treatment of AGA in both men and women was assessed once more in a 2019 clinical trial by Butt et al. (96). Twenty males type III-VI AGA (Norwood-Hamilton scale) and ten females type I-III AGA (Ludwig scale) were treated with a total of 2 PRP treatments spaced 4 weeks apart. Clinical improvement was assessed with macroscopic photographs, pull test, trichoscopy, a physician global assessment score, and a patient global assessment score. The study notes that in most patients, terminal to vellus hair ratio was increased, however it also remained static in others. Furthermore, mean hair density and pull test results were significantly improved by 6 months after the 1st injection. These improvements were corroborated by both physician and patient global assessment scores- indicating satisfactory perceived improvements in hair growth with the use of PRP. The results of this study offer additional data in support of the use of PRP for treating AGA in men and women.

Dubin et al. conducted a randomized, blinded, controlled study (NCT03689452) published in 2020 to assess the effectiveness of PRP in the treatment of AGA in women (97). In this study, 30 women with grade I-III AGA (Ludwig scale) were split into 2 groups: 15 women were treated with subdermal PRP injections in three sessions with 4-week intervals, and the other 15 women received saline injections in an identical fashion. One patient was lost to follow up in each group, therefore results were reported on 14 patients each in the PRP group and the placebo group. Mean hair density and shaft caliber were assessed using global photography and dermoscopy photos. Statistically significant improvements in mean hair density and caliber were seen in the PRP group vs. placebo group at week 8 when compared to baseline, and this enhancement was maintained at 24 weeks. In addition, blinded global photographic assessment revealed a significant improvement in PRP group patients from baseline. The results of this study lend additional support to the efficacy of PRP in treating AGA.

A recent randomized, placebo-controlled, half-head, double blind study in 2021 by Qu et al. further substantiated the clinical efficacy of PRP in the treatment of AGA (98). 32 male patients with stage II-V AGA (Norwood-Hamilton scale) and 20 female AGA patients with stage I-III AGA (Ludwig scale) were subdermally injected with PRP on one half-head of the affected scalp area while the other half-head were injected with saline solution. The patients were treated in three consecutive sessions with 1-month intervals. It was found that at 3 and 6 months, mean hair count, density, and diameter all showed a statistically significant improvement when compared with baseline, and the anagen hairs ratio was noted to be increased by 6 months. When compared to the control, PRP proved to be effective by showing significant improvement in hair density starting at 3 months, and improvements in hair count, diameter, and anagen hair ratio at 6 months. In addition, macrograph assessment by five independent experts revealed a significant perceived improvement in hair growth on the PRP treatment side when compared to the control side. Lastly, an end-of-study satisfaction questionnaire yielded a mean satisfaction score of 4.23/5 across the entire study period, indicating satisfaction by the patients treated with PRP. The results of this study further support the clinical effectiveness of PRP in treating AGA and demonstrate the potential for quality-of-life improvement with PRP treatment as evidenced by high patient satisfaction scores.



PRP Acts Synergistically With Topical Minoxidil and Oral Finasteride to Promote Hair Growth

Many important questions still remain unanswered in the field of AGA research. Key amongst those are (1) whether PRP is more effective than standard of care (Minoxidil and Finasteride) in reversing hair loss and (2) whether the effects of PRP can be compounded with that of minoxidil and finasteride to increase hair growth. In an attempt to address these questions, Alves et al. (99) in 2018 conducted a randomized controlled double-blind half-head clinical trial involving 11 male patients with grade II-V AGA (Hamilton-Norwood Scale) and 13 female patients with grade I-III AGA (Ludwig Scale). For a duration of 3 months, half the patients received 1 mg of oral finasteride daily while the other half received twice-daily topical 5% minoxidil application. Each patient's scalp was further divided into halves – one side received three doses of monthly PRP injections while the other side was injected with saline. The results showed that under concurrent minoxidil or finasteride treatment, the PRP-treated side exhibited significantly greater hair count and density when compared to the place-treated side. Interestingly, despite receiving minoxidil or finasteride treatment, the side of scalp that received placebo injections did not exhibit increased hair count or density when compared to baseline. Failure to demonstrate significant therapeutic efficacy using standard of care treatments (positive control) brings much skepticism toward the validity of the study's methodology. Nevertheless, it was shown with statistical significance that PRP administration can promote hair growth alongside concurrent topical minoxidil or oral finasteride use in patients with AGA.

The hair growth-promoting effects of PRP were again compared to that of topical minoxidil in a 2019 randomized double-blind controlled clinical trial by Singh et al. which enrolled 80 male patients with grade II-IV AGA (Hamilton-Norwood Scale) (100). Patients were divided into four groups; and for a period of 3 months, Group 1 patients received twice-daily topical applications of 5% minoxidil with monthly placebo (saline) injections; Group 2 received 5% topical minoxidil along with monthly PRP injections; Group 3 received topical saline along with monthly placebo injections; and Group 4 received topical saline with monthly PRP injections. The authors found that minoxidil treatment significant improved hair density after 3 months of treatment. However, PRP treatment significantly improved hair density after only 1 month regardless of whether patients were concurrently receiving minoxidil. Although minoxidil treatment significantly increased hair density upon the conclusion of the study, treatment with both minoxidil and PRP was significantly more effective than just minoxidil alone. Additionally, PRP treatment alone appeared to be more effective than minoxidil alone, and the difference trended toward significance (p = 0.076). Overall, patients in Group 2 (PRP/minoxidil) had higher hair density than patients in Group 4 (PRP) who in turn had higher hair density than patients in Group 1 (minoxidil), thereby conclusively showing that the therapeutic effects of PRP and minoxidil can be compounded.

The results of Singh et al. were corroborated by Pakhomova et al. in a randomized single-blind controlled clinical trial that involved 69 men aged 18–53 with grade I-IV AGA (Hamilton-Norwood Scale) (101). Subjects were divided into three groups; and for a period of 4 months, group 1 patients received monthly PRP injections, group 2 patients received monthly PRP injections as well as twice-daily topical 5% minoxidil treatment, and group 3 patients only received twice-daily topical minoxidil. Upon conclusion of the study, the authors found that all three treatments significantly increased hair density, with the combined topical minoxidil/PRP treatment increasing hair growth more than either treatment alone. The therapeutic advantage of the combined treatment over either monotherapy was evident in other objective measurements such as the decline in percentage of vellus hair, average hair diameter, and the decline in share of telogen hair. Although minoxidil and PRP monotherapies alone produced similar increases in hair density, PRP was significantly more effective than minoxidil in increasing average hair diameter, decreasing the percentage of vellus hair, and decreasing the percentage of hair in the telogen phase. In addition to showing again that the therapeutic effects of PRP and topical minoxidil can be combined, these results suggest that PRP is more effective than minoxidil in promoting the growth of thick, terminal hair.

Most recently, a single-blinded, randomized, controlled study by Ramadan et al. Sought to evaluate the effect of PRP application technique on hair growth in the treatment of AGA (102). Additionally, the study incorporated minoxidil and finasteride treatments. 46 male patients with stage II-IV AGA (Norwood-Hamilton scale) and 80 female patients with stage I-III AGA (Ludwig scale) received combined therapy consisting of topical 5% minoxidil (once daily in females and twice daily in males) and oral hormonal therapy (spironolactone in females and finasteride in males). 84 of the aforementioned patients were selected to receive PRP treatment and were then further split into 2 groups: group I (42 patients) received direct syringe-based intradermal PRP injection, and group II (42 patients) underwent automated PRP application with micro-needling. Patients in each group were treated with 3–6 sessions at 1-month intervals; the degree of improvement was evaluated after three sessions; and if improvement was seen, monthly treatments resumed for an additional 2–3 sessions. The remaining 42 patients who did not receive PRP were control. Progress and results were evaluated with hair pull test, macrograph, and dermoscopy. The clinical improvements were evaluated by 3 dermatologists in a blinded fashion. Overall, when compared to control, both groups I and II showed significant clinical improvements, with group II showing significantly greater improvements than group I. Group II patients also demonstrated significant improvements in hair density and diameter while group I patients did not (p = 0.092 for hair density, p = 0.129 for diameter). This difference between patients in groups I and II was statistically significant. Pull test became negative in over 95% of patients treated with PRP after 6 months. The majority of patients treated with PRP reached best improvement in 6 months while those in the control (combined therapy only) improved after 11–13 months. Patient satisfaction showed improvement after three sessions of PRP injection, but not until at least 6 months for the control group. The results of this study indicate that automated micro needling injection of PRP is more effective than intradermal injection of PRP by syringe in the treatment of AGA. Additionally, this study again shows that the addition of PRP provides more rapidly-effective therapeutic outcomes than using the standard of care therapies alone in the treatment of AGA.

A smaller study published in 2020 by Bruce et al. (NCT03488108) attempted to examine and compare the efficacies of PRP and topical minoxidil in women with AGA (103). Twenty women aged 18 or older with grade I-II AGA (Ludwig Classification) were enrolled in a randomized controlled clinical trial employing a complicated cross-over design. Patients were divided into arms A and B with 10 patients in each arm. Patients in Arm A received 3 sessions of PRP injections spaced 1 month apart for the first 12 weeks. After a washout period of 8 weeks, these patients then received once-daily topical application of 5% minoxidil per manufacturer guidelines for another 12 weeks. Arm B patients were instead treated with minoxidil in the first 12 weeks and PRP injections in the last 12 weeks. Patients were assessed at baseline, week 12, week 32, and week 48. Compared to baseline, Arm A patients treated with PRP showed a 7.7% increase (p = 0.002) in hair count at week 12. However, the increase in hair count was 22.7% (p < 0.001) for Arm B patients who were treated with topical minoxidil, significantly higher than for Arm A patients (p = 0.009). Additionally, Arm B patients showed significant increases in terminal hair density and cumulative hair thickness whereas Arm A patients exhibited no significant change. Following a washout period of 8 weeks and a second round of switched 12-week treatment, patients in Arm A showed a 37.4% increase (p = 0.004) in hair count at week 32 after switching to minoxidil whereas patients in Arm B showed a smaller hair count increase of 20% (p = 0.020) after switching to PRP. Patients in Arm A also showed significant increases in other objective measurements such as terminal hair density and cumulative thickness whereas patients in Arm B exhibited no change. Although this clinical trial enrolled fewer patients than the two that were previously discussed, the results seem to suggest that minoxidil may be more effective than PRP in treating signs of AGA in women. This is in stark contrast to the studies by Singh et al. and Pakhomova et al. which seem to show that PRP is more effective than minoxidil in treating AGA in men. Interestingly, at week 48 (4 months after conclusion of treatment), only Arm B patients who were last treated with PRP maintained a significant increase in hair count when compared to baseline. Patients in Arm A who last received minoxidil seemed to have lost all therapeutic gains in hair growth, therefore suggesting that the hair promoting effects of PRP may either take time to manifest in women and/or are more enduring than that of minoxidil.



Assessment of Studies That Demonstrate PRP Is Ineffective in Treating AGA

One of the recent studies that call into question the efficacy of PRP in treating AGA is a study by Shapiro et al. from 2020 (104). This randomized, double-blind, controlled clinical trial (NCT02591355) enrolled 18 men with grade III-V AGA (Norwood-Hamilton Scale) and 17 women with grade I-II AGA (Ludwig Scale) between the ages of 18 to 58. Using a half-headed experimental design, patients were treated with three once-a-month PRP injections on one side and placebo on the other. Patients were examined at baseline and at 1, 2, and 4 months (2 months after last PRP injection). PRP-treated scalps showed a 13.2% increase in hair density at 5 months (p < 0.05). However, placebo-treated scalps showed similarly significant increases in hair density. Additionally, both PRP and placebo treatments seemed to increase hair diameter to a similar degree. The authors attributed the equivocal findings to a possible diffusion effect whereby PRP from the treatment side may have eluted to the placebo side to induce hair growth. However, it is also important to note that this smaller-scale study employed almost-equal numbers of subjects from both sex. This is in contrast to the previously mentioned larger-scale studies by Gentile et al. and Que et al. that enrolled more men than women. Given that PRP may be more effective for the treatment of AGA in men than in women per results of studies discussed above, employing similar numbers of subjects from both sex may have contributed to the inconclusive findings. It is also possible that this study with only 35 subjects did not have sufficient power to detect significant differences between treatment and control. Nevertheless, objective scalp assessment by independent expert reviewers found that a greater proportion of scalp areas treated with PRP showed clinical improvement than those treated with placebo.

Another study from 2020 also found that treatment with PRP had no effects on promoting hair growth in patients with AGA. Gressenberger et al. (105) enrolled 30 men aged 18–52 with grade III or higher AGA in a randomized, single-blinded, controlled clinical trial. Twenty subjects were treated with five injections of PRP spaced 4 to 6 weeks apart while ten received placebo injections. Subjects were assessed at baseline, at 1 month after final treatment, and at 6 months after final treatment. Despite the high number of PRP treatments (five here vs. the typical three in previously-discussed studies), the authors found that PRP did not increase the median hair density nor median hair diameter at any point during the trial. Independent review of visual improvement also failed to find any improvement in hair growth with PRP treatment. It is interesting to note that in contrast to all other studies discussed previously, Gressenberger et al. measured the median instead of mean hair density and hair diameter. A mean value is the average of all measured values whereas a median value denotes the exact halfway between the lowest and the highest values. It is entirely possible that the portion of scalp areas that responded to PRP treatment is similar to the portion that did not respond, thereby resulting in an unchanged median value. Additionally, the authors stated in their protocol that the amount of PRP administered differed “depending on the degree of AGA,” which is another aspect of their trial protocol that differed from the other previously discussed clinical trials.

The last recent clinical trial that failed to show significant improvements in hair growth parameters upon PRP administration is by Siah et al. (106). This randomized, single-blind, half-headed, controlled clinical trial enrolled a total of 10 patients (9 female, 1 male) aged 20–55 with clinically diagnosed AGA of undisclosed grade/severity. Every patient was administered five injections of PRP spaced 2 weeks apart on one-half of the scalp while the other half received placebo. Patients were assessed at baseline, at 1 month (after 2 injections), and at 4 months (2 months after last injection). Although PRP treatment increased average hair density by 12.7% at 4 months, the increase was not statistically significant. Unexpectedly, both PRP and placebo treatments decreased hair diameter at 4 months, although the change was also not statistically significant. As previously discussed, perhaps the use of many more female than male subjects in this clinical trial contributed to the inconclusive findings of this study. Additionally, the small number of subjects enrolled in this study may have failed to provide enough power to the study to draw statistically significant conclusions. Nevertheless, the authors found that the final platelet enrichment in PRP is significantly correlated with the platelet concentration in peripheral blood, thereby showing that future clinical trials using PRP may require stringent quality standardization.




DISCUSSION

The hair cycle is a carefully coordinated process that is heavily dependent on the Wnt/β-catenin signaling pathway. However, this pathway is prone to dysregulation by other physiological factors, namely androgen signaling, thereby leading to pathological hair loss known as AGA. For both men and women worldwide, androgenetic alopecia brings significant social and psychological stress. Although standard of care treatments (namely topical minoxidil and oral finasteride) can halt or even reverse the signs of AGA; novel, more effective, and faster-acting therapeutic strategies are needed. PRP has been heavily investigated in recent years as a possible treatment for AGA due to its vast yet understudied therapeutic effects. By containing a platelet concentration that is several-folds greater than that of physiological plasma, PRP thereby also contains various growth factors such as EGF, FGF, IGF, and VEGF at supraphysiologic concentration yet also at physiologic proportions. Each of these factors activate important biological mechanisms that promote hair growth by either directly affecting the Wnt/β-catenin signaling pathway or by establishing a permissive microenvironment for healthy hair follicles to take root. Recently clinical trials have mostly shown that PRP treatment is highly effective in treating AGA. Not only can the hair-promoting effects of PRP be compounded with that of standard of care treatments (minoxidil, finasteride), many clinical trials comparing PRP against standard of care treatments have shown that PRP is more effective and more rapidly-acting than topical minoxidil and oral finasteride.

Nevertheless, there are few recent clinical trials with data that continue to suggest PRP may not be effective at all as a treatment for AGA. Furthermore, a conclusive link between growth factor concentrations in PRP and the rate of hair growth has not yet been demonstrated. Future studies should continue examining the hair-promoting mechanisms of PRP while paying close attention to the growth factors contained within PRP. Additionally, the hair-promoting effects of PRP that are unrelated to growth factor concentrations should still be explored.



AUTHOR CONTRIBUTIONS

JJ and YZ contributed to conception, design, and review of this work. YZ, RA, and JJ created the figure design. YZ and RA reviewed the literature and wrote the manuscript. All authors contributed to the article and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.843127/full#supplementary-material



REFERENCES

 1. Ji S, Zhu Z, Sun X, Fu X. Functional hair follicle regeneration: an updated review. Signal Transduction and Targeted Therapy. (2021) 6:66. doi: 10.1038/s41392-020-00441-y

 2. Schneider MR, Schmidt-Ullrich R, Paus R. The hair follicle as a dynamic miniorgan. Current Biology. (2009) 19:R132–42. doi: 10.1016/j.cub.2008.12.005

 3. Fuchs E. Scratching the surface of skin development. Nature. (2007) 445:834–42. doi: 10.1038/nature05659

 4. Clevers H. Wnt/beta-catenin signaling in development and disease. Cell. (2006) 127:469–80. doi: 10.1016/j.cell.2006.10.018

 5. Nusse R. Wnt signaling in disease and in development. Cell Res. (2005) 15:28–32. doi: 10.1038/sj.cr.7290260

 6. Yang F, Li X, Sharma M, Sasaki CY, Longo DL, Lim B, et al. Linking-catenin to androgen-signaling pathway*. J Biol Chem. (2002) 277:11336–44. doi: 10.1074/jbc.M111962200

 7. Hamilton JB. Patterned loss of hair in man; types and incidence. Ann N Y Acad Sci. (1951) 53:708–28. doi: 10.1111/j.1749-6632.1951.tb31971.x

 8. Gan DC, Sinclair RD. Prevalence of male and female pattern hair loss in Maryborough. J Investig Dermatol Symp Proc. (2005) 10:184–9. doi: 10.1111/j.1087-0024.2005.10102.x

 9. Kelly Y, Blanco A, Tosti A. Androgenetic alopecia: an update of treatment options. Drugs. (2016) 76:1349–64. doi: 10.1007/s40265-016-0629-5

 10. Messenger AG, Rundegren J. Minoxidil: mechanisms of action on hair growth. Br J Dermatol. (2004) 150:186–94. doi: 10.1111/j.1365-2133.2004.05785.x

 11. Cervantes J, Perper M, Wong LL, Eber AE, Villasante Fricke AC, Wikramanayake TC, et al. Effectiveness of platelet-rich plasma for androgenetic alopecia: a review of the literature. Skin Appendage Disord. (2018) 4:1–11. doi: 10.1159/000477671

 12. Pavlovic V, Ciric M, Jovanovic V, Stojanovic P. Platelet rich plasma: a short overview of certain bioactive components. Open Med. (2016) 11:242–7. doi: 10.1515/med-2016-0048

 13. Hunt N, McHale S. The psychological impact of alopecia. Bmj. (2005) 331:951–3. doi: 10.1136/bmj.331.7522.951

 14. Chi W, Wu E, Morgan BA. Dermal papilla cell number specifies hair size, shape, and cycling and its reduction causes follicular decline. Development. (2013) 140:1676–83. doi: 10.1242/dev.090662

 15. Choi BY. Targeting Wnt/β-catenin pathway for developing therapies for hair loss. Int J Mol Sci. (2020) 21:4915. doi: 10.3390/ijms21144915

 16. Gat U, DasGupta R, Degenstein L, Fuchs E. De novo hair follicle morphogenesis and hair tumors in mice expressing a truncated beta-catenin in skin. Cell. (1998) 95:605–14. doi: 10.1016/S0092-8674(00)81631-1

 17. Noramly S, Freeman A, Morgan BA. beta-catenin signaling can initiate feather bud development. Development. (1999) 126:3509–21. doi: 10.1242/dev.126.16.3509

 18. Huelsken J, Vogel R, Erdmann B, Cotsarelis G, Birchmeier W. β-Catenin controls hair follicle morphogenesis and stem cell differentiation in the skin. Cell. (2001) 105:533–45. doi: 10.1016/S0092-8674(01)00336-1

 19. Van Mater D, Kolligs FT, Dlugosz AA, Fearon ER. Transient activation of beta -catenin signaling in cutaneous keratinocytes is sufficient to trigger the active growth phase of the hair cycle in mice. Genes Dev. (2003) 17:1219–24. doi: 10.1101/gad.1076103

 20. Enshell-Seijffers D, Lindon C, Kashiwagi M, Morgan BA. beta-catenin activity in the dermal papilla regulates morphogenesis and regeneration of hair. Dev Cell. (2010) 18:633–42. doi: 10.1016/j.devcel.2010.01.016

 21. Chen D, Jarrell A, Guo C, Lang R, Atit R. Dermal β-catenin activity in response to epidermal Wnt ligands is required for fibroblast proliferation and hair follicle initiation. Development. (2012) 139:1522–33. doi: 10.1242/dev.076463

 22. Myung PS, Takeo M, Ito M, Atit RP. Epithelial Wnt ligand secretion is required for adult hair follicle growth and regeneration. J Invest Dermatol. (2013) 133:31–41. doi: 10.1038/jid.2012.230

 23. Dong L, Hao H, Xia L, Liu J, Ti D, Tong C, et al. Treatment of MSCs with Wnt1a-conditioned medium activates DP cells and promotes hair follicle regrowth. Sci Rep. (2014) 4:5432. doi: 10.1038/srep05432

 24. Kishimoto J, Burgeson RE, Morgan BA. Wnt signaling maintains the hair-inducing activity of the dermal papilla. Genes Dev. (2000) 14:1181–5. doi: 10.1101/gad.14.10.1181

 25. Shimizu H, Morgan BA. Wnt signaling through the β-catenin pathway is sufficient to maintain, but not restore, anagen-phase characteristics of dermal papilla cells. J Invest Dermatol. (2004) 122:239–45. doi: 10.1046/j.0022-202X.2004.22224.x

 26. Li Y-H, Zhang K, Yang K, Ye J-X, Xing Y-Z, Guo H-Y, et al. Adenovirus-mdiated Wnt10b overexpression induces hair follicle regeneration. J Invest Dermatol. (2013) 133:42–8. doi: 10.1038/jid.2012.235

 27. Ouji Y, Nakamura-Uchiyama F, Yoshikawa M. Canonical Wnts, specifically Wnt-10b, show ability to maintain dermal papilla cells. Biochem Biophys Res Commun. (2013) 438:493–9. doi: 10.1016/j.bbrc.2013.07.108

 28. Xing YZ, Wang RM, Yang K, Guo HY, Deng F, Li YH, et al. Adenovirus-mediated Wnt5a expression inhibits the telogen-to-anagen transition of hair follicles in mice. Int J Med Sci. (2013) 10:908–14. doi: 10.7150/ijms.6137

 29. Lolli F, Pallotti F, Rossi A, Fortuna MC, Caro G, Lenzi A, et al. Androgenetic alopecia: a review. Endocrine. (2017) 57:9–17. doi: 10.1007/s12020-017-1280-y

 30. Askew EB, Gampe RT Jr, Stanley TB, Faggart JL, Wilson EM. Modulation of androgen receptor activation function 2 by testosterone and dihydrotestosterone. J Biol Chem. (2007) 282:25801–16. doi: 10.1074/jbc.M703268200

 31. Azzouni F, Godoy A, Li Y, Mohler J. The 5 alpha-reductase isozyme family: a review of basic biology and their role in human diseases. Adv Urol. (2012) 2012:530121. doi: 10.1155/2012/530121

 32. Inui S, Itami S. Androgen actions on the human hair follicle: perspectives. Exp Dermatol. (2013) 22:168–71. doi: 10.1111/exd.12024

 33. Zouboulis CC. Human skin: an independent peripheral endocrine organ. Horm Res. (2000) 54:230–42. doi: 10.1159/000053265

 34. Asada Y, Sonoda T, Ojiro M, Kurata S, Sato T, Ezaki T, et al. 5 alpha-reductase type 2 is constitutively expressed in the dermal papilla and connective tissue sheath of the hair follicle in vivo but not during culture in vitro. J Clin Endocrinol Metab. (2001) 86:2875–80. doi: 10.1210/jc.86.6.2875

 35. Itami S, Kurata S, Sonoda T, Takayasu S. Interaction between dermal papilla cells and follicular epithelial cells in vitro: effect of androgen. Br J Dermatol. (1995) 132:527–32. doi: 10.1111/j.1365-2133.1995.tb08706.x

 36. Inui S, Itami S, Pan HJ, Chang C. Lack of androgen receptor transcriptional activity in human keratinocytes. J Dermatol Sci. (2000) 23:87–92. doi: 10.1016/S0923-1811(99)00091-2

 37. Sawaya ME, Penneys NS. Immunohistochemical distribution of aromatase and 3B-hydroxysteroid dehydrogenase in human hair follicle and sebaceous gland. J Cutan Pathol. (1992) 19:309–14. doi: 10.1111/j.1600-0560.1992.tb01367.x

 38. Jahoda CA. Cellular and developmental aspects of androgenetic alopecia. Exp Dermatol. (1998) 7:235–48. doi: 10.1111/j.1600-0625.2007.00666.x

 39. Kaufman KD. Androgens and alopecia. Mol Cell Endocrinol. (2002) 198:89–95. doi: 10.1016/S0303-7207(02)00372-6

 40. Rushton DH, Ramsay ID, Norris MJ, Gilkes JJ. Natural progression of male pattern baldness in young men. Clin Exp Dermatol. (1991) 16:188–92. doi: 10.1111/j.1365-2230.1991.tb00343.x

 41. Hibberts NA, Howell AE, Randall VA. Balding hair follicle dermal papilla cells contain higher levels of androgen receptors than those from non-balding scalp. J Endocrinol. (1998) 156:59–65. doi: 10.1677/joe.0.1560059

 42. Sawaya ME, Price VH. Different levels of 5α-reductase Type I and II, aromatase, and androgen receptor in hair follicles of women and men with androgenetic alopecia. J Invest Dermatol. (1997) 109:296–300. doi: 10.1111/1523-1747.ep12335779

 43. Imperato-McGinley J, Guerrero L, Gautier T, Peterson RE. Steroid 5alpha-reductase deficiency in man: an inherited form of male pseudohermaphroditism. Science. (1974) 186:1213–5. doi: 10.1126/science.186.4170.1213

 44. KUTTENN F, MOWSZOWICZ I, WRIGHT F, BAUDOT N, JAFFIOL C, ROBIN M, et al. Male Pseudohermaphroditism: a comparative study of one patient with 5α-reductase deficiency and three patients with the complete form of testicular feminization*. J Clin Endocrinol Metabol. (1979) 49:861–5. doi: 10.1210/jcem-49-6-861

 45. Rossi A, Cantisani C, Scarnò M, Trucchia A, Fortuna MC, Calvieri S. Finasteride, 1 mg daily administration on male androgenetic alopecia in different age groups: 10-year follow-up. Dermatol Ther. (2011) 24:455–61. doi: 10.1111/j.1529-8019.2011.01441.x

 46. Chesire DR, Isaacs WB. Ligand-dependent inhibition of beta-catenin/TCF signaling by androgen receptor. Oncogene. (2002) 21:8453–69. doi: 10.1038/sj.onc.1206049

 47. Mulholland DJ, Read JT, Rennie PS, Cox ME, Nelson CC. Functional localization and competition between the androgen receptor and T-cell factor for nuclear β-catenin: a means for inhibition of the Tcf signaling axis. Oncogene. (2003) 22:5602–13. doi: 10.1038/sj.onc.1206802

 48. Pawlowski JE, Ertel JR, Allen MP, Xu M, Butler C, Wilson EM, et al. liganded androgen receptor interaction with;-catenin: nuclear co-localization and modulation of transcriptional activity in neuronal cells *. J Biol Chem. (2002) 277:20702–10. doi: 10.1074/jbc.M200545200

 49. Easwaran V, Pishvaian M. Salimuddin, Byers S. Cross-regulation of β-catenin–LEF/TCF and retinoid signaling pathways. Curr Biol. (1999) 9:1415–9. doi: 10.1016/S0960-9822(00)80088-3

 50. Shi B, Liang J, Yang X, Wang Y, Zhao Y, Wu H, et al. Integration of estrogen and Wnt signaling circuits by the polycomb group protein EZH2 in breast cancer cells. Mol Cell Biol. (2007) 27:5105–19. doi: 10.1128/MCB.00162-07

 51. Kwack MH, Sung YK, Chung EJ, Im SU, Ahn JS, Kim MK, et al. Dihydrotestosterone-inducible dickkopf 1 from balding dermal papilla cells causes apoptosis in follicular keratinocytes. J Invest Dermatol. (2008) 128:262–9. doi: 10.1038/sj.jid.5700999

 52. Mahmoud EA, Elgarhy LH, Hasby EA, Mohammad L. Dickkopf-1 expression in androgenetic alopecia and alopecia areata in male patients. Am J Dermatopathol. (2019) 41:122–7. doi: 10.1097/DAD.0000000000001266

 53. Kitagawa T, Matsuda K, Inui S, Takenaka H, Katoh N, Itami S, et al. Keratinocyte growth inhibition through the modification of Wnt signaling by androgen in balding dermal papilla cells. J Clin Endocrinol Metab. (2009) 94:1288–94. doi: 10.1210/jc.2008-1053

 54. Leirós GJ, Attorresi AI, Balañá ME. Hair follicle stem cell differentiation is inhibited through cross-talk between Wnt/β-catenin and androgen signalling in dermal papilla cells from patients with androgenetic alopecia. Br J Dermatol. (2012) 166:1035–42. doi: 10.1111/j.1365-2133.2012.10856.x

 55. Kretzschmar K, Cottle DL, Schweiger PJ, Watt FM. The androgen receptor antagonizes wnt/β-catenin signaling in epidermal stem cells. J Invest Dermatol. (2015) 135:2753–63. doi: 10.1038/jid.2015.242

 56. Premanand A, Rajkumari BR. In silico analysis of gene expression data from bald frontal and haired occipital scalp to identify candidate genes in male androgenetic alopecia. Arch Dermatol Res. (2019) 311:815–24. doi: 10.1007/s00403-019-01973-2

 57. Boswell SG, Cole BJ, Sundman EA, Karas V, Fortier LA. Platelet-rich plasma: a milieu of bioactive factors. Arthroscopy. (2012) 28:429–39. doi: 10.1016/j.arthro.2011.10.018

 58. Kaplan ZS, Jackson SP. The role of platelets in atherothrombosis. Hematology Am Soc Hematol Educ Program. (2011) 2011:51–61. doi: 10.1182/asheducation-2011.1.51

 59. Broos K, De Meyer SF, Feys HB, Vanhoorelbeke K, Deckmyn H. Blood platelet biochemistry. Thromb Res. (2012) 129:245–9. doi: 10.1016/j.thromres.2011.11.002

 60. Ruggeri ZM. Von Willebrand factor, platelets and endothelial cell interactions. J Thromb Haemost. (2003) 1:1335–42. doi: 10.1046/j.1538-7836.2003.00260.x

 61. Ruiz FA, Lea CR, Oldfield E, Docampo R. Human platelet dense granules contain polyphosphate and are similar to acidocalcisomes of bacteria and unicellular eukaryotes. J Biol Chem. (2004) 279:44250–7. doi: 10.1074/jbc.M406261200

 62. Rendu F, Brohard-Bohn B. The platelet release reaction: granules' constituents, secretion, and functions. Platelets. (2001) 12:261–73. doi: 10.1080/09537100120068170

 63. McNicol A, Israels SJ. Platelet dense granules: structure, function, and implications for haemostasis. Thromb Res. (1999) 95:1–18. doi: 10.1016/S0049-3848(99)00015-8

 64. Maynard DM, Heijnen HF, Horne MK, White JG, Gahl WA. Proteomic analysis of platelet alpha-granules using mass spectrometry. J Thromb Haemost. (2007) 5:1945–55. doi: 10.1111/j.1538-7836.2007.02690.x

 65. Marx RE. Platelet-rich plasma (PRP): what is PRP and what is not PRP? Implant Dent. (2001) 10:225–8. doi: 10.1097/00008505-200110000-00002

 66. Giusti I, Rughetti A, D'Ascenzo S, Millimaggi D, Pavan A., Dell'Orso L, et al. Identification of an optimal concentration of platelet gel for promoting angiogenesis in human endothelial cells. Transfusion. (2009) 49:771–8. doi: 10.1111/j.1537-2995.2008.02033.x

 67. Dhurat R, Sukesh M. Principles and methods of preparation of platelet-rich plasma: a review and author's perspective. J Cutan Aesthet Surg. (2014) 7:189–97. doi: 10.4103/0974-2077.150734

 68. Foster TE, Puskas BL, Mandelbaum BR, Gerhardt MB, Rodeo SA. Platelet-rich plasma: from basic science to clinical applications. Am J Sports Med. (2009) 37:2259–72. doi: 10.1177/0363546509349921

 69. Carlson NE, Roach RB Jr. Platelet-rich plasma: clinical applications in dentistry. J Am Dent Assoc. (2002) 133:1383–6. doi: 10.14219/jada.archive.2002.0054

 70. Dohan Ehrenfest DM, Andia I, Zumstein MA, Zhang C-Q, Pinto NR, Bielecki T. Classification of platelet concentrates (Platelet-Rich Plasma-PRP, Platelet-Rich Fibrin-PRF) for topical and infiltrative use in orthopedic and sports medicine: current consensus, clinical implications, and perspectives. Muscles Ligaments Tendons J. (2014) 4:3–9. doi: 10.11138/mltj/2014.4.1.0013

 71. Emer J. Platelet-RICH PLAsma (PRP): current applications in dermatology. Skin Therapy Lett. (2019) 24:1–6.

 72. Oh DS, Cheon YW, Jeon YR, Lew DH. Activated platelet-rich plasma improves fat graft survival in nude mice: a pilot study. Dermatol Surg. (2011) 37:619–25. doi: 10.1111/j.1524-4725.2011.01953.x

 73. Cavallo C, Roffi A, Grigolo B, Mariani E, Pratelli L, Merli G, et al. Platelet-rich plasma: the choice of activation method affects the release of bioactive molecules. Biomed Res Int. (2016) 2016:6591717. doi: 10.1155/2016/6591717

 74. Threadgill DW, Dlugosz AA, Hansen LA, Tennenbaum T, Lichti U, Yee D, et al. Targeted disruption of mouse EGF receptor: effect of genetic background on mutant phenotype. Science. (1995) 269:230–4. doi: 10.1126/science.7618084

 75. Miettinen PJ, Berger JE, Meneses J, Phung Y, Pedersen RA, Werb Z, et al. Epithelial immaturity and multiorgan failure in mice lacking epidermal growth factor receptor. Nature. (1995) 376:337–41. doi: 10.1038/376337a0

 76. Sibilia M, Wagner EF. Strain-dependent epithelial defects in mice lacking the EGF receptor. Science. (1995) 269:234–8. doi: 10.1126/science.7618085

 77. Richardson GD, Bazzi H, Fantauzzo KA, Waters JM, Crawford H, Hynd P, et al. KGF and EGF signalling block hair follicle induction and promote interfollicular epidermal fate in developing mouse skin. Development. (2009) 136:2153–64. doi: 10.1242/dev.031427

 78. Sugawara K, Schneider MR, Dahlhoff M, Kloepper JE, Paus R. Cutaneous consequences of inhibiting EGF receptor signaling in vivo: normal hair follicle development, but retarded hair cycle induction and inhibition of adipocyte growth in EgfrWa5 mice. J Dermatol Sci. (2010) 57:155–61. doi: 10.1016/j.jdermsci.2009.12.004

 79. Tripurani SK, Wang Y, Fan YX, Rahimi M, Wong L, Lee MH, et al. Suppression of Wnt/β-catenin signaling by EGF receptor is required for hair follicle development. Mol Biol Cell. (2018) 29:2784–99. doi: 10.1091/mbc.E18-08-0488

 80. Hansen LA, Alexander N, Hogan ME, Sundberg JP, Dlugosz A, Threadgill DW, et al. Genetically null mice reveal a central role for epidermal growth factor receptor in the differentiation of the hair follicle and normal hair development. Am J Pathol. (1997) 150:1959–75.

 81. Lichtenberger BM, Gerber PA, Holcmann M, Buhren BA, Amberg N, Smolle V, et al. Epidermal EGFR controls cutaneous host defense and prevents inflammation. Sci Transl Med. (2013) 5:199ra11. doi: 10.1126/scitranslmed.3005886

 82. Lin Y, Liu C, Zhan X, Wang B, Li K, Li J. Jagged1 and epidermal growth factor promoted androgen-suppressed mouse hair growth in vitro and in vivo. Front Pharmacol. (2019) 10:1634. doi: 10.3389/fphar.2019.01634

 83. Nagao K, Kobayashi T, Moro K, Ohyama M, Adachi T, Kitashima DY, et al. Stress-induced production of chemokines by hair follicles regulates the trafficking of dendritic cells in skin. Nat Immunol. (2012) 13:744–52. doi: 10.1038/ni.2353

 84. Chen CC, Wang L, Plikus MV, Jiang TX, Murray PJ, Ramos R, et al. Organ-level quorum sensing directs regeneration in hair stem cell populations. Cell. (2015) 161:277–90. doi: 10.1016/j.cell.2015.02.016

 85. Chu SY, Chou CH, Huang HD, Yen MH, Hong HC, Chao PH, et al. Mechanical stretch induces hair regeneration through the alternative activation of macrophages. Nat Commun. (2019) 10:1524. doi: 10.1038/s41467-019-09402-8

 86. Itami S, Kurata S, Takayasu S. Androgen Induction of Follicular Epithelial Cell Growth Is Mediated via Insulin-like Growth Factor-I from Dermal Papilla Cells. Biochem Biophys Res Commun. (1995) 212:988–94. doi: 10.1006/bbrc.1995.2067

 87. Zhao B, Li J, Chen Q, Yang N, Bao Z, Hu S, et al. A treatment combination of IGF and EGF promotes hair growth in the angora rabbit. Genes (Basel). (2020) 12:4. doi: 10.3390/genes12010024

 88. Lin WH, Xiang LJ, Shi HX, Zhang J, Jiang LP, Cai PT, et al. Fibroblast growth factors stimulate hair growth through β-catenin and Shh expression in C57BL/6 mice. Biomed Res Int. (2015) 2015:730139. doi: 10.1155/2015/730139

 89. Petiot A, Conti FJ, Grose R, Revest JM, Hodivala-Dilke KM, Dickson C, et al. crucial role for Fgfr2-IIIb signalling in epidermal development and hair follicle patterning. Development. (2003) 130:5493–501. doi: 10.1242/dev.00788

 90. Yano K, Brown LF, Detmar M. Control of hair growth and follicle size by VEGF-mediated angiogenesis. J Clin Invest. (2001) 107:409–17. doi: 10.1172/JCI11317

 91. Gnann LA, Castro RF, Azzalis LA, Feder D, Perazzo FF, Pereira EC, et al. Hematological and hepatic effects of vascular epidermal growth factor (VEGF) used to stimulate hair growth in an animal model. BMC Dermatol. (2013) 13:15. doi: 10.1186/1471-5945-13-15

 92. Hausauer AK, Jones DH. Evaluating the efficacy of different platelet-rich plasma regimens for management of androgenetic alopecia: a single-center, blinded, randomized clinical trial. Dermatol Surg. (2018) 44:1191–200. doi: 10.1097/DSS.0000000000001567

 93. Rodrigues BL, Montalvão SAL, Cancela RBB, Silva FAR, Urban A, Huber SC, et al. Treatment of male pattern alopecia with platelet-rich plasma: a double-blind controlled study with analysis of platelet number and growth factor levels. J Am Acad Dermatol. (2019) 80:694–700. doi: 10.1016/j.jaad.2018.09.033

 94. Gentile P, Garcovich S. Autologous activated platelet-rich plasma (AA-PRP) and non-activated (A-PRP) in hair growth: a retrospective, blinded, randomized evaluation in androgenetic alopecia. Expert Opin Biol Ther. (2020) 20:327–37. doi: 10.1080/14712598.2020.1724951

 95. Bayat M, Yazdanpanah MJ, Hamidi Alamdari D, Banihashemi M, Salehi M. The effect of platelet-rich plasma injection in the treatment of androgenetic alopecia. J Cosmet Dermatol. (2019) 18:1624–8. doi: 10.1111/jocd.12907

 96. Butt G, Hussain I, Ahmed FJ, Choudhery MS. Efficacy of platelet-rich plasma in androgenetic alopecia patients. J Cosmet Dermatol. (2019) 18:996–1001. doi: 10.1111/jocd.12810

 97. Dubin DP, Lin MJ, Leight HM, Farberg AS, Torbeck RL, Burton WB, et al. The effect of platelet-rich plasma on female androgenetic alopecia: a randomized controlled trial. J Am Acad Dermatol. (2020) 83:1294–7. doi: 10.1016/j.jaad.2020.06.1021

 98. Qu Q, Zhou Y, Shi P, Du L, Fan Z, Wang J, et al. Platelet-rich plasma for androgenic alopecia: a randomized, placebo-controlled, double-blind study, and combined mice model experiment. J Cosmet Dermatol. (2021) 20:3227–35. doi: 10.1111/jocd.14089

 99. Alves R, Grimalt R. Platelet-rich plasma in combination with 5% minoxidil topical solution and 1 mg oral finasteride for the treatment of androgenetic alopecia: a randomized placebo-controlled, double-blind, half-head study. Dermatol Surg. (2018) 44:126–30. doi: 10.1097/DSS.0000000000001198

 100. Singh SK, Kumar V, Rai T. Comparison of efficacy of platelet-rich plasma therapy with or without topical 5% minoxidil in male-type baldness: a randomized, double-blind placebo control trial. Indian J Dermatol Venereol Leprol. (2020) 86:150–7. doi: 10.4103/ijdvl.IJDVL_589_18

 101. Pakhomova EE, Smirnova IO. Comparative evaluation of the clinical efficacy of prp-therapy, minoxidil, and their combination with immunohistochemical study of the dynamics of cell proliferation in the treatment of men with androgenetic alopecia. Int J Mol Sci. (2020) 21:6516. doi: 10.3390/ijms21186516

 102. Ramadan WM, Hassan AM, Ismail MA, El Attar YA. Evaluation of adding platelet-rich plasma to combined medical therapy in androgenetic alopecia. J Cosmet Dermatol. (2021) 20:1427–34. doi: 10.1111/jocd.13935

 103. Bruce AJ, Pincelli TP, Heckman MG, Desmond CM, Arthurs JR, Diehl NN, et al. A randomized, controlled pilot trial comparing platelet-rich plasma to topical minoxidil foam for treatment of androgenic alopecia in women. Dermatol Surg. (2020) 46:826–32. doi: 10.1097/DSS.0000000000002168

 104. Shapiro J, Ho A, Sukhdeo K, Yin L, Lo Sicco K. Evaluation of platelet-rich plasma as a treatment for androgenetic alopecia: a randomized controlled trial. J Am Acad Dermatol. (2020) 83:1298–303. doi: 10.1016/j.jaad.2020.07.006

 105. Gressenberger P, Pregartner G, Gary T, Wolf P, Kopera D. Platelet-rich plasma for androgenetic alopecia treatment: a randomized placebo-controlled pilot study. Acta Derm Venereol. (2020) 100:adv00247. doi: 10.2340/00015555-3609

 106. Siah TW, Guo H, Chu T, Santos L, Nakamura H, Leung G, et al. Growth factor concentrations in platelet-rich plasma for androgenetic alopecia: an intra-subject, randomized, blinded, placebo-controlled, pilot study. Exp Dermatol. (2020) 29:334–40. doi: 10.1111/exd.14074

 107. Kapoor R, Shome D, Vadera S, Ram MS, QR. 678 & QR678 Neo Vs PRP-A randomised, comparative, prospective study. J Cosmet Dermatol. (2020) 19:2877–85. doi: 10.1111/jocd.13398

 108. Butt G, Hussain I, Ahmad FJ, Choudhery MS. Stromal vascular fraction-enriched platelet-rich plasma therapy reverses the effects of androgenetic alopecia. J Cosmet Dermatol. (2020) 19:1078–85. doi: 10.1111/jocd.13149

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 Abdin, Zhang and Jimenez. 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/fmed-09-843127-g003.gif
Ete1]
s

ButyCont






OPS/images/fmed-09-843127-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Treatment of Androgenetic Alopecia Using PRP to Target Dysregulated Mechanisms and Pathways



		Introduction



		Hair Follicle Biology and Hair Growth Physiology



		Hair Follicle Structure, Components, and Growth Cycle



		Regulation of the Hair Cycle Depends on Wnt/β-Catenin Signaling







		The Role of Androgens in Androgenetic Alopecia



		Androgens, Androgen Receptor, and Androgenetic Alopecia



		Androgens Interrupt β-Catenin Signaling to Cause Androgenetic Alopecia







		Hematologic Foundations of PRP



		Introduction to Platelet Biology



		Production and Use of PRP in Clinical Settings







		PRP Growth Factors and Chemokines Implicated in Hair Follicle Biology



		Overview of Recent Clinical Trials Using PRP for the Treatment of AGA



		Methodology



		PRP Is an Effective Treatment for AGA



		PRP Acts Synergistically With Topical Minoxidil and Oral Finasteride to Promote Hair Growth



		Assessment of Studies That Demonstrate PRP Is Ineffective in Treating AGA







		Discussion



		Author Contributions



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Treatment of Androgenetic Alopecia
Using PRP to Target Dysregulated
Mechanisms and Pathways





OPS/images/fmed-09-843127-g001.gif
.
CATAGEN

Wnup-Catenin —
\
\ P
AMAGEN] 4
\, \

TELOGEN





OPS/images/fmed-09-843127-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





